THE ASTROPHYSICAL JOURNAL, 473:365-382, 1996 December 10
© 1996. The American Astronomical Society. All rights reserved. Printed in U.S.A.

THE MAGNETOHYDRODYNAMICS OF SUPERSONIC GAS CLOUDS: MHD COSMIC
BULLETS AND WIND-SWEPT CLUMPS

T. W. JonEs,!*? DoNGsU Ryu,®* anp 1. L. TREGILLIS!*S®
Received 1996 March 22; accepted 1996 June 28

ABSTRACT

We report an extensive set of two-dimensional MHD simulations exploring the role and evolution of
magnetic fields in the dynamics of supersonic plasma clumps. We examine the influence of both ambient
field strength and orientation on the problem. Of those two characteristics, field orientation is far more
important in the cases we have considered with f, = p,/p, > 1. That is due to the geometry-sensitivity of
field stretching/amplification from large-scale shearing motions around the bullet. When the ambient
magnetic field is transverse to the bullet motion, even a very modest field, well below equipartition
strength, can be amplified by field line stretching around the bullet within a couple of bullet crushing
times so that Maxwell stresses become comparable to the ram pressure associated with the bullet
motion. The possibility is discussed that those situations might lead to large, induced electric potentials
capable of accelerating charged particles. When the ambient field is aligned to the bullet motion, on the
other hand, reconnection-prone topologies develop that shorten the stretched field and release much of
the excess energy it contains. In this geometry, the Maxwell stresses on the bullet never approach the
ram pressure level. In both cases, however, the presence of a field with even moderate initial strength
acts to help the flow realign itself around the bullet into a smoother, more laminar form. That reduces
bullet fragmentation tendencies caused by destructive instabilities. Eddies seem less effective at field
amplification than flows around the bullet, because fields within eddies tend to be expelled to the eddy
perimeters. Similar effects cause the magnetic field within the bullet itself to be reduced below its initial

value over time.

For oblique fields, we expect that the transverse field cases modeled here are more generally relevant.
What counts is whether field lines threading the face of the bullet are swept around it in a fashion that
folds them (leading to reconnection) or that keeps them unidirectional one each side of the bullet. In the
second instance, behaviors should resemble those of the transverse field cases. We estimate that this
quasi-transverse behavior is appropriate whenever the angle, 6, between the motion and the field satisfies

tan 0 2 1/M, where M is the bullet Mach number.

From these simulations, we find support in either field geometry for the conclusions reached in pre-
vious studies that nonthermal radio emission associated with supersonic clumps is likely to be controlled
largely by the generation of strong magnetic fields around the perimeters of the clumps, rather than local
particle acceleration and field compression within the bow shock. In addition, since the magnetic pres-
sure on the nose of the bullet likely becomes comparable to the ram pressure and hence the total pres-
sure behind the bow shock, the gas pressure there could be substantially lower than that in a
gasdynamical bullet. That means, as well, that the temperature in the region on the nose of the bullet
would be lower than that predicted in the gasdynamical case. That detail could alter expectations of the
thermal emission, including X-rays and UV-IR lines.

Subject headings: hydrodynamics — instabilities — MHD — plasmas — stars: formation —

supernova remnants

1. INTRODUCTION

In recent years observations have revealed the presence of
dense, high-velocity gas clumps within and sometimes
outside young supernova remnants and also associated
with the outflows from young stars (e.g., Braun, Gull, &
Perley 1987; Allen & Burton 1993; Aschenbach, Egger, &
Triimper 1995; Strom et al. 1995). These “cosmic bullets”
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or, in some scenarios, “wind-swept clumps” can shine
prominently in either thermal emission (e.g., van den Bergh
1971; Schwartz 1975; Allen & Burton 1993; Strom et al.
1995) or nonthermal emission (e.g., Braun et al. 1987;
Anderson et al. 1994). Sometimes in supernova remnants
they show elemental compositions indicating formation
exclusively from material ejected out of the depths of the
progenitor supernova. The exact origins of the bullets are
still unclear, but suggestions range from explosive ejection
(Loeb, Rasio, & Shaham 1995; Norman & Silk 1979) to
wind-swept, preexisting clumps (Schiano, Christiansen, &
Knerr 1995), and dynamical instabilities in winds (Stone,
Xu, & Mundy 1995). Whatever the manner of creation,
cosmic bullets seem capable of surviving for remarkable
lengths of time, thus transporting energy and mass over
large distances, and have been suggested as sites for acceler-
ation of high-energy particles (e.g., Coleman & Bicknell
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1985; Braun et al. 1987; Jones, Kang, & Tregillis 1994). Yet,
simple arguments and computer simulations suggest that
gasdynamical instabilities may be highly disruptive of these
bullets (e.g., Jones et al. 1994; Schiano et al. 1995), limiting
their existence to only a few times the interval required for
the applied ram pressure to crush them. That would limit
their propagation distance to only a few times the length
x*/?R, where y is the density contrast with the environment
and R is the bullet radius. So, only the densest clumps could
survive to propagate more than a few times their own size
scale.

However, in many cases one expects that both the clouds
and the surrounding material are mostly ionized plasmas,
so that embedded magnetic fields ought to be largely frozen
in and should play a role. In a recent paper we emphasized
the possibility, based on numerical simulations involving a
passive magnetic field, that bullets may be effective in
amplifying weak ambient magnetic fields as a side effect of
the destructive interactions with their environments (Jones
et al. 1994). It was emphasized there that field amplification
could be more important in generation of associated non-
thermal synchrotron emission, for example, than local par-
ticle acceleration in the shocks formed by the bullets (Jones
& Kang 1993; Anderson et al. 1994; Jones et al. 1994). At
the same time amplified magnetic fields could act to stabil-
ize the Kelvin-Helmholtz and Rayleigh-Taylor instabilities,
thereby limiting bullet fragmentation. That role might help
account for their ability to survive, or at least for significant
pieces to penetrate much farther than gasdynamical calcu-
lations suggest they might.

Mac Low et al. (1994) carried out two-dimensional MHD
simulations of a dense plasma cloud overrun by a plane
shock, demonstrating in that related case how a magnetic
field might be amplified and also how it may prevent the
complete destruction of the cloud in the postshock flow.
Although shocked clouds and supersonic bullets are qualit-
atively similar objects in some ways, there are also signifi-
cant differences between them, as well. In particular, as long
as the impinging shock is not radiative, the material sur-
rounding the shocked cloud is mostly moving subsonically
with respect to the cloud, because the cloud is overrun by a
hot, postshock flow. The bullet, of course, is (by definition)
interacting with a supersonic flow, at least in the beginning.
This difference influences especially the flow to the rear and
on the sides of the cloud and could influence instabilities
and magnetic field behavior (see Jones & Kang 1993; Jones
et al. 1994). Furthermore, Mac Low et al. (1994) considered
primarily shocked clouds with a magnetic field aligned
along the symmetry axis of the flow, except for one simula-
tion involving a transverse field that was not reported in
much detail. That aligned field orientation was mandated
by their use of cylindrical symmetry for all but the one
simulation. The other simple field geometry possible with
cylindrical symmetry; namely, a toroidal one, is not a very
natural one for this problem. On the other hand, the
geometry of the magnetic field ought to be very important
to its evolution in and around the dense cloud and also to
its dynamical influence on the cloud. We may also expect
the influence of the magnetic field to depend on its strength.
These issues in the bullet context have not been addressed
before in the literature.

In this study we present results from two-dimensional,
full MHD simulations of the evolution of dense supersonic
plasma bullets with magnetic field geometries both aligned
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with the bullet motion and also transverse to it. In order to
have freedom in the field geometry, the simulations have
been done in Cartesian coordinates rather than in cylin-
drical coordinates. Also, we have simulated flows using a
range of magnetic field strengths and using a range of
numerical resolutions. One can envision the bullets either as
ejecta or as condensations being swept by a supersonic
wind. Our objectives are to understand better how the field
in and around the bullet is influenced by the bullet and also
how the magnetic field acts on the bullet dynamically.
Section 2 outlines the important dynamical issues, while § 3
describes the numerical methods we employ. In § 4 we
describe our results, while a brief summary of the principal
conclusions is presented in § 5.

2. THE DYNAMICAL PROBLEM

The basic issues associated with the interaction between a
gas bullet and its surroundings are well known, so readers
are referred to the extant literature for detailed discussions
(e.g., Jones et al. 1994; Schiano et al. 1995, and references
therein) or for comparisons with shocked clouds (e.g., Jones
& Kang 1993; Klein, McKee, & Colella 1994; Mac Low et
al. 1994; Xu & Stone 1995). In this section we present only a
brief outline of the issues to facilitate later evaluation of the
particular new issues raised in this study.

2.1. Problem Definition

As in previous studies we consider the bullet to be ini-
tially in pressure equilibrium with the ambient medium and
the initial magnetic field to be uniform through both the
bullet and the ambient medium. The plasma is assumed
throughout to be highly conducting, so that the magnetic
field is frozen in. At t = 0 the bullet is set into motion at
speed u,, with respect to the ambient medium. If such com-
plications as radiative cooling, thermal conduction, and
gravity can be neglected, the bullet dynamics is determined
by a minimum of the following six parameters and the
bullet shape: the sonic Mach number of the bullet through
the ambient medium, M = u,,/c,,; the gas adiabatic index,
y; the density contrast between the bullet and the ambient
background, y = p,/p,; as well as the magnetic field
strength, B,, and orientation (generally, two angles). The
initial strength of the magnetic field can be expressed either
in terms of the Alfvénic Mach number M, = u;,/a, where a
is the Alfvén speed, or in terms of B, =p,/p, =
(2/y)(M ,/M)?. The field orientation can be specified by the
angle, 6, between the field, B, and the bullet velocity, u,,, as
well as between B, and any distinct symmetry axis or plane
for the bullet.

Fortunately, as previous shocked-cloud studies empha-
sized (Klein et al. 1994; Mac Low et al. 1994), in the limit
M > 1, the sonic Mach number can be scaled out of the
problem. Xu & Stone (1995) found in three-dimensional
gasdynamical simulations of shocked clouds that the initial
morphology of the cloud does make a quantitative differ-
ence in its evolution, but that qualitative features are not
very geometry sensitive. Thus, we will consider only a single
initial Mach number and a single bullet morphology.
Because three-dimensional MHD simulations of sufficient
numerical resolution are still too expensive to follow mag-
netic fields adequately in this problem, we have used two-
dimensional symmetry. We are concerned, on the other
hand, with influences of different magnetic field geometries
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with respect to the bullet and its motion, so we have chosen
a Cartesian coordinate system, which enables us to set up a
uniform magnetic field with arbitrary orientation. In this
geometry the simplest initial cloud morphology is a circular
cylinder, with its axis out of the computational plane and
thus orthogonal to the motion of the bullet. Although we
have actually carried out test simulations in which the mag-
netic field has a component out of the plane (and, thus,
aligned with the bullet axis), we present here only cases for
which the magnetic field is entirely in the computational
plane and either aligned to the direction of the bullet
motion or transverse to it. We have found no qualitatively
different behaviors for the fields with a component out of
the plane.

The characteristic evolutionary timescale of a bullet is the
so-called “bullet crushing time,”

2R\/;(
e =—"""", (1)
Upo

where R is the initial bullet radius. It allows one to subsume
the values of the initial density ratio, y, and speed, u,,, into
one parameter. It is traditional in studies such as this to
consider a single, convenient value for each of these, and to
discuss the evolution as though it depended only on t/t,,
and not on y, for example. We will follow this procedure,
but also comment on its limits. In addition we set y = 5/3.
We are left, then, with a two-dimensional parameter space
to explore; namely, we need to define the strength and the
orientation of the magnetic field relative to the bullet
motion in the plane.

2.2. Issues

Once set in motion, the bullet history begins through
formation of a shock pair; namely, a strong bow shock that
surrounds the bullet and an equally strong, internal or
“bullet shock,” that propagates through the bullet from
nose to tail compressing it along the direction of motion.
The time, t,,, defined in equation (1) measures the interval
required for the ram-pressure—driven bullet shock to cross
the bullet diameter. Note that our definition for ¢,, contains
an additional factor of 2 compared to that normally used in
discussions of shocked clouds. Before t,., the bow shock is
established and flows along, the bullet boundary may lead
to some stripping due to small-scale Kelvin-Helmholtz (K-
H) instabilities. On a timescale comparable to or exceeding
t,., both K-H and Rayleigh-Taylor (R-T) instabilities with
scales comparable to the size of the bullet can begin to
develop. Gasdynamical calculations mentioned earlier
show R-T instability-induced bubbles with low-density,
ambient plasma penetrating through the bullet body, begin-
ning a fragmentation process. K-H instabilities along
boundaries allow small pieces of the bullet to be stripped, so
eventually one expects the gas bullet to be broken into a
“mist” and then dispersed. Estimates for this “dispersal”
time are consistent for both bullet and shocked cloud simu-
lations. Although the dispersal timescale is difficult to define
uniquely, all gasdynamical simulations show significant
signs of bullet disruption by about t ~ 2-3t,, (using our
definition for the time unit). Before the bullet is fully dis-
rupted, ram pressure decelerates it substantially (or if it is
seen as a wind-swept clump, accelerates it in the direction of
the wind). That deceleration, of course, is the origin of the
R-T instability. The deceleration is considerably enhanced

MHD COSMIC BULLETS 367

by lateral expansion of the bullet coming from the penetrat-
ion of the bubbles induced by R-T instabilities.

The simulations presented by Jones et al. (1994) and Mac
Low et al. (1994) showed that weak magnetic fields in the
ambient medium can be stretched and thus strengthened
through sheared gas motions around clouds. Compression
can also increase field strength, but that process is generally
much less significant in complex flows than stretching. Mac
Low et al. (1994) concluded from their shocked cloud simu-
lations that the fields can sometimes be amplified until p, ~
p,u?. Field enhancement through stretching takes place in
three situations. Mac Low et al. (1994) emphasized the
importance in their axial geometry of field lines aligned
along the symmetry axis being stretched along the sym-
metry axis, behind their shocked cloud, while a Mach disk
carries away (conducting) material from the cloud as it
catches up to the originally incident shock in recession.
Jones et al. (1994) emphasized in their transverse field
geometry the importance of field lines being stretched
around the cloud perimeter as they envelope the cloud. In
addition, for either field geometry, vortices that form, espe-
cially in the immediate wake of the cloud, could stretch
entrained field lines and, thus, amplify them. Field amplifi-
cation within vortices is complex, however, because it
involves field lines that are wrapped around until they are
adjacent to fields of opposite direction. That is unstable to
reconnection, so that within the vortices field line reconnec-
tion will limit the field growth and effectively expel mag-
netic flux (e.g., Weiss 1966; Galloway & Weiss 1981) to the
vortex perimeter. For numerical simulations of ideal MHD,
the resistivity that allows reconnection to take place comes
from numerical truncation and the associated dissipation,
so it is locally resolution dependent. That means one needs
to be cautious in understanding the convergence properties
of fields. We emphasize, however, that with the fully conser-
vative methods we employ (including mass, momentum,
total energy and magnetic flux), the reconnective process is
a necessary consequence, not an added feature.

Mac Low et al. (1994) found from their shocked cloud
simulations that inclusion of a dynamical magnetic field did
significantly enhance the durability of their clouds, and they
concluded that this was primarily due to the influence of the
magnetic field in inhibiting the vortices that form along the
slip surfaces on the sides and rear of the cloud. Although
Mac Low et al. (1994) defined their initial field strength so
that 8, = 1 for most of the runs they did, this was based on
the preshock ambient plasma. Behind the incident (Mach
10) shock, where the interactions are taking place, f, oc
M? > 1. Thus, the field interacting with the clouds is ini-
tially relatively weak. A similar consideration applies to the
MHD bullet problem, especially in the cases with the field
aligned to the bullet motion, since the value of § behind the
bow shock of the bullet is also increased by a factor ~ M.

3. NUMERICAL METHOD AND SETUP

Our simulations have been carried out using a code for
compressible, ideal MHD based on a conservative, explicit
TVD method as described in Ryu & Jones (1995) and Ryu,
Jones, & Frank (1995). The scheme, utilizing an approx-
imate MHD Riemann solver, is second-order accurate in
both space and time and cleanly captures all the various
families of MHD discontinuities. We have used the multidi-
mensional, Cartesian version of the code that was pre-
viously applied successfully to the study of the nonlinear



368 JONES, RYU, & TREGILLIS

MHD K-H instability in modestly compressible conditions
(Frank et al. 1996), a problem that demonstrates the code’s
ability to follow accurately smooth but complex MHD
flows. The code maintains V - B = 0 to machine accuracy
by employing a simple, corrective transformation at each
time step (Brackbill & Barnes 1980) utilizing an exact
Fourier transform relationship as a key feature to maintain
both accuracy and speed in this step (Ryu et al. 1995). The
simulations are two-and-a-half (2 + 3) dimensional; ie.,
vector fields include three components, but all fields are
independent of the z-coordinate. The results presented all
involve flows with B, = u, = 0, however.

In each presented computation the bullet is placed with
its diameter along the x-axis, and reflection symmetry
assumed across that axis, so that only the upper half of the
flow structure has been computed. We have carried out
several comparison test simulations, however, using the full
flow to demonstrate an exact correspondence with the more
economical computations presented. The top and right
boundaries of the grid are open, while the left boundary is
“flow-in” to maintain the upstream wind conditions
exactly.

The bullet initially has a circular cross section with a
radius R = 50/51.2 = 0.97656. This, slightly noninteger
value resulted from our definitions of the bullet radius in
zones (e.g., 50) that did not quite match onto the grid sizes
that we used (e.g., 512). Inside this radius the bullet density
is p, = xp, with p,=1. A thin boundary layer with a
hyperbolic tangent profile has been applied to the bullet,
using a characteristic width of two zones. Since the grid is
Cartesian, the bullet has a cylindrical form and its axis is
aligned with the z-direction. The computational domain is
x = [0, 10], y = [0, 5]. At the start of each computation the
bullet center is (x,, y.) = (1.5, 0). Each simulation begins
with the bullet at rest while an ambient medium flows from
left to right at speed u,, = 10 = M, so that the sound speed
in the ambient medium, c,, = (ypo/p,)'’% is unity. Inter-
action with this “wind” accelerates the bullet toward the
positive x-direction. In a fixed frame this would cause the
bullet to be expelled from the grid on a timescale of only
~2t,.. In order to enable the simulations to follow the
bullet evolution as long as possible, we have incorporated a
feature that adjusts the reference frame speed at each time
step so that the intersection of the bullet bow shock with the
x-axis is approximately stationary on the grid. The bullet
still moves slowly toward the right grid boundary as the
Mach number of the bow shock decreases and the stand-off
distance between the shock and the bullet nose increases.
But this procedure has enabled us to follow bullet evolution
for at least 4¢,. and more typically 8t,..

We have used a range of numerical resolutions. Follow-
ing Klein et al. (1994), we have characterized them in terms
of the number of zones across one bullet radius; e.g., R,
refers to a simulation with 50 zones across the bullet radius.
Since the grid is uniform, the total number of zones would
be 512 x 256 for an Rs, run and 1024 x 512 for an R,
run, for examples.

To understand better the evolution of the bullet, we have
included a passive, Lagrangian, conserved “tracer,” f, that
can be termed the “bullet fraction” or, in the language of
Xu & Stone (1995), the “color ” of the fluid. This is set equal
to unity for fluid initially inside the bullet (f = 1) and zero
(f = 0) everywhere else. The bullet fraction is followed with
a TVD advection routine identical to that utilized for mass
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advection in the code. This enables us to compute several
useful quantities, such as the bullet mass inside the grid,

My = J‘deV > @

where dV = dxdy and V represents the volume of the entire
calculation domain. Other related useful quantities include
the mass-weighted speed of the bullet,

_ 1
U, = Mbull fux fp dV H (3)

and the mean height of the bullet in the y-direction,

_ 1
hpun = —— av . 4
bull My J;/}’fp ©)]

We will present #, as measured in the initial rest frame of
the bullet. At the start h,,; = 4R/3n = 0.414. Another
useful integrated quantity is the magnetic energy enhance-
ment inside the grid. That is conveniently normalized in
terms of the magnetic energy initially inside the bullet,
Eg,, = (3/5)(nR?/2B,), where we set c,=p,=1, and
y = 5/3. Then using the initial total magnetic energy inside
the computational domain, Eg; = (3/5)(5 x 10/B,), we have

1 1
AE‘mag = [J ~ (BJZC + B}%)dV - EBi:l ) (5)
EBab |4 2
where p, = 3B? in our units.
4. RESULTS

As mentioned earlier we have carried out simulations
with two initial magnetic field geometries; namely a field
transverse to the motion of the bullet (hereafter identified as
“T” models) and parallel or aligned with the bullet motion
(hereafter identified as “ A models). Table 1 characterizes
six MHD simulation pairs with a range of field strengths for
each geometry. Models T1-T5 and A1-A5 include 50 zones
across a radius (termed R, runs), while T6 and A6 use 100
zones (R, rumns). Three additional, control models,
N1-N3, have set the magnetic field to zero. They vary y but

TABLE 1
SUMMARY OF SIMULATIONS REPORTED

Model** Resolution® B¢ M4 x by tend
T1 (AD)...... Rs, 1 913 10 06 5t
T2 (A2)...... Reo 4 183 10 06 8¢,
T3 (A3)...... it 16 365 10 06 8t
T4 (Ad)...... w 64 730 10 06 8¢,
T5 (AS)...... o 256 146 10 06 8¢,
T6 (A6)...... R, 00 256 146 10 06 41,
Nlueoonnnn. " @ w 10 06 2t,
N2eoeeoenn. Reo @ w 0 12 24,
N3 oo R.o @ w 00 20 21,

* All models have used y = 5/3, M = 10, u,, = 10,and ¢, = 1.

® Models with fields transverse to the bullet motion are designated by
the letter “T,” fields aligned with the motion by the letter “A,” and those
with no magnetic field by the letter “N.” All the “T” and “A” models have
been done in pairs, with otherwise identical characteristics.

¢ Code indicates the number of computational zones spanning the
initial bullet radius. That radius corresponds to 0.97656 in the full compu-
tational domain that has dimensions x x y = 10 x 5.

4 Bo = Dy/Py = (2/y)(M4/M)?, defined in terms of background plasma
values.

¢ Values of the bullet crushing time used in the discussion. For y = 10
and 40 these times have been rounded down slightly for ease of matching
to simulation dump times.



No. 1, 1996

are otherwise identical to the T1-T5 and A1-A5 models.
These purely gasdynamical cases are intended to assist in
identifying MHD effects on the flows that might develop
even when the field is initially weak. In addition we have
explored the degree to which flow behaviors depend on the
density contrast, y, enabling us to compare the current
simulations with our previous ones. All of the MHD models
have assumed y = 10, while the gasdynamical models, N1,
N2, and N3 have used y = 10, 40, and 100, respectively. The
duration of each run is indicated in Table 1 as 4.

The Appendix evaluates “convergence ” issues associated
with the grid. To summarize quickly the appended dis-
cussion, we conclude that the R, simulations are well con-
verged by such global measures as the quantities defined in
equations (2)—(4). The magnetic energy enhancement (eq.
[5]) is reasonably well converged in the transverse field
cases and in the aligned field cases at early times. However,
the topology of the aligned field makes it more sensitive to
the details of eddy structures that form around the bullet as

@)
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it is destroyed, and those details depend on numerical
resolution. So, at late times the magnetic energy enhance-
ment is not converged in our aligned field simulations. In
association with this, it is clear that structural details of the
bullets at late times, t/t,. > 1, do depend on resolution,
especially since the perturbations in the bullet structure that
eventually lead to its destruction come out of the mismatch
between the bullet geometry and the grid geometry in our
simulations. Those aspects should serve as reminders that
calculations such as these are idealized efforts to understand
the physics of clouds interacting with their environments
and not intended to be used as predictors of detailed struc-
tures. That point is also made stronger by the recognition
that bullet evolution, particularly after t/t,. = 1, depends
physically on the initial bullet structure, including the bullet
geometry (see Xu & Stone 1995) and the density contrast
(see discussion below).

Figures 1, 2, and 3 contain images that provide a
summary spanning pretty well the behaviors of the MHD

(b)

(©

(d)

F1G. 1.—Gray-scale images of the log density for models T2 (a), TS (b), A2 (c), and A5 (d) at two times (t/t,, = 2, 6) (top and bottom, respectively). This
shows bullet evolution for strong and weak magnetic fields (8, = 4256) and for both transverse and aligned magnetic field geometries. Values increase from

dark tones to high tones.
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Fi1G. 2—Same as Fig. 1, except showing the magnetic field lines (contours of the magnetic flux function). About 40 equal-interval contours of flux function

are shown in each frame.

models we have computed before significant mass stripped
from the bullets begins to leave the grid. Panels (a) and (b) in
each of those figures represent transverse field cases, with
T2 (8, = 4) in (a) and T5 (B, = 256) in (b). Panels (c) and (d)
represent the analogous aligned field cases, with A2 in (c)
and A5 in (d). For each model two times are shown: t/t,, =
2 and 6. Figure 1 illustrates evolutionary aspects of the log
gas density, Figure 2 shows the magnetic field lines, and
Figure 3 shows the vorticity. In the Appendix, Figures 7 and
8 show log density and field lines at t/t,, = 4/3 and 4 for
models TS5 and A5 as well as their higher resolution repre-
sentations, T6 and A6. For comparison, Figure 4 illustrates
the log density distributions for the gasdynamical models
N1-N3att/t,, = 1 and 2.

4.1. Bullet Evolution: Aligned Field Cases

It is convenient to begin our discussion with an outline of
the evolution of bullet structures and associated magnetic
fields in the cases with fields aligned to the direction of the
bullet motion. Those show less dramatic dynamical differ-

ences from the gasdynamical bullets discussed in Jones et al.
(1994) and closely resemble in some ways the aligned field
simulations of shocked MHD clouds described in Mac Low
et al. (1994). Several key points are clear from the figures
listed above. First, in all the aligned field cases the bullet
shows signs of penetration by one or more large R-T
bubbles by t/t,, = 2. There is little effect from the magnetic
field on the bullet structure by this time. That impression
extends to the strongest field cases we considered; namely,
A2 (B, = 4) and Al (B, = 1). Indeed, the density distribu-
tions for A2 and A5 at this time are very similar and also
hardly distinguishable from the analogous run with B =0,
model N1 (see Figs. 1 and 4). This comparison is more
quantitatively apparent in Figure 5, which includes plots of
density, p, velocity as measured in the initial rest frame of
the bullet, u,, gas pressure, p,, and magnetic pressure, p,,
along a cut just above the x-axis for the same situations as
in Figures 1, 2, and 3. The solid lines correspond to t/t,, =
2, while dotted lines illustrate quantities at t/t,, = 6. Fur-
thermore, the vorticity structure around the bullet is practi-
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Fi1G. 3.—Same as Fig. 1, except showing the gray-scale images of the vorticity. Dark tones are negative vorticity, while high tones are positive.

cally the same for both A2 and AS (Fig. 3) providing a very
good indicator that the dynamics in the two models are
very similar at this time (see, e.g., Klein et al. 1994). Qualit-
atively, this vorticity structure is also the same as that found
in three-dimensional gasdynamical simulations of shocked
clouds at comparable dynamical times (Xu & Stone 1995).
The vorticity associated with flow over the bullet is negative
(clockwise). We see in Figure 3 that in the stronger field
case, A2, some vorticity of the opposite sign has been gener-
ated in the bullet wake in response to magnetic tension
there, however.

Comparing at t/t,. = 2 model AS in Figure 1 with model
N1 shown in Figure 4, we see no detectable difference in
density distributions. The field has not had any appreciable
influence on the development of R-T and K-H instabilities,
since it is not strong enough anywhere along the bullet
boundary to suppress them directly. K-H instabilities will
be suppressed by the field along the boundary according to
linear theory, if the local Alfvén speed exceeds roughly the
velocity difference across the boundary (Chandrasekhar

1961). Since the local Mach number of the flow along the
bullet boundary is generally less than or about unity, the
criterion for the magnetic field removing K-H instabilities is
roughly 8 <1 along the bullet boundary. Similarly, if the
Alfvén wave crossing time through a bubble perturbation
on the bullet edge is less than the “buoyancy rise time,”
1/(aA)*'?, where a is the acceleration and A is the length
scale, the magnetic field will inhibit R-T instabilities. Using
equation (7) (see below) to estimate the acceleration of the
bullet, we obtain a rough criterion for the magnetic field to
stabilize R-T instabilities; namely, f < y/M. That leads in
the present context again to f < 1, since y = M. Even in the
case Al with f, = 1, the local § along the bullet face and
sides is everywhere greater than unity. In fact, we do not
find at any time in aligned field models A1-A6 that the
magnetic field adjacent to the bullet is ever strong enough
that § < 1 (there is one region with § < 1 in the wake, as we
will discuss below). However, even a relatively weak mag-
netic field can play a significant role in small-scale flow
dynamics, as pointed out by others (e.g., Cattaneo & Vain-
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F1G. 4—Gray-scale images of the log density for gasdynamical bullets (f, = o). The three runs shown have y = 10 (a), x = 40 (b), and y = 100 (c).
Otherwise, the simulations are identical to MHD R, simulations. Each model is shown at ¢/t,. = 1 (top) and t/t,, = 2 (bottom).

stein 1991; Frank et al. 1996) and as we shall explain further
on.
By t/t,. = 2 the states of K-H and R-T instabilities are, on
the other hand, rather strongly influenced by the density
contrast choice, y = 10. The other panels in Figure 4 illus-
trate how, as the density contrast is increased, the penetrat-
ion of the R-T bubbles into the bullet is enhanced for fixed
t/t,.. While, in the limit of large y, the linear growth times
on a given length for both K-H and R-T instabilities scale
directly with ¢,., both growth rates include an additional
term that increases with y when it is finite. That tendency is
consistent with the behaviors illustrated in Figure 4. As a
further test, we can compare run N3 (y = 100) with very
similar gasdynamic simulations reported in Jones et al.
(1994). Those earlier simulations were carried out using a
PPM gasdynamic code and were designed to study dynami-
cal feedback on bullets from cosmic rays accelerated in
shocks associated with the bullet. However, model number
1 in that paper omitted cosmic rays. Their Figure 4 illus-
trates density structure at t/t,, = 2, showing a good corre-

spondence between the cloud structures in the two
simulations, except that our current calculations show less
evidence of small-scale K-H structures along the bullet
boundary. Even when B =0 the MHD TVD code does
suppress the smallest scale K-H instabilities in comparison
with the PPM code, because it spreads the very strong
contact shear layer of the bullet edge over several more
zones. K-H instabilities are suppressed on scales less than
the thickness of the shear layer.

As a direct consequence of the penetration of the R-T
bubbles, the bullet begins appreciably to expand laterally by
t/t,. ~ 2. For all the aligned field cases, the mass-weighted
bullet height, h,;;, has expanded to roughly 5 times or more
its initial value by t/t,, = 6 (see Fig. 6). This characteristic
behavior was also noted by others with regard to gas-
dynamic simulations. As illustrated in Figure 7 in the
Appendix, before t/t,. = 4, our bullets develop a roughly
C-shaped morphology on the computed half-plane in all of
the aligned field cases, A1-A5. (Including the reflected
portion below the computed space, the cloud shape would
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Fi1G. 5—Cuts along y = 0.05 (or the third cell from the bottom axis with y = 0) for models T2 (a), T5 (b), A2 (c), and AS (d) at the same time as inFig. 1.
Solid lines correspond to t/t,. = 2, while dotted lines represent profiles at /¢, = 6. Shown top to bottom are log gas density, p; velocity as measured in the
initial rest frame of the bullet, u,; log gas pressure, p,; log magnetic pressure, p,; and log magnetic energy enhancement, AE, ., (eq. [5]).

be an “E.”)” That “ C” continues to open up and thin itself
even until the bullet moves off the grid. As the figures show,
bullet mass is stripped and carried into the wake, eroding
the bullet body.

In response to drag forces the bullet is accelerated toward
a terminal velocity, u,,, as measured in the original refer-
ence frame; that is, the bullet or its fragments should come
to rest in the surrounding flow. Klein et al. (1994) derived a
simple theoretical model for the acceleration of a cloud
based on ram pressure, taking into account the lateral
expansion. The drag force actually comes from the differ-

7 As indicated earlier, the specifics of bullet morphology depend on a
number of details, both physical and numerical. So the “C” shape more
generally represents the fact that some number of dense R-T fingers will
protrude in a forward direction, while light R-T bubbles will push into and
expand the bullet body.

ence in the total pressure across the bullet. Assuming highly
supersonic motion, we can estimate in the gasdynamic case
from Bernoulli’s equation the pressure difference on the
symmetry axis to be Ap ~ (¥)p,(u, — u,,)?, where u(t) is the
instantaneous speed of the bullet with respect to its initial
reference frame and we have set y = 5/3. Applied across the
full bullet, this leads to the usual expression for its acceler-
ation,

diy _ 3 Cy (uy — upo)® r’(t)
it 4t, S R

where C, is a drag coefficient that absorbs our ignorance of
details of the pressure distribution and r(f) is the effective
bullet radius as a function of time. Borrowing the notion in
Klein et al. (1994) that the bullet expansion begins only after
t/ty,. = 1, we write r3(t) ~ R*[1 + C,(t/t,.)*], where we can

(6)
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term C, an expansion coefficient (see also Zahnle 1992 and
Mac Low & Zahnle 1994). If C, > 0, drag on the bullet
increases with time, enhancing its acceleration. In an MHD
flow we have to account for magnetic pressure in equation
(6). For aligned cases, however, the magnetic pressure does
not enter into the Bernoulli equation on axis and the mag-
netic pressure is not significant anyway. Thus, we expect the
bullet motion to behave pretty much as in the gasdynamic
case. We will comment later on modifications to equation
(6) appropriate to transverse field cases. Equation (6) can be

integrated to give
t t)?
el Bl o
tbc tbc

oewfi-1ffi 32

All the aligned field cases can be fitted well with a drag
coefficient, C, ~ 1, and an expansion coefficient, C, ~ 0.05.
There is a weak trend visible in Figure 6 for the acceleration
of the bullets to be faster when the field is smaller, corre-

3¢,

100

2 4

X

6 8 10

sponding to a value of C, that depends inversely on f,.
That just reflects the fact that stronger aligned fields do
resist lateral expansion, keeping the bullet cross section
somewhat smaller.

We expect the magnetic fields themselves to respond dif-
ferently to the motion of the bullet for the two field geome-
tries we have used. That is apparent even by t/t,, = 1 as
shown in Figure 8 (see Appendix). The evolution of the
aligned field is similar to that found by Mac Low et al.
(1994) for shocked clouds with aligned fields. To the front of
the bullet, field lines that initially pass through the bullet are
swept and then “folded” over the top of the bullet in a
configuration that is unstable to the resistive tearing mode.
That instability leads to “magnetic islands” within and
behind the bullet as seen at ¢/t,, = 1 in Figures 8¢ and 8d
(see Appendix) or at t/t,, = 2 in Figures 2c and 2d. The
compact magnetic island closest to the axis coincides with
the strong vortex at the rear of the bullet (Fig. 3). Magnetic
flux initially formed into these islands is mostly annihilated
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Fi1G. 6.—Evolution of various integrated quantities. Panel (a) presents values for models with transverse magnetic fields (T1-T5), while panel (b) presents
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short-dashed line, B, = 16; dot-dashed line, B, = 64; and dotted line, f, = 256 (B, = p,/p;)- Shown top to bottom are total bullet mass inside the grid, M,
(eq. [2]); mass-weighted bullet speed as measured in the initial rest frame of the bullet, #, (eq. [3]); mean height of the bullet material, b, (eq. [4]); and log

magnetic energy enhancement, AE,,,. (eq. [5]).

by about t/t,, = 4 (or more properly “expelled,” since the
total magnetic flux through the computational box does not
change over time for the aligned field configuration). Mag-
netic reconnection also takes place inside the bullet in con-
sequence of the circulation developing after the bullet shock
has exited (see Figs. 2, 3, and 8). That significantly reduces
the field strength within the bullet over time. Through these
reconnection events, magnetic flux is separated into two
elements: that which passes around the bullet without
reversal and that which passes through the bullet. The latter
flux element continues to be involved with vortices around
the bullet and subjected to reversals and reconnection.
Before the magnetic flux separation, there is a thin region
of strongly concentrated field formed along the axis behind

the bullet, analogous to the “flux rope” discussed for
shocked clouds in some detail by Mac Low et al. (1994). In
our situation, as in theirs, this feature forms as a conse-
quence of compression of field into the low-pressure wake
behind the bullet, followed by field line stretching. In our
case those field lines are temporarily anchored in the bullet
on one end and drawn out to the rear by the expanding
rarefaction wave (see Appendix, Figs. 7 and 8). Just as for
the shocked cloud case considered by Mac Low et al. (1994),
the magnetic field in this region can become locally domi-
nant with f < 10~ !. However, as Figure 2 shows clearly,
the field configuration on the edge of the flux rope is suscep-
tible to tearing mode instabilities, so that the rear flux rope
disappears as part of the flux separation event. We do not
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see in any of our aligned field simulations that p, ~ p,uZ,
nor that this flux rope plays a significant dynamical role in
the evolution of the bullet. However, this feature is the dom-
inant source of enhanced magnetic field energy before its
flux is expelled (see Fig. 6). The normalized magnetic energy
enhancement, AE,,,, (eq. [5]) peaks at values between 10
and 100 near t/t,, ~ 1.5 (see Fig. 6). The peak value in
model Al (B, = 1, AE,,,, = 18) is about half that reported
by Mac Low et al. (1994) for their shocked cloud during this
phase for the same numerical resolution across the cloud
and the same f,. Since our post-bullet flux rope is signifi-
cantly thinner than theirs, the comparison seems very good.
Our higher resolution, R,,,, weak field run, A6, differs in
AE,,, by < 20% from the analogous low-resolution, R,
A5 run for t/t,, < 4. So, through this stage the magnetic
energy behavior seems well converged.

For the aligned field geometry there is very little com-
pression of the field, so from the start we should expect that
field line stretching would be the primary contributor to
magnetic field enhancement. Along the boundary of the
bullet the field remains weak before about t/t,, = 4, even in
the B, = 1 case, because it is subject to reconnection that
shortens the field lines. However, that reconnection leads
directly to the flux separation mentioned, and through that
the field topology above the bullet returns to something
resembling its initial form; namely, field lines pass directly
around the bullet from front to back without folding. As the
bullet body expands laterally, lines above it are stretched
significantly (see Fig. 2) but are no longer subject to recon-
nection.

A relatively thin flux tube especially on the rear perimeter
of the bullet envelops the now-distended cloud, extending
into the wake. Almost independently of the initial §, or the
numerical resolution, the minimum local f§ is ~ 10 in this
structure. After the flux separation event these field lines do
not penetrate the strong vortex at the rear of the bullet. On
the other hand, the flux that now passes through the bullet
is drawn into the big R-T bubble and an associated vortex
pair. Through reconnection, however, those field lines
divide into magnetic islands (for the weaker initial field
cases) that are annihilated and flux that penetrates directly
through the bullet. Some flux passing through the bullet is
drawn into the strong vortex at the rear and base of the
bullet, leading to another region of strong magnetic flux on
its perimeter. Even though the magnetic pressure in these
flux tubes is never dominant, the field can still play a major
role in reducing the vorticity and leading the flow to
become more nearly laminar and less disruptive. That
dynamical behavior was shown recently in high-resolution
simulations of the MHD K-H instability (Frank et al. 1996).
There it was found in K-H unstable MHD flows that even
when f§ = 30 the magnetic field, acting as catalyst, realigns
the flow into a stable, broad and laminar shear layer. The
field acts as a catalyst in the sense that kinetic energy is
temporarily stored in the field so that locally the magnetic
tension is at least significant if not dominant. That stored
energy is released again during reconnection, but one result
of the reconnection is that the velocity and magnetic fields
are more closely aligned; that is, the magnitude of the cross
helicity is increased. The smoothing and spreading of the
flow should significantly reduce stripping from the bullet.
This conclusion is consistent with that reached by Mac Low
et al. (1994), that the magnetic field reduces the intensity of
vortices around their clouds and, thus, increases the cloud
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survivability. The presence of the magnetic field is clearly
felt by the bullets in our aligned field simulations. Clouds in
the stronger field cases are less distended (Figs. 1, 2, and 6)
and there is an apparently stable density concentration at
the top of the bullet “ C.” Examination of the forces applied
there shows that the density is mostly confined by ram
pressure, but that magnetic pressure and tension contribute
at the 10% level, as anticipated from earlier discussion. At
late times in these cases material no longer seems to be
stripped from the bullets (see Fig. 6), consistent with our
comments above. For the stronger field cases, there is less
thinning of the main bullet body, as well.

Magnetic energy enhancement in the aligned field models
begins to rise again after t/t,, ~ 4, mostly in response to the
development of flux tubes around the bullet and in the
associated vortices. Our simulations are not able to capture
this final rise completely, because the flux tube fine struc-
tures are still resolution dependent (see Figs. 8 and 10 in the
Appendix) and because significant magnetic structures
begin to leave the grid after t/t,, ~ 7. It appears likely,
however, that the excess magnetic energy becomes at least
comparable in this stage to the peak value noted earlier.
Mac Low et al. (1994) similarly emphasized the lack of
convergence in the magnetic field within their simulations.
They also used an aligned field geometry, so the issues
responsible were analogous.

Although the details are fairly complex, the summary of
aligned field bullet evolution is straightforward. Magnetic
fields are initially swept over the bullet, stretched and folded
there. Eventually, reconnection separates the field into flux
passing directly through the bullet and flux passing directly
around it. Except within a thin flux tube formed tempo-
rarily along the symmetry axis, there is no place that the
magnetic field becomes energetically dominant; that is,
almost everywhere f > 1. In the meantime the disruptive,
ram pressure force that applies to gasdynamical bullets (and
gasdynamical shocked clouds) causes the initial cloud to
become distended and stripped. Magnetic fields stretched
over the top of the bullet can have a significant stabilizing
influence that should prolong bullet coherence even though
magnetic energy never becomes dominant.

4.2. Bullet Evolution: Transverse Field Cases

For the transverse cases where the initial field crosses the
bullet’s path, field lines are also swept and stretched around
the bullet. However, in this case the field lines do not recon-
nect around the bullet, except in a “magnetotail ” along the
axis, so that a region of high magnetic pressure develops on
the bullet nose as shown in Figure 2. Even in the T5 case
with B, = 256, the field is strong enough that § ~ 5 on the
bullet nose by t/t,, = 2. For all the other transverse field
cases we computed, § < 1 along the nose of the bullet by
this time. In models T1 and T2, f < 10~ ! here and p, ~
p,u? directly on the leading edge of the bullet. Except in T5,
B < 107! along the top and toward the rear of the bullet
boundary, partly because the gas pressure is low, but mostly
because field lines have been greatly stretched. That charac-
terization of the field lines is obvious in Figures 2 or 8. Even
though field lines are compressed by the bow shock, it is
stretching, not compression, that is important to the evolu-
tion of the magnetic field and to its eventual dynamical role.
That supports the expectations expressed by Jones et al.
(1994), based on passive fields. One can see in Figure 6 that
the normalized magnetic energy enhancement for the trans-
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verse geometry grows to more than 103 for the weakest field
cases and more than 10 even for the strongest field cases.
Since the volume containing highly compressed plasma is
never more than a few times the initial bullet volume, the
maximum field enhancement through compression would
be <10E;,,, emphasizing the importance of stretching. We
note that the magnetic energy in the transverse cases seems
fairly well converged through the full duration of the simu-
lations and better than in the aligned field geometry. That
makes sense, since the transverse fields are not so closely
tied to vortical flows behind the bullet.

We can write down a crude model for the enhancement of
the magnetic field energy in the transverse cases that seems
to qualitatively account for what is seen. For ideal MHD
the magnetic induction equation can be expressed in a form

dinB/p B-[(B- V]
e B2 ’

®

where d/dt is the convective derivative. At the stagnation
point on the bullet nose we can estimate V * u < $u,o/R and
B - [(B - V)u] ~ B?u;,/R, so that

dln B2
d(t/ty.)
where a ~ 1 is a “fudge factor” accounting for various
details. If this field growth occurs within a “shield” of

volume V.4 ~ R2, we can estimate the associated mag-
netic energy enhancement to be

~ o', ©

t
AE,,, ~ few x exp <ocx”2 t_> . (10

be

That growth seems consistent with the results shown in
Figure 6, for t/t,. < 2. Since the field on the bullet nose
saturates with p, ~ p,uj,, we expect a maximum for
AE,,, ~ few x B, M?. That is also roughly consistent with
the results in Figure 6. The early magnetic energy enhance-
ment is similar for all the values of f,, but it saturates
sooner and the dynamical influence of the field is sooner
when S, is smaller.

The field lines draped over the bullet are also drawn
down near the symmetry axis into the bullet wake, produc-
ing a region that resembles the flux rope seen in the aligned
field cases. Again, this is a region of § < 1, but primarily
because the gas pressure is very low from the initial evac-
uation of this region. It is always the case in our simulations
that p, < p,u? within this feature. In addition, the y = 0
boundary of our grid separates field lines of opposite direc-
tion; i.e., there is a current sheet there, much as in the
Earth’s magnetotail. That is also unstable to tearing mode
instabilities that limit fields in this region.

Like the Earth’s magnetosphere does, the penetration of
the bullet through a “quasi-transverse” field should
produce on the bullet nose an induced electric field perpen-
dicular to both the magnetic field and the bullet velocity. In
this case that projects out of the computational plane. If the
third dimension of the bullet ~ R, then the induced poten-
tial across the bullet would be ® ~ u,, BR/c. Taking
numbers that might be appropriate for knots in a young
SNR like Cas A (B~ 107% G, u,y = 1073 ¢, R ~ 101® cm)
(e.g., Anderson et al. 1994), we find that ® > 10! V is pos-
sible. Supposing that reconnection within the bullet magne-
totail can generate electric fields aligned with the magnetic
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fields, then these regions might be important sites for non-
thermal particle acceleration.

For the weak transverse field cases, the bullet dynamics
initially resembles the aligned field and gasdynamical cases
to the first approximation. The R-T bubbles seen in those
other situations form here, too. In fact at t/t,, = 2 there are
no obvious differences in either bullet morphology or flow
dynamics between models A5 and T5, for example (see Figs.
1 and 3). As time progresses, however, the bullet in all trans-
verse field cases becomes significantly influenced by the
field. Even though the same C-shaped bullet morphology is
seen in the two weakest field cases, T4 and TS5, field
stretched over the top and back of the C-shaped cloud
develops magnetic pressures significantly greater than the
gas pressure, so that § < 1 along the bullet edge. This con-
dition protects the bullet from further disruption. In model
TS5 that happens quite late, so as late as t/t,. = 6 the bullet
morphology is pretty similar to A5. However, even in model
T4 (B, = 64) the field becomes dynamically strong (f ~ 1
along the bullet nose just after t/t,, = 2). That case still
expands laterally, but not so fast as in the cases with negligi-
ble magnetic influence (see Fig. 6). For all the other trans-
verse cases with f, < 16, the Maxwell stresses grow large
enough to completely inhibit lateral expansion of the bullet.
The bullets are then enshrouded by a strong magnetic
shield. For cases involving an initially weak field, the bullet
is partially disrupted, but eventually the shield protects the
R-T fingers from further erosion. The bullet embedded in a
stronger field is compressed, but then, as the field confines
it, develops a streamlined profile and is not strongly eroded.

Remarkably, Figure 6 shows that the acceleration of the
transverse field bullet increases with the strength of the
magnetic field. This trend is reversed from that of aligned
field bullets. There we have observed that the tendency of
stronger fields to resist lateral expansion reduces the evolu-
tion to a greater cross section. It was that increased cross
section and the augmented drag that were modified by the
field. For the transverse field models, lateral expansion can
be halted entirely, yet the drag force clearly is enhanced
with the stronger field. This seeming paradox is easily
explained by accounting properly for the role of the mag-
netic pressure in the drag. Whereas the aligned field did not
contribute directly to the force across the bullet, the trans-
verse field does. The MHD Bernoulli equation on the sym-
metry axis gives the result in the highly supersonic limit that
Ap = Alp, + py) ® ($)patt; — o) + (3)py, Where p, = %Bi
on the nose of the bullet in this case. As already noted, p,
increases over the first few crushing times and can become
comparable to p, uZ in that region. Although the expansion
coefficient C, = 0 in equations (6) and (7) the drag coeffi-
cient, C,, is an effectively increasing function of time and
that enhances the bullet’s acceleration. We find, for
example, that equation (7) gives a good fit to the motion of
the strongest field case, T1, by setting C, = 0, replacing C,
with C,(1 + 0.01¢/t,,), and using the same C, = 1.0 that we
have used for aligned field models. That corresponds to an
increase in drag of about 5% at the end of the simulation.

Thus, the picture that develops for the transverse field
bullets is rather different from and considerably simpler
than the ones for aligned field. The magnetic field is swept
around the bullet to form a protective shield. The magnetic
pressure becomes comparable to the ram pressure through
the bullet bow shock; thus, the magnetic energy is enhanced
by an amount approaching ~M?2B, Py Viniaa- Again
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taking that to be roughly the volume of the bullet, we
recover the observed magnetic energy enhancements with
the expression AE,,, ~ B, M Our bullets have a cylin-
drical form, so that field lines cannot be swept around the
sides of the bullet in the z-direction. Such sweeping may
reduce the magnetic field enhancement somewhat in a
three-dimensional bullet. But we still expect the same qual-
itative behavior, since much of the field that forms into the
shield comes from the field lines that penetrate into the
“skin” of the bullet and since irregularities in the spherical
bullet would capture field lines much like the cylindrical one
does.

The brief summary of transverse bullet evolution is the
following. Even when the initial field is of modest strength
measured in terms of the ratio of magnetic pressure to back-
ground plasma pressure, the stretched magnetic field effec-
tively confines the bullet and prevents its fragmentation.
Further, the magnetic pressure applied to the nose of the
bullet increases the rate at which the bullet is brought to
rest with respect to the ambient medium; more effectively,
in fact, than the lateral expansion that accompanies the
acceleration of gasdynamical bullets.

5. SUMMARY AND CONCLUSIONS

We have carried out an extensive set of two-dimensional
MHD simulations exploring the role of magnetic field in the
dynamics of supersonic clumps of plasma. We have exam-
ined the influence of both field strength and orientation on
the problem. Of those two characteristics, field orientation
is far more important. Even a very modest ambient mag-
netic field that crosses the path of the bullet tends to be
amplified by field line stretching around the bullet until the
Maxwell stresses become comparable to the ram pressure
associated with the bullet motion. A field that is aligned
with the bullet motion, on the other hand, develops
reconnection-prone topologies that shorten the stretched
field and release the excess energy it contains. The field is
also swept around the bullet in this geometry and can tem-
porarily become moderately strong. However, the energy in
the field is not enhanced so much for this geometry as for
the transverse geometry. Rather, as a consequence of recon-
nection, there is a transformation and relaxation of the field
over a few bullet crushing times. Some magnetic flux passes
directly through the bullet, where it can become entrained
in vortices and amplified around the vortex perimeter. The
remaining flux passes directly around the bullet, where it
can act to resist lateral expansion as it is stretched by that
expansion. In this geometry, however, the Maxwell stresses
on the bullet never approach the ram pressure level. Even
so, a field of even moderate initial strength becomes strong
enough to help realign the flow around the bullet into a
smoother, more laminar form that reduces the tendency of
the bullet to fragment.

Both of the above field geometries are highly idealized,
and more generally the bullet would encounter a field at
some oblique angle to its motion. In that situation, we will
want to know which of the two special cases is more rele-
vant. The most important detail should be if, as the field
lines are swept over the bullet, they are folded over the top
as well, thus leading to reconnection. Conceptually, that
depends on the relative rates at which the field lines are
swept past the bullet body, on the one hand, and at which
the “footpoints” of the field lines along the bow shock
move past the bullet, on the other hand. If the field line
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bow-shock footpoint moves faster (as it must for transverse
field cases), the lines are not folded over the top, but
stretched directly to the bow shock. If, however, the field
line bow-shock footpoint moves slower (it is at rest for
aligned field cases), then the field lines are folded over inside
the bow shock on one side of the bullet and likely to recon-
nect. We can derive an approximate expression for the con-
dition that the field footpoint moves downstream faster
than the flow around the bullet, if we take the Mach bow
shock to be a simple cone with half angle arctan [1/
(M? — 1)'/?] and suppose that the flow speed around the
bullet is u = du,,. Defining the motion of the footpoint as
the translation of the intersection between the field line and
the bow shock, this leads to the constraint

tan 0 =

1-8/M*—1’

where 0 is the angle between the bullet motion and the
ambient magnetic field. In the limit M > 1, with § ~ 3, this
becomes

1
tan 6 = v (12)

So, we conclude that for supersonic bullets most field
directions will lead to behaviors similar to the transverse
field cases, while as the motion becomes transonic the divid-
ing line would be closer to 45°. Except in circumstances
with preferential alignments between the motion and the
field, that would lead to the further conclusion that even a
weak magnetic field will have a substantial impact on the
evolution and dynamics of supersonic clumps of ionized,
conducting gas. In young supernova remnants, polarized
radio synchrotron emission indicates that there is a net
radial direction to the magnetic field inside the remnants
(Milne 1987). This might suggest that bullets in young rem-
nants would generally encounter a radial field and, hence,
one nearly aligned with their motions. That view is some-
what simplistic, however, because the same radio obser-
vations also show a very small net polarization (Anderson,
Keohane, & Rudnick 1995) indicating that, to first order,
the field is disordered. That, in turn, argues that a wide
range of field orientations may be encountered by small
projectiles.

In either limiting field geometry and presumably those in
between, field line stretching is the dominant process for
magnetic field amplification. That supports the conclusions
reached by Jones & Kang (1993) and Jones et al. (1994) that
nonthermal radio emission associated with supersonic
clumps in supernova remnants, for example, is likely to be
largely controlled by the generation of stretched magnetic
fields around the perimeters of the clumps, rather than pri-
marily highlighting the bow shock where field is mostly
enhanced by compression. We note that the structures of
the bow shock and the bullet boundary may even super-
ficially resemble each other in observations, so that mor-
phology alone can be misleading. The physical difference is
important, however, since the bow shock is probably the
site of local particle acceleration, while on the bullet perim-
eter one sees primarily energetic particles that come from
some other site (possibly including the bow shock, of
course). Our estimates of the field strengths expected in the
two situations are very different, however. So, observational
estimates of the local magnetic field (based on equipartition,
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for example) would possibly lead us to very different conclu-
sions about the local conditions.

In addition, since the magnetic pressure on the nose of
the bullet may become comparable to the ram pressure and
hence the total pressure behind the bow shock, the gas
pressure there could be substantially lower than that in a
gasdynamical bullet. That means, as well, that the tem-
perature in the region on the nose of the bullet would be
lower than that predicted in the gasdynamical case. That
detail can alter expectations of the thermal emission, includ-
ing X-rays and UV-IR lines.

In summary, the role of a magnetic field in the evolution
and in the appearance of supersonic clumps is very impor-
tant, even if the magnetic field is nominally not strong in the
ambient medium. The importance comes because magnetic
field lines can be stretched and amplified if they become
draped around the bullet perimeter. That effect seems espe-
cially strong when the field lines are “quasi-transverse ” to
the motion, a concept that depends on the speed of the
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amplification within vortices associated with the destruc-
tion of the bullets can also occur, but it seems to be less
important. If the fields are quasi-transverse, then they can
effectively confine the bullet and prevent its disruption. The
same amplified fields may be important to emissions used to
analyze the bullets. They can control the radio synchrotron
emission expected and possibly become strong enough to
alter the local thermodynamics of the gas and influence
thermal emissions, as well.
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bullet, but seems to include most directions. Additional 5408.

APPENDIX
NUMERICAL GRID ISSUES

We have carried out several experiments to understand the influence of finite numerical resolution on our simulations.
There are two issues. First, we are nominally simulating ideal MHD but depend on the existence of a small, albeit finite,
dissipation on the grid cell scale to simulate the physical viscous and resistive dissipation that certainly takes place on very
small scales. The existence of the numerical dissipation is necessary, for example, to allow shocks to form and magnetic
reconnection to occur. There is fairly good evidence that conservative monotonic schemes such as ours do a good job of
approximately representing physical viscous and resistive dissipative processes presumed to exist on scales somewhat smaller
than the grid (e.g., Porter & Woodward 1994). For the astrophysical environments being simulated, the dissipative scales are
probably very much smaller than those that can be modeled directly, however. Thus, the numerical solutions, if they are
complex, will generally differ to some degree from the asymptotic “ physical ” solution on the smallest scales after long periods
of time. One hopes, on larger scales and over moderate periods of time, that the behaviors will be converged for important
characteristics. Our code is second-order accurate in smooth flows, so that the effective Reynolds numbers increase with
length, [, approximately as R, ~ K(I/Ax)?, where Ax is the size of a computational zone (Ryu et al. 1995). For moderately
strong magnetic fields (f ~ 2), K =~ 0.5 in our code. For much weaker fields the dissipation is several times less on a given
scale. In any case, we expect that dissipation would be confined to scales of only a few zones and that inertial structures
formed within scales of less than 10—20 zones would have histories that are resolution-dependent. The second, related issue
has to do with the fact that the late history of a bullet depends on the nonlinear evolution of instabilities that in our
simulations form off of the initial surface of the bullet. Consequently, that history can depend to some degree on the exact
structure of the initial perturbation in a way that extends beyond the size scale of the perturbation.

Most of our simulations (T1-T5 and A1-AS5) have been conducted using a grid placing 50 zones across the bullet radius
(Rs,) and with the bullet centered in the middle of a zone along the bottom axis (y = 0). To evaluate the importance of the
zone size on our calculations, we have carried out simulations identical to T5 and A5 except that 100 zones spanned the bullet
radius (R;40; T6 and A6). In addition, we have performed a number of test runs with varying resolution using this code but
setting the magnetic field strength to zero. In some of those, we have simulated the impact of a Mach 10 shock on the cloud.
The intent there was to repeat the resolution tests shown in Mac Low et al. (1994). Since they used cylindrical geometry, and
we have used Cartesian geometry, an exact comparison is not meaningful. But we conclude that our MHD code produces
resolution dependencies very comparable to those they displayed as computed from their gasdynamical code.

Some simple illustrations make plain the limitations imposed by our grid. Figure 7 compares the density structures
computed for models TS and T6 (top panels) as well as A5 and A6 (bottom panels). Results in each case are shown at two times,
t/t,. = 4/3 and 4, with the earlier time displayed above the later time. Figure 8 displays the magnetic field structures for the
same cases. Rs, runs, T5 and A5, are shown on the left and R, runs, T6 and A6, are shown on the right. These have the
weakest initial fields of any of the simulations we have run in this study. They are, thus, the cases where we would expect the
greatest dependence on numerical resolution, since a strong magnetic field has a tendency to produce smoother flows and
more organized field structures. At t/t,. = 4/3 the paired runs agree almost exactly for both field configurations. At ¢/t,, = 4
the structural agreement is qualitatively consistent, but there are clear differences. Especially in the magnetic field lines shown
in Figure 8, there is additional fine structure in the higher resolution runs. Also the field along the leading edge of the bullet is
somewhat stronger in the higher resolution runs. Both of these features are anticipated, since they come directly from the
reduced dissipation scale in the R,,, runs. Most apparent, however, is that the instabilities that begin to destroy the bullet
have a somewhat different nonlinear development; i.e., the shapes of the bullets are beginning to differ.

As it turns out, that result comes at least as much from the fact that the form of the initial perturbations on the bullet is
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(b)

(d)

F1G. 7—Gray-scale images of the log density comparing R, with R, ,, runs for both magnetic field geometries when f, = 256. Models TS (a), T6 (b), AS
(¢), and A6 (d) are shown at t/t,. = 4/3 and 4.

slightly different as a consequence of the different resolutions as from the differences in dissipation scales. The reason is
because our initial perturbation results from the mismatch between a circular cross section and a Cartesian grid. Thus, either
a change in the number of zones spanning the bullet or a shift in the bullet center will alter the locations of those irregularities.
To make that point clear, we compare in Figure 9 the density distributions for two R, runs at ¢/t,, = 3 and 5. The one shown
on the left is A5, while the one on the right is identical to A5 except for one small detail: namely, that the initial bullet center is
shifted % zone to the right from a zone center to a zone edge along the bottom grid boundary. The differences between these
two runs are almost as great as those between the two different resolutions, and, in particular, the degree of the changes in
bullet shape is comparable. This emphasizes that, once the instability becomes nonlinear, the precise structure becomes
sensitive to exact details of the initial conditions.

Considering these comparisons, one should concentrate on more global characteristics than on specific structural features
in simulations like those in this paper. In that global sense, the model comparisons are much closer. To demonstrate this,
Figure 10 compares the evolution of the bullet mass, speed, and height as well as the normalized magnetic energy enhance-
ment in the computational domain for each resolution pair (TS5, T6 and A5, A6). In each pairing, these important dynamical
quantities agree very well. For example, the magnetic energy enhancement in the two transverse field runs approaches ~ 103
by t/t,. = 4. The two runs agree within about 10% on that figure. In the aligned field pair, the enhancement is much smaller
and AE,,,, peaks between 50 and 60 for the two resolutions with about 20% more enhancement in the R,,, run. Those
differences reflect, on the one hand, that for the transverse field cases the magnetic field is more effectively stretched, but, on
the other hand, that for the aligned field cases the field interacts much more with vortices. Vortex structure and magnetic field
behavior there are fairly sensitive to numerical resolution. Overall, it is clear that run pairs are largely consistent with each
other. Slightly less stripped bullet material has left the grid in each of the high-resolution runs at the last time shown but is less
than 1% of the bullet mass, in any case.
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Fi1G. 8.—Magnetic field lines for the same situations as Fig. 7. About 40 lines are shown in each frame.

GY (b)

F1G. 9—Gray-scale images of the log density showing sensitivity of bullet evolution to the initial details along the symmetry axis (y = 0). Panel (a) shows
model A5 and panel (b) an identical simulation with the initial bullet center shifted along the x-axis 3 zone. Times shown are t/t,, = 3 (top) and t/t,, = 5
(bottom).
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Fi1G. 10.—Same quantities as Fig. 6, except now comparing models with different resolution, T5 (dotted lines) and T6 (solid lines) in (a) and A5 (dotted lines)

and A6 (solid lines) in (b).
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