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ABSTRACT
We investigate, through two-dimensional MHD numerical simulations, the interaction of a uniform

magnetic Ðeld oblique to a moving interstellar cloud. In particular we explore the transformation of
cloud kinetic energy into magnetic energy as a result of Ðeld line stretching. Some previous simulations
have emphasized the possible dynamical importance of a ““ magnetic shield ÏÏ formed around clouds when
the magnetic Ðeld is perpendicular to the cloud motion. It was not clear, however, how dependent those
Ðndings were on the assumed Ðeld conÐguration and cloud properties. To expand our understanding of
this e†ect, we examine several new cases by varying the magnetic Ðeld orientation angle with respect to
the cloud motion (h), the cloud-background density contrast, and the cloud Mach number. We show
that in two dimensions and with h large enough, the magnetic Ðeld tension can become dominant in the
dynamics of the motion of high density contrast, low Mach number clouds. In such a case, a signiÐcant
fraction of the cloudÏs kinetic energy can be transformed into magnetic energy with the magnetic pres-
sure at the cloudÏs nose exceeding the ram pressure of the impinging Ñow. We derive a characteristic
timescale, for this process of energy ““ conversion.ÏÏ We Ðnd also that unless the cloud motion isqma,highly aligned with the magnetic Ðeld, reconnection through tearing-mode instabilities in the cloud wake
limits the formation of a strong Ñux-rope feature following the cloud. Finally we attempt to interpret
some observed properties of the magnetic Ðeld in view of our results.
Subject headings : ISM: clouds È ISM: kinematics and dynamics È magnetic Ðelds

1. INTRODUCTION

Magnetic Ðelds represent an important component of the
interstellar medium (ISM) and in many cases cannot be
neglected when studying the processes taking place there.
Numerous observations have been carried out and estab-
lished important properties of the Galactic magnetic Ðeld
(see, e.g., Vershuur 1970 ; Heiles 1976 ; Zeldovich, Ruzmai-
kin & Sokolo† 1983). Faraday rotation measures (Gardner
& Whiteoak 1963 ; Morris & Berge 1964 ; & Kron-Vale� e
berg 1975) as well as polarization measures (Mathewson &
Ford 1970) have established the existence of a large-scale
component of the Galactic magnetic Ðeld, whereas optical
polarization of starlight and polarization of the background
synchrotron radio continuum have been used to determine
its geometry (Spoelstra 1977 ; Gomez De Castro, Pudritz, &
Bastien 1997). Measurements of the Zeeman splitting of the
hyperÐne 21 cm line of neutral hydrogen (H I) have revealed
a magnetic Ðeld strength of several microgauss for many
interstellar clouds (Vershuur 1970, 1989 ; Heiles 1989 ;
Myers et al. 1995). In addition, the magnetic Ðeld is often
observed to be dynamically relevant, with its energy being
comparable to the cloud kinetic energy and, for self gravi-
tating clouds, to their gravitational energy, too (Heiles
1989 ; Verschuur 1989 ; Myers et al. 1995). Since its impor-
tance was recognized, the magnetic Ðeld has been investi-
gated in more and more detail. The recent development of
accurate magnetohydrodynamical (MHD) codes has pro-
vided an important new tool for comparing and testing
analytical work. MHD numerical codes also can investigate
beyond the necessary simpliÐcations required to reduce the
otherwise overwhelming mathematical complexity of the
problems under study.

Magnetic Ðelds may play an especially important role in
the dynamics of cloud motion through the ISM. Mac Low
et al. (1994), for example, carried out two-dimensional
numerical simulations of the interaction between a cloud a
few times denser than the background medium and a plane
shock wave and showed that even a modest magnetic Ðeld
aligned with the direction of the shock motion can help to
stabilize the cloud against disruptive instabilities. This
results from stretching of the magnetic Ðeld into a wake that
forms behind such a cloud from its motion through the
postshock plasma. That signiÐcantly reduces the vorticity
shed by the cloud, which helps to stabilize it. Jones, Ryu, &
Tregillis (1996) demonstrated the same e†ect for clouds set
into supersonic motion through the ISM. The latter paper
also examined in detail the magnetic Ðeld behavior during
supersonic cloud motion perpendicular to the prevailing
magnetic Ðeld. In that instance Jones et al. (1996) found that
the magnetic Ðeld plays an even more dramatic role,
because Ðeld lines caught on the ““ nose ÏÏ of the cloud
become highly stretched and form a ““magnetic shield ÏÏ with
a magnetic pressure at least comparable to the gas ram
pressure. That also e†ectively quenches disruptive
Rayleigh-Taylor and Kelvin-Helmholtz instabilities (KHIs),
so that the clouds maintain their full integrity. In addition,
this enhanced magnetic pressure at the front of the cloud
hastens the cloudÏs deceleration with respect to the ISM.
They found this result even when the initial magnetic Ðeld is
quite modest (i.e., wherever for a Mach 10b \ p

g
/p

b
\ 100,

cloud).
Most recently, Miniati et al. (1997, 1999) have used two-

dimensional simulations to study head-on collisions
between mildly supersonic clouds in the ISM. Miniati et al.
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(1999) found a dramatic inÑuence of the magnetic Ðeld when
it is perpendicular to the motion of the clouds. If the mag-
netic shield seen by Jones et al. (1996) forms before the
collision takes place, it is seen to act as an almost elastic
bumper between the two clouds, preventing their direct
contact and also their disruption during the interaction.

Those results clearly indicate a need to understand more
completely the interactions between cloud motion and mag-
netic Ðeld. There are several simpliÐcations in the pre-
viously mentioned studies that need to be relaxed along the
way to that understanding. The two most obvious are geo-
metrical. All of the above studies were two dimensional in
the sense that they assumed symmetry in one direction per-
pendicular to the cloud motion. The second is the assump-
tion that the magnetic Ðeld was either exactly aligned with
cloud motion or perpendicular to it.

We are tackling the fully three-dimensional study of this
problem in a di†erent paper in preparation (Gregori et al.
1999). In the transition from two dimensions to three,
several new physical aspects appear, adding enormous com-
plexity to the investigation process. More realistic three-
dimensional MHD numerical simulations, although
nowadays accessible through large computers, still remain
much more expensive than two-dimensional ones. Extend-
ing a computational box of size to three dimen-N

x
] N

ysions with size implies an increase in theN
x
] N

y
] N

zcomputational cost (execution time) of the calculation by a
factor about Since generally should be at(3/2)N

z
. N

x,y,zleast several hundred to properly capture the dynamics, the
trade-o† usually needed to carry out three-dimensional
simulations is a reduction of either the computational box
size or the resolution. There is a lower limit on the box size
set by the inÑuence of the boundary conditions. The latter
are particularly important in this case because, as we shall
see, the evolution of the magnetic energy is signiÐcantly
altered by the outÑow of regions of enhanced magnetic Ðeld.
If, on the other hand, the resolution is reduced by a factor
r [ 1, then the cost of a three-dimensional simulation with
respect to a two-dimensional one is, instead, For(3/2)N

z
/r4.

example a three-dimensional calculation carried out on a
2563 grid ““ costs ÏÏ 48 times as much as the same two-
dimensional calculation carried out on a 5122 grid, com-
pared to an increased cost factor of 768 on a 5123 grid.
Memory and data storage factors are comparable. Even the
smaller factor represents a major increased investment. In
addition visualization and three-dimensional analysis of
data are much more difficult. For these reasons two-
dimensional calculations are still very worthwhile, espe-
cially when an exploratory parametrical study is to be
carried out. This is the case in the present circumstance,
where we are investigating the role, in the cloudÈmagnetic
Ðeld interaction, of several factors such as the Mach num-
ber (M), the angle between the cloud motion and the
magnetic Ðeld lines (h), and the cloud-intercloud density
contrast (s).

Since the magnetic bumper seen in previous studies
involves perpendicular Ðelds with clearly dominant fea-
tures, the objective of this paper is to understand how
nearly aligned the magnetic Ðeld can be with the cloud
motion and still form an e†ective magnetic bumper. That
leads us naturally also to explore more generally the
exchange between kinetic and magnetic energies during the
motion of a two-dimensional cloud through a conducting
background. It is important for this particular purpose to

question the validity of the two-dimensional approx-
imation.

First, in a two-dimensional Cartesian geometry, we are
limited to represent cylindrical clouds with third axes per-
pendicular to the computational plane. Since ISM clouds
are observed to take many forms including Ðlaments and
sheets, in this respect it is still appropriate to investigate the
simple two-dimensional case of a transverse cylinder.
However, in two dimensions, instabilities along the sym-
metry axis are inhibited. This means that our calculations
are reliable only up to the characteristic time for those
instabilities to occur on a spatial scale comparable to the
typical cloud size. Since the most relevant instabilities for
dense clouds in the ISM develop on a timescale qcr \is the sound crossing time of the cloud, see2s1@2/Mqcs (qcs
° 2 for details), we will restrict the investigation of the
evolution of the various cases to t several[ qcr.In addition it is often remarked that in a realistic three-
dimensional situation the magnetic Ðeld lines would be free
to slip by the cloud sides, therefore escaping from the line-
stretching process. What happens in reality is quite complex
and involves not only the Ñow of the magnetized gas
around the cloud, but also the back reaction of the cloud to
that Ñow and the embedded Ðeld. In Miniati et al. (1999) we
addressed this issue brieÑy, pointing out the importance of
the deformations undergone by the cloud during its motion
through a magnetized gas and their role in the development
of the magnetic bumper. This issue will be investigated
more thoroughly in our forthcoming paper (Gregori et al.
1999). There we shall also address some speciÐc dynamical
and morphological properties related to the development of
three-dimensional instabilitiesÈin particular, three-
dimensional Rayleigh-Taylor instabilities (RTIs) and the
consequent escape of magnetic Ñux tubes from the stretch-
ing region. In fact, the full development of an RTI in the
direction perpendicular to both the magnetic Ðeld and the
cloud motion, suppressed in our two-dimensional simula-
tions, is able to break up the cloud after several thusqcr,freeing the magnetic Ñux tubes from the stretching mecha-
nism. This process was discussed in the context of planetary
nebulae by Soker & Dgani (1997), Dgani & Soker (1998),
and Dgani (1998). In the meantime, in ° 4.5 we will present
some preliminary results about the growth of the magnetic
energy in an analogous three-dimensional simulation of a
cylinder moving through a transverse magnetic Ðeld. In
support of the present investigation, we mention that those
three-dimensional results are in qualitative agreement with
our two-dimensional numerical study.

The paper outline is as follows. Section 2 provides a brief
background review relevant to this paper. In ° 3 the numeri-
cal setup is described. In ° 4 we present the results of our
calculations and comment on their physical and astro-
physical implications. In ° 5 we attempt to interpret some
recent observational results based on our Ðndings, which
are summarized in ° 6.

2. HYDRODYNAMICS AND MAGNETOHYDRODYNAMICS OF

SINGLE CLOUD MOTION

A cloud set into motion within a lower density medium
produces new structures in both the cloud and the back-
ground medium. Several features develop, each one charac-
terized by a distinct timescale. In this section we will brieÑy
review those features most relevant to the current study, in
order to facilitate the understanding of the issues raised in
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this paper (for further details, see, e.g., Murray et al. 1993 ;
Jones, Kang, & Tregillis 1994 ; Jones et al. 1996 ; Schiano,
Christiansen, & Knerr 1995 ; Malagoli, Bodo, & Rosner
1996 ; Vietri, Ferrara, & Miniati 1997). The speed of the
cloud is usually expressed in terms of the Mach number(v

c
)

where is the sound speed in the unperturbedM \ v
c
/csi, csibackground medium. For standard H I clouds, usually

M º 1 (Spitzer 1978) ; that is, the motion is supersonic. In
purely gasdynamic cases, a bow shock forms in front of the
cloud and reaches a constant stando† distance from it on
the timescale where is the cloudq

bs
D 2R

c
/v

c
4 2q

c
, R

cradius and is the cloud crossing time. This increases theq
cgas density on the nose of the cloud and leads to a pressure

there comparable to the ram pressure In response too
i
v
c
2.

this, a ““ crushing ÏÏ shock forms and propagates through the
cloud with relative speed where the densityvcs ^ v

c
/s1@2,

contrast parameter, is the ratio of the cloud ands \ o
c
/o

i
,

intercloud medium densities. The timescale over which this
shock crosses the cloud is

qcr \
2R
vcs

\ 2Rs1@2
v
c

\ 2
s1@2
M

qcs , (2.1)

where is the cloud sound crossing time. After aqcs \R
c
/csitime the cloud structure has been signiÐcantly modi-DqcrÐed and is far from uniform. Indeed, as the cloud plows

through the background gas, KHIs and RTIs develop on its
boundary layer. The slowest growing but most e†ective
modes in disrupting the cloud are those characterized by
the largest wavelength j D R, and for s ? 1 their typical
growth time is roughly the same as Finally, as the ramqcr.pressure carries out work on the cloud, the cloud velocity
relative to the background medium is reduced. This takes
place on the timescale roughly given by (Klein, McKee, &
Colella 1994)

qdr\
3sR
4v

c
D

Rs
Mcsi

\ s
M

qcs . (2.2)

The propagation of a cloud through a magnetized
medium adds new parameters to the characterization of the
cloud evolution. One is the strength of the magnetic Ðeld,
expressed in terms of

b \ p
g

p
B
\ 2

c
AMA

M
B2

, (2.3)

where and are the gas and magnetic pressure,p
g

p
B
\B2/8n

respectively, and is the MachMA \ v
c
/[B/(4no)1@2] Alfve� nic

number. The other is the Ðeld orientation, which in two-
dimensional calculations with is determined by theB

z
\ 0

angle h between the initial cloud velocity and the magnetic
Ðeld lines.

For a large b, the beginning of the MHD cloud evolution
is similar to the HD case. Over time, new features develop
in response to the magnetic Ðeld. As mentioned earlier,
numerical investigations have shown signiÐcant di†erences
between the cases of cloud motion parallel (aligned) or per-
pendicular (transverse) to the initial uniform magnetic Ðeld
(Jones et al. 1996 ; Mac Low et al. 1994). MacLow et al.
(1994) studied the MHD interaction of a high Mach
number (M \ 10) planar shock wave with a nonradiative
low density contrast (s \ 10) spherical interstellar cloud.
They investigated both aligned and, for one cylindrical
cloud case, perpendicular Ðeld geometries, although they
mostly concentrated on the former geometry. On the other

hand, Jones et al. (1996) studied the propagation of an indi-
vidual supersonic cylindrical cloud characterized by the
same parameters (M \ 10, s \ 10), through a magnetized
medium. In both sets of computations the initial magnetic
Ðeld was uniform throughout the grid. The studies found in
common agreement that, in the aligned case, the Ðeld lines
threading the cloud are pulled, stretched, and folded around
the cloud forefront, eventually reconnecting and generating
new and more stable Ñux tubes in this region. Here the
magnetic Ðeld never becomes dynamically dominant,
although it plays a relevant role in stabilizing the Ñow
around the cloud. On the other hand, low pressure in the
cloud wake and stretching of the Ðeld lines by the wake Ñow
cause the magnetic Ðeld to prevail (b ¹ 10) in this region
(the ““ Ñux rope ÏÏ) behind the cloud (Mac Low et al. 1994 ;
Jones et al. 1996). In the shocked cloud problem (Mac Low
et al. 1994), the magnetic Ðeld in the Ñux rope is ampliÐed
up to the postshock thermal pressure, whereas in the iso-
lated cloud calculations (Jones et al. 1996) such ampliÐca-
tion is smaller.

When the cloud motion is transverse to the magnetic
Ðeld, Ðeld lines start to drape around the cloud surface,
being compressed and, more importantly, stretched around
the cloud nose. In particular, because of stretching of the
Ðeld lines, the magnetic Ðeld in this region becomes even-
tually very strong, generating a stabilizing magnetic shield
region of small values of b (Jones et al. 1996). The presence
of the magnetic shield also signiÐcantly alters the outcome
of cloud collisions in the perpendicular Ðeld case (Miniati et
al. 1999). Indeed, if the magnetic shield is strong enough, it
acts like an elastic ““ bumper ÏÏ reversing the cloudsÏ motion
before they contact.

Both of the studies involving perpendicular Ðelds (Jones
et al. 1996 ; Mac Low et al. 1994) found that the ampliÐed
Ðeld on the cloud nose becomes comparable to the ram
pressure of the impinging Ñow, which is of the same order as
the thermal pressure of the postshock gas. We shall show
below that those conclusions were implied by their choice of
the cloud parameter (s \ 10 and M \ 10). Then the ques-
tion raised is how one may more generally relate the mag-
netic Ðeld properties to the initial conditions. Such question
is quite complex and will be addressed in more detail in °
4.7. We shall emphasize though that the enhancement of the
magnetic energy is in general due primarily to the work
done on Ðeld lines through stretching by the moving cloud.
Therefore, in principle, the cloud initial kinetic energy,

is the source and the upper limit for the magnetic12M
c
v
c
2,

energy. Nevertheless, as we will see in the following, a cloud
is not always in the right setting for its kinetic energy to be
transformed into magnetic form. However, when such con-
ditions exist, the Ðeld enhancement maybe larger than pre-
viously estimated by a factor in principle up to which,[s,
for high-density clouds, makes a signiÐcant di†erence.

3. NUMERICAL SETUP

To explore these issues we have carried out numerical
calculations with an ideal MHD code, based on the conser-
vative, explicit, second-order total variation diminishing
(TVD) method described in detail in Ryu & Jones (1995),
Ryu, Jones, & Frank (1995), and Ryu et al. (1998). Recent
measurements have shown that H I di†use clouds are often
characterized by high values of the electron fraction, x

e
^

to 10~4.9 (Myers & Khersonsky 1995). Therefore,10~2.7
both the kinetic Reynolds number, Re (\vr/l), and the
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magnetic Reynolds number, are expected toRe
M

(\vl/l
M

),
be large for velocities vD a few kilometers per second and
spatial scales lD 1 pc (Myers & Khersonsky 1995). The
resulting ambipolar di†usion timescale is given by

qAD \
AL

v
B
Re

M
\ 2.2] 109

A n
10 cm~3

B2

]
A L
pc
B2A B

kG
B~2A x

e
10~3

B
yr , (3.1)

meaning that the magnetic Ðeld should not decay through
ion-neutral drift during the cloud evolutionary time con-
sidered here. Ambipolar di†usion can also a†ect the shock
wave structure (Draine & McKee 1993, and references
therein). This is particularly important inside neutral
clouds, where the ionization fraction can be as small asx

e
D10~5. As a result the ““ shock transition,ÏÏ across which
both ions and neutrals undergo the ordinary ““ jump condi-
tions,ÏÏ can become so long that radiative cooling is relevant
there (see, e.g., Draine & McKee 1993). However, this
process a†ects only the thickness and structure of the shock
wave, but not the overall jump conditions, which are set by
conservation equations. These jump conditions are always
correctly calculated by any proper TVD codes. Other pro-
cesses like molecular thermal dissociation and radiation
emission that might occur in such modiÐed, radiative
shocks are not in the scope of the present study. It is, there-
fore, appropriate to employ an ideal MHD code for investi-
gating the problems of this paper. In such codes electrical
resistivity is mimicked through numerical approximations,
allowing such important real MHD e†ects as reconnection.

We have used the multidimensional, Cartesian version of
the code (Ryu et al. 1995) with a new ““method of character-
istics, constrained transport ÏÏ scheme for preserving the
$ Æ B \ 0 condition as described in Ryu et al. (1998). The
computational domain is on the xy plane, and both mag-
netic Ðeld and velocity z-components are set to zero. The
resolution characterizing all the cases listed in Table 1 is 50

zones per cloud radius. The dimensions of the grid are given
in the Ðfth column of the same table. When exact mirror
symmetry exists across the x-axis (cases 1, 3, 4, 8, and 9),
only the plane y º 0 has been included in the computa-
tional box, thus halving the grid size. InÑow conditions are
set on the left boundary, whereas the top and right bound-
aries are always open. The bottom boundary is also open
except in cases 1, 3, 4, 8, and 9, for which it is reÑective.

Except in one case (case 9) in which radiative losses are
being taken into account, we generally assume an adiabatic
Ñow with index c\ 5/3 [p \ (c[ 1)e]. The clouds are
always initially uniform and in pressure equilibrium with
the background medium. The cloud density is greatero

cthan the background by a factor We set ouro
i

s \ o
c
/o

i
.

units so that the initial pressure and givingp0 \ 35 o
i
\ 1,

the background sound speed The initialcsi 4 (cp0/o)1@2\ 1.
magnetic Ðeld is also uniform and its strength is convenient-
ly expressed by the parameter b (see eq. [2.3]). We assume
b \ 4 in all the calculations. Since the thermal pressure (p0)has not been speciÐed in any physical units, the assumed
value for b does not imply any particular strength of the
magnetic Ðeld. However, for typical conditions in the ISM
for which K cm~3, b \ 4 corresponds top0/kB

\ 1600
BD 1.2 kG. Self-gravity has been neglected throughout our
calculations. We have assumed very simple initial condi-
tions for our simulations. In particular, several quantities,
such as pressure and magnetic Ðeld, are initially set as
uniform, which is certainly not the case for the ISM.
However, these approximations are not too important for
the objective of our study. In particular the supersonic
motion of the clouds is not a†ected by the initial pressure
balance. Moreover, the dynamical interaction of clouds and
magnetic Ðeld (with the deceleration of the former and the
local ampliÐcation of the latter) can be signiÐcant only for
the large-scale component of the magnetic Ðeld. In fact
magnetic Ðeld lines can be stretched only if their extent is
much larger than the cloud size. On the other hand, local
inhomogeneities would be quickly advected past the cloud
causing only minor deviations. Thus, as long as there is an

TABLE 1

SUMMARY OF TWO-DIMENSIONAL MHD SINGLE CLOUD SIMULATIONS

h Grid-Sizec End Timed
Casea s Mb (deg) (R

c
2) (qcs) me Ae m

n
f A

n
f

1 . . . . . . . 10 10 0 10 ] 5 4.2 . . . . . . . . . . . .
2 . . . . . . . 10 10 45 20 ] 10 6.6 1.4 0.2 0.8 1.6
3 . . . . . . . 10 10 90 10 ] 5 4.2 1.5 0.7 0.6 1.8
4 . . . . . . . 100 1.5 0 15 ] 15 13 . . . . . . . . . . . .
5 . . . . . . . 100 1.5 10 20 ] 10 15 . . . . . . . . . . . .
6 . . . . . . . 100 1.5 30 20 ] 10 15 1.4 [1.4 1.1 0.1
7 . . . . . . . 100 1.5 45 20 ] 10 13 1.4 [1.2 1.0 0.4
8 . . . . . . . 100 1.5 90 20 ] 7.5 9 1.5 [1.3 1.0 0.6
9 . . . . . . . 100 1.5 90 20 ] 7.5 9 1.4 [1.2 0.9 0.7
10 . . . . . . 10 1.5 45 20 ] 10 9.6 1.2 [1.3 0.6 0.3
11 . . . . . . 100 10 45 20 ] 10 9.6 1.6 0.3 1.2 1.8

a All models use b \ 4, c\ 5/3.
b The Mach number is referred to the intercloud sound speed, csi.c The grid size is expressed in units of cloud radius. One cloud radius has zones.R

c
\ 50

d The end time is expressed in terms of sound crossing times qcs.e Coefficients for the growth of the magnetic energy over the whole grid. For cases 2, 3, 9, and 10,
only the growing portions of the magnetic energy growth curves have been used to determine m and
A (see the text for details). These are not provided for cases 1, 4, and 5 because the model of ° 4.4 is not
appropriate for these cases.

f Coefficients for the growth of the magnetic energy inside a region of size placed beforeR
c
] 2R

c
,

the cloudÏs nose. The same precautions as in the previous note apply here.
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underlying ““ uniform ÏÏ component to the ISM magnetic
Ðeld on the scale of a few parsecs, the presence of local
irregularities will not substantially alter the behavior
expected. Interstellar polarization observations (see, e.g.,
Mathewson & Ford 1970) and Faraday rotation measures
(Gardner & Whiteoak 1963 ; Morris & Berge 1964 ; &Vale� e
Kronberg 1975) show clearly the existence of such an under-
lying uniform Ðeld.

With case 9 in Table 1 we intended to investigate the
possible e†ect of radiative losses on the cloud interaction
with the magnetic Ðeld. The radiative cooling function we
have used includes free-free emission, recombination lines,
and collisional excitation lines as well as heating terms pro-
vided by collisional ionization and ionization by cosmic
rays. Its properties are fully described in Ferrara & Field
(1994), whereas its implementation is detailed in Miniati et
al. (1999). Since the cooling function is not crucial for the
issues related in this paper, we refrain from going into
further details and refer to the above references for a more
complete description.

The clouds are initially set in motion with a Mach
number where is the sound speed in the inter-M \ v

c
/csi, csicloud medium. As shown in Table 1 di†erent Mach

numbers have been employed in this work. In addition, we
explore several values of rangingh \ arccos [¿

c
Æ B/(v

c
B)],

from the aligned case (h \ 0¡) to the transverse case
(h \ 90¡), as well as several values of s, as listed in Table 1.

4. RESULTS

4.1. L ine Draping in an Oblique Magnetic Field
It was clear from previous numerical studies mentioned

in ° 2 that the orientation of the magnetic Ðeld lines with
respect to the cloud motion plays a key role in the inter-
action between the cloud and the magnetic Ðeld. It is impor-
tant, therefore, to investigate in more detail the general case
of cloud motion making an angle h with the initial uniform
Ðeld (see Fig. 1). Intuitively we expect that the transverse
Ðeld scenario should be the most common one. In fact, for
any h [ 0, as the cloud moves through the magnetized
background and pushes the Ðeld lines at its nose, the Ðeld
lines would tend to wrap around the cloud. We have tested
this expectation by performing numerical simulations

FIG. 1.ÈDiagram of a cloud moving through a uniformly magnetized
background medium with a velocity making an angle h with the Ðeld lines.

involving various choices of h. Some results are presented in
Figure 2, which shows, for the two cases h \ 45¡ and 10¡,
the density distribution with the magnetic Ðeld lines super-
imposed. Each time corresponds to andt \ 13qcs \ 19.5q

crespectively. We15qcs\ 22.5q
c

(q
c
\R

c
/v

c
\ qcs/M),

emphasize that, if the Ðeld lines are frozen in the plasma,
then it takes about for them to be transported across the2q

ccloud diameter by the background Ñow and to start being
stretched.

The Ðrst thing we note is that in both cases (h \ 10¡ and
45¡) the magnetic Ðeld lines drape around the cloud, as in
the transverse Ðeld case (Jones et al. 1996). However it is
clear that the magnetic Ðeld is signiÐcantly stronger for
h \ 45¡ than for h \ 10¡. Even though the Ðeld lines drape
around the cloud, in order for cloud motion to substantially
amplify the magnetic Ðeld and, therefore, generate the mag-
netic shield, a signiÐcant amount of line stretching needs to
occur. This need not take place for all h [ 0. Therefore, in
the following we will attempt to identify more clearly the
range of angles h over which stretching of the Ðeld lines
turns out to be efficient. In addition, other factors are
important. In particular the cloud could be decelerated by
the ram pressure of the background medium or disrupted
by instabilities before the magnetic Ðeld lines are substan-
tially stretched. These processes are regulated by the cloud
Mach number (M) and density contrast ( s). It is, therefore,
also in the objective of this study to determine the condi-
tions, in terms of M and s, that allow the formation of the
magnetic shield.

4.2. Magnetic and Kinetic Energy Evolution
In order to explore these issues we performed a variety of

numerical simulations, characterized by the di†erent
parameters listed in Table 1. These simulations include
cases 1È3 (set 1), corresponding to low-density (s \ 10) but
high Mach number (M \ 10) clouds, with h \ 0¡, 45¡, and
90¡, respectively ; cases 4È9 (set 2), representing the opposite
pairings of high-density (s \ 100) but low Mach number
(M \ 1.5) clouds, with h \ 0¡, 10¡, 30¡, 45¡, 90¡, and 90¡
respectively. Case 9 is identical to case 8 except for being
radiative ; and cases 10 and 11 (set 3), including clouds with
s and M values that are both either small (s \ 10, M \ 1.5)
or large (s \ 100, M \ 10) with h \ 45¡. Figure 3 shows the
time evolution of the magnetic energy increment normal-
ized to the initial cloud kinetic energy (left panels) and of the
relative kinetic energy decrement (right panels) for cases of
sets 1 (top panels), 2 (middle panels), and 3 (bottom panels)
(see caption for details). Time is expressed in units of the
sound crossing time, which depends only on the cloud size
and the background sound speed, but not on the param-
eters that di†erentiate the various cases listed in Table 1. It
is apparent that in most of the cases the magnetic energy
increment amounts to an important fraction of the cloud
kinetic energy. This is especially true for set 2, which shows
that even for h \ 30¡ that fraction is around 15%. On the
other hand, the right panels show that the evolution of the
kinetic energy is a†ected by the interaction with the mag-
netic Ðeld. For all cases in sets 1 and 2, clouds are respec-
tively characterized by the same parameters : it appears that
the stronger the cloud interaction with the magnetic Ðeld
(measured as the increment in the magnetic energy), the
quicker the kinetic energy decrement. In particular, for
cases 6, 7, 8, and 9 of set 2, the di†erences in the kinetic
energy roughly correspond to di†erences in the magnetic
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FIG. 2.ÈDensity distribution with superimposed magnetic Ðeld lines for a single cloud propagating through a magnetized medium. Field lines are
contours of the magnetic Ñux. Density Ðgures are inverted gray-scale images of log (o). In both cases b \ 4, s \ 100, and M \ 1.5. Top panel : h \ 45¡ and

exhibiting the formation of a consistent magnetic shield. Bottom panel : h \ 10¡ and the Ðeld lines are draping aroundt \ 13qcs \ 19.5q
c
, t \ 15qcs \ 22.5q

c
;

the cloud, although the magnetic shield is not as developed as in the previous case.

energy. It is clear also that the presence of radiative losses is
not relevant to the dynamical interaction of the cloud with
the magnetic Ðeld. We point out (and we shall justify it later)
that Ñattening of the magnetic energy growth is in general
due to both cloud deceleration and outÑow of enhanced
Ðeld regions.

4.3. Magnetic Field Reconnection in the Cloud Wake
In the following subsections we shall investigate and cal-

culate in more detail the growth rate for the magnetic Ðeld
strength (°° 4.4 and 4.6). Before that, we intend to explore
another important issue concerning the conditions of the
magnetic Ðeld in the cloud wake. Recall that for h \ 0 a
strong magnetic rope developed there in the previous simu-
lations. We see that even at very small angles h, because the
Ðeld lines tend to drape around the cloud shape, the topol-
ogy of the magnetic Ðeld in the cloud wake is basically that
of the transverse Ðeld case. As a result, the post-cloud ““ Ñux
rope ÏÏ occurs only in very special cases and is mostly the

outcome of the artiÐcially exact alignment between the
cloud motion and the magnetic Ðeld lines. In all the other
cases we have carried out, magnetic Ðeld lines, converging
in the cloud wake from the above and below, form an anti-
parallel region separated by a thin current sheet in the
wake. This conÐguration is classically unstable to resistive,
““ tearing mode ÏÏ instability. In fact, the current sheet in the
transition layer between the Ðeld lines of opposite direction
eventually becomes much thinner than its width (for details,
see Biskamp 1993, p. 152). The occurrence of the instability
breaks up the transition current sheet into line currents, and
several closed Ðeld line loops arise as Ðeld lines reconnect
across the sheet (see, e.g., Melrose 1986, p. 151). This process
is clearly illustrated in Figure 4, which shows a sequence of
three panels representing the evolution of the magnetic Ðeld
at 13, and 14, respectively, for case 5t/qcs\ t/(Mq

c
) \ 12,

(h \ 10¡, M \ 1.5, s \ 100). In the top panel, the Ðeld lines
in the transition layer appear distorted. Such distortions
lead later on to the formation of Ðeld line loops there, as
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FIG. 3.ÈTime evolution of (left panels)the magnetic energy enhancement and (right panels) the kinetic energy normalized to the initial(*E
B
/E

K0) (E
K
/E

K0),cloud kinetic energy, for individual clouds propagating through a magnetized medium. Time is expressed in units of the background sound crossing timeE
K0,for all cases. Time labels, however, di†er because the timescales for the evolution of magnetic and kinetic energy strongly depend on the(qcs \R

c
/csi)parameters (s and M) deÐning the various cases (see °° 2 and 4.6 for details). In the top panels (set 1) open triangles correspond to case 1, open circles to case 2,

and Ðlled circles to case 3, respectively. In the middle panels (set 2) open squares represent case 4, Ðlled squares case 5, open triangles case 6, open circles case
7, Ðlled circles case 8, and Ðlled triangles case 9. In the bottom panels, open and Ðlled circles correspond to cases 10 and 11, respectively. The middle left panel
shows that for case 4 (h \ 0¡ ; open squares) the magnetic energy growth is slightly larger than for case 5 (h \ 10¡ ; Ðlled squares). This is due only to the choice
of the normalization parameter which, because of the setting of the grid, is twice as large for case 5 as for case 4. Compare with Fig. 5 for the relativeE

K0,growth of the magnetic energy normalized to its initial value. Finally, be aware that the sudden drop in the kinetic energy for case 9 ( Ðlled triangle) is a
numerical rather than a physical e†ect.

shown in the next panel, corresponding to Theset \ 13q
c
.

loops have formed through reconnection processes, and
they provide the signature of the tearing-mode instability
(Melrose 1986, p. 151). The overall process responsible for
the modiÐcation of the magnetic Ðeld topology is com-
monly referred to as ““ tearing-mode reconnection ÏÏ (see, e.g.,
Melrose 1986). At small Ðeld line loops still exist,t \ 14q

calthough they are annihilating and are Ðnally being con-
vected away from the cloud.

It usually appears that when the magnetic Ðeld is oblique
with respect to the cloud motion, more tearing-mode recon-
nection activity takes place in the cloudÏs wake than in the
exactly transverse Ðeld case. We attribute this property to
the broken symmetry across the x-axis, which makes the
Ñow in the wake more irregular, thus stimulating the onset
of the instability. Moreover, the uneven magnetic tension
caused by the broken symmetry of the magnetic Ðeld per-
turbs further the motion of the cloud. In fact it induces a

vortical motion of the cloud body, which a†ects annihi-
lation processes of the magnetic Ðeld inside the cloud itself.
In addition, since the magnetic shield develops asym-
metrically on the cloud nose, the cloud tends to drift per-
pendicular to its initial motion, toward the direction of
lower magnetic pressure.

4.4. Analysis of the Simulations
It is common to compare the magnetic energy in a cloud

to its kinetic and/or thermal energies (Heiles 1989 ; Ver-
shuur 1989 ; Myers & Khersonsky 1995 ; Myers et al. 1995),
in order to Ðnd insightful trends among the various physical
quantities of the ISM. Moreover, if the generation of local
irregularities in the interstellar magnetic Ðeld is in part
related to the motion of dense clouds (see ° 5), and in partic-
ular is generated at the expense of their kinetic energy, then
such a comparison may turn out to be relevant for the
overall energy budget of galaxies.
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FIG. 4.ÈMagnetic Ðeld geometry for case 5 (s \ 100, M \ 1.5,
h \ 10¡) at three di†erent times corresponding to, from top to bottom,

13, and 14. As in Fig. 2, Ðeld lines are contours of thet/qcs \ t/(Mq
c
)\ 12,

magnetic Ñux function. Finer contouring is used, however, than in Fig. 2.
The sequence of panels displays the evolution of the ““ tearing-mode ÏÏ insta-
bility in the cloud wake, with the formation of closed Ðeld line loops
through reconnection and their subsequent annihilation.

The equation describing the evolution of the magnetic
energy in a volume V due to Ðeld line stretching isE

B(Chandrasekhar 1961)
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E
B

q
c

sin h ,

(4.1)

where sin h takes into account the Ðeld orientation. This
generalizes equation (10) in Jones et al. (1996). If andE

B
E

B0are the magnetic energy in the region where the stretching
of the Ðeld lines takes place at an arbitrary time t and at
t \ 0, respectively, then an approximate solution to equa-
tion (4.1) is

E
B
\ E

B0 e2t sin h@qc . (4.2)

Equation (4.2) describes an exponential growth of the mag-
netic energy with a timescale as short as Thisq

c
/sin h.

approximation holds true only for the very beginning of the
evolution. Depending on initial Ðeld strength, nonlinear
e†ects (i.e., from Ñow modiÐcations) soon become impor-
tant, so a di†erent approach must be employed. Starting
from equation (4.1), we assume that the magnetic energy
growth is initially exponential. A simple way to modify this
for nonlinear growth is to begin from the representation of
the exponential function as a series of power laws, each with

its appropriate coefficient. We may express the saturation of
Ðeld growth by saying that the back reaction of the mag-
netic Ðeld suppresses the contribution of high-order terms
that dominate the exponential function for large arguments.
On the other hand, our simulation data show that the rela-
tive magnetic energy enhancement is faster than(*E

B
/E

B0)implied by a Ðrst-order approximation (linear growth with
time) but is well described by a power law with index
2 º mº 1 (see the next paragraph). The physical meaning
of a power-law behavior can, at least in part, be inferred
from equation (4.1). SpeciÐcally it implies that the velocity
shear, which in equation (4.1) is represented as aLv

x
/Ly,

constant, actually decreases with time as Dt~1Dv
c
/R

c
,

once the magnetic Ðeld begins to modify the Ñow. That
behavior makes intuitive sense if one considers that the
magnetic Ðeld a†ects the direction of the gas Ñow around
the cloud before the cloud velocity itself is decreased. Thus,
the e†ect is probably mostly due to the growing size of the
magnetic shield, the region where Ðeld-line stretching
occurs, and an associated broadening of the shear layer
around the cloud. That is, the scale represented by inR

cequation (4.1) apparently increases linearly with time. We
derive an estimate of the magnetic energy growth by
expanding the exponential function in equation (4.2) and
retaining a single (presumed dominant) term of the power-
law series, with index m to be determined :

*E
B

E
B0

4
E

B
E
B0

[ 1 \ (e2t sin h@qc [ 1)D
A2tM sin h

qcs

Bm 1
m !

,

(4.3)

where in the last expression we used q
c
\ qcs/M.

Equation (4.3) was tested for all cases listed in Table 1.
We plotted versus If these twolog (*E

B
/E

B0) log (t/qcs).quantities are related as described by equation (4.3), then
the plots should resemble

log
A E

B
E
B0

[ 1
B

^ log
2m

m !
] m log M

] m log (sin h) ] m log
t

qcs

\ A(m, M, h) ] m log
t

qcs
(4.4)

and their slope should correspond to the index m. Log plots
of the magnetic energy increment (this time normalized to
the initial magnetic energy) as a function of time are shown
in Figure 5. Left plots are log analogous of those in Figure 3
(left panels) and refer to the magnetic energy over the whole
grid. On the other hand, the right panels correspond to the
magnetic energy in a region of size and placedR

c
] 2R

cbefore the cloudÏs nose. As we can see, the growth of the
magnetic Ðeld is much stronger in the latter case than in the
former, so the magnetic energy density is much higher at the
cloud nose than anywhere else. However, because that is
only a small region, its contribution to the total increase in
the magnetic energy is not dominant. In other words, most
of the exchange of kinetic and magnetic energy takes place
on a more extended region.

In general, in both cases the power-law description of the
magnetic energy growth with time applies only for h º 30¡,
so we will not consider cases with h \ 30¡ any further.
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FIG. 5.ÈTime evolution of the relative magnetic energy enhancement relative (left panels) to the whole numerical grid and (right panels) to a(*E
B
/E

B0)region of size placed before the cloud nose. In each case is the initial magnetic energy relative to the region considered. Curves correspond toR
c
] 2R

c
E
B0log plots of vs. time normalized to the sound crossing time As in Fig. 3, time labels change for the various cases, according to the di†erent*E

B
/E

B0 qcs.characteristic timescales. Each case of Table 1 is represented in the same panel and with the same symbol as in Fig. 3. Note that for a better representation of
cases 2 and 3 the less interesting case 1 was not plotted in the top left panel.

Strictly speaking, only cases belonging to set 2 (and with
h º 30¡) follow the power-law behavior. Curves corre-
sponding to all other cases exhibit a turn-over at some
point in their evolution. This is particularly evident in set 1.
There are two main reasons for that behavior, and both are
related to the fact that the cases of sets 1 and 3 are charac-
terized by high Mach numbers (M) and/or low contrast
density (s). In fact such parameters determine a quick decel-
eration of the cloud by the background ram pressure (° 2).
On the one hand, this reduces the time available for the
cloud to stretch the Ðeld lines (° 4.6), therefore stopping the
growth of the magnetic energy. On the other hand, since the
cloud approaches the computational boundary more
quickly, the outÑow of magnetic energy soon becomes
important and signiÐcantly a†ects the growth curve of the
magnetic energy.

Recognizing these limitations we can still calculate values
of the slope (m) and the intercept (A) for all cases with
h º 30¡, restricting ourselves to the growing portions of the
curves for set 1 and 3. The last four columns of Table 1
report values of the slope as well as of the intercept for the
curves in Figure 5 of the magnetic energy in the total grid

(m, A) and in the ““ cloud nose region ÏÏ respectively,(m
n
, A

n
),

as obtained with a simple least s2 method (Taylor 1982).
For cases of set 1 and 3 the resulting slopes are somewhat
sensitive to the choice of the ““ growing portion ÏÏ of the
curves. We point out that we report these values only for
the purpose of giving a qualitative description of the evolu-
tion of the quantities considered ; therefore, they should not
be taken as to indicate anything too precise. Values of m
and given in Table 1 average around andm

n
m6 \ 1.43 m6

n
\

0.9, respectively. In the following we shall simply take the
representative values, m^ 1.5 and Finally, it ism

n
^ 1.

worth noting that for h º 30¡ the distance between the dif-
ferent curves (given by the di†erence in their A coefficients)
is consistent with what is expected from equation (4.3) for
di†erent values of M and h. This further supports the
approach of equation (4.3).

4.5. Dimensionality Issues
In order to validate our two-dimensional MHD numeri-

cal calculations, it is important to address the limits
imposed by the symmetry along the cylinder axis because of
the two-dimensional geometry. For that purpose we carried
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out an analogous three-dimensional version of case 8, simu-
lating the supersonic motion (M \ 1.5) of a dense (s \ 100),
Ðnite cylinder through a transverse magnetic Ðeld (h \ 90¡).
The length of the cylinder semiaxis was wherel

z
\ 3R

c
, R

cwas its radius. Motion was perpendicular to the cloud axis.
Exploiting the mirror symmetry across the planes z\ 0
and y \ 0, we were able to limit the calculation to only
one-quarter of the total actual volume. Therefore we used
a computational domain x \ [0, 20], y \ [0, 8], and
z\ [0, 8] with the cloud center initially located at x

c
\ 2R

c
,

The resolution was 16 zones across a cloudy
c
\ z

c
\ 0.

radius with in numerical units. In order to make aR
c
\ 1

sensible comparison with case 8 we calculated the growth of
the magnetic energy in the plane z\ 0. In fact, if the two-
dimensional approximation is realistic, then the evolution
of the magnetic energy on the plane z\ 0 resulting from the
three-dimensional calculation should resemble that seen in
case 8. The results from the three-dimensional calculation
are shown in Figure 6. In the three panels we report log
plots of the relative increment of the magnetic energy on the
whole grid (top panel) and in the usual region of size R

cbefore the cloud nose (middle panel) versus time] 2R
cexpressed in units of the sound crossing time . Also we

report the evolution of the relative change of the kinetic
energy (bottom panel). The Ðgure shows that up to about
one the growth of the magnetic energy is qualitativelyqcr,the same as in the two-dimensional calculations. Following
the same procedure as in ° 4.4, for this case we infer (m, A)
\ (1.26, 1.3) and This slope is slightly(M

n
, A

n
) \ (0.8, 0.6).

smaller than in the previous case, meaning that in three
dimensions the growth of the magnetic Ðeld is somewhat
slower, as expected, but is still faster than linear with time.

4.6. T imescale
Given the slope in this section we derive the1 [ m[ 1.5,

timescale to transform one-half of the cloud kineticqma,energy into magnetic form (formation of the magnetic
shield). The cloud initial kinetic energy, can beE

k0,expressed in terms of the initial magnetic energy in theE
B0,

region of volume where Ðeld line stretching occurs, asV
s

E
k0 \ 1

2
csM2b V

c
V
s
E

B0 , (4.5)

where is the volume of the cloud. Thus, setting the mag-V
cnetic energy at equal to one-half the initial cloudt \ qma

FIG. 6.ÈThree-dimensional analogue of case 8 in Table 1. For this case s \ 100, M \ 1.5, and h \ 90¡. The top and middle panels correspond to the Ðlled
circle curves in the middle, left, and right panels of Fig. 5, respectively. The bottom panel, on the other hand, corresponds to the Ðlled circle plot of the middle
right panel of Fig. 3.
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TABLE 2

TIMESCALES

Case s M q
c
/qcs qcr/qcs (qma/qcs) sin ha qdr/qcs

1, 2, 3 . . . . . . . . . . . . . . 10 10 0.1 0.63 8.8 1
4, 5, 6, 7, 8, 9 . . . . . . 100 1.5 0.67 13.3 21.8 66.7
10 . . . . . . . . . . . . . . . . . . 10 1.5 0.67 4.2 4.7 6.67
11 . . . . . . . . . . . . . . . . . . 100 10 0.1 2 41 10

a The factor sin h is to take into account the slight di†erence between cases charac-
terized by the same s and M, but di†erent angles h. For cases 1, 4, and 5 (h \ 30¡), as
already mentioned in ° 4.4, is meaningless.qma

kinetic energy and considering equation (4.3), we obtain

A1
4

csM2b V
c
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[ 1
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^
1
4

csM2b V
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\
A2qma sin h

q
c

Bm 1
m !

^ 2
Aqma sin h

qcs

Bm
Mm (4.6)

(the numerical factor in the last expression derives from the
assumption mD 1). From equation (4.6) we derive

qma \
Acbs

8
B1@m M

(2/m)[ 1
sin h

AV
c

V
s

B1@m
qcs , (4.7)

and for m\ 1.5

qma\ b2@3M1@3
A s
100
B2@3A R

c
0.5 pc

BA10 km s~1
csi

B
5.3]105 yr ,

(4.8)

using a representative sin h D sin 45¡ \ 1/21@2 and neglect-
ing the factor which probably amounts to a few(V

c
/V

s
)2@3,

tenths. This is the timescale over which a cloud gives up
one-half of its kinetic energy to the background magnetic
Ðeld by stretching the Ðeld lines. When viewed the other
way around, is also the timescale over which a cloudqmaembedded in a magnetized Ñow is accelerated to move with the
background plasma through magnetic forces. Therefore, qmacan be considered a ““magnetic acceleration ÏÏ timescale. We
emphasize again that such description is valid only up to
several qcr.

4.7. Physical Issues
We can now compare with the drag timescale (eq.qma qdr[2.2]), over which a cloud is stopped by the ram pressure

(° 2). Their ratio (using c\ 5/3, h \ 45¡ and b D a few) is

qma
qdr

D s(1@m)~1M2@m . (4.9)

Since m[ 1, equation (4.9) shows that for small Mach
numbers (M) and large density contrasts (s) the magnetic
tension is more important than the drag force. For example,
for a ““ standard ÏÏ interstellar cloud characterized by
s D 100 and M D 1.5 (if m\ 1.5), so that aqma/qdrD 0.37,
signiÐcant fraction of the cloud kinetic energy can be trans-
formed into magnetic form. We point out that we use the
drag time here instead, for example, of the crushing time
because as long as the cloud is moving the magnetic Ðeld
will be enhanced by stretching even after the passage of the
crushing shock. Table 2 summarizes the relevant timescales
characterizing the dynamical evolution of a typical cloud in
motion.

FIG. 7.ÈCuts through the cloud and along the cloud axis of motion, of
the log of the magnetic energy density (B2/2) expressed in numerical units.
The solid line corresponds to case 3, the dotted line to case 7, and the
dashed line to case 10. Times corresponding to each curve and expressed in
di†erent units are reported in Table 3. In all three cases, there is a peak in
the magnetic energy density due to the presence of the magnetic shield in
front of the cloud.

In Figure 7 we report cuts of the log of the magnetic
energy density (B2/2, in numerical units) along the axis of
motion of the cloud for the following three representative
cases : case 3 (solid line), case 7 (dotted line), and case 11
(dashed line). The time corresponding to each of these cuts is
expressed in terms of various dynamical timescales in Table
3. Values in column 6 show that the evolutionary time is
still below several so that instabilities in the third dimen-qcrsion have not become too disruptive yet. In the same table
we also calculate the ratio in equation (4.9) for each case.

The three lines in Figure 7 clearly exhibit a peak corre-
sponding to the magnetic shield (° 2). For case 3, the mag-

TABLE 3

CLOUD TIMESCALES

Case qma/qdr t/qma t/qdr t/q
c

t/qcr
3 . . . . . . . 8.8 0.3 2.4 24 3.8
7 . . . . . . . 0.46 0.42 0.19 19.5 0.95
11 . . . . . . 5.8 0.14 0.84 84 4.2
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netic energy density B2/2 D 40 is comparable with the ram
pressure of the background Ñow in accord(Do

i
v
c
2D 100),

with Jones et al. (1996). For this case There-qma/qdr D 9 ? 1.
fore, the cloud is mostly being decelerated by the ram pres-
sure of the Ñow and soon after, as the magnetic Ðeld lines
relax, the magnetic energy drops. This e†ect, along with
magnetic energy outÑow through the boundary, is
responsible for the turnover visible in Figure 3 for cases 2
and 3. Similarly, for case 11 (dashed line), since qma ? qdr,only a small fraction of the cloud kinetic energy is trans-
formed into magnetic energy. However, because of the large
mass of the cloud (s ? 1), in this case even a small fraction
of the cloud kinetic energy is enough to amplify the mag-
netic Ðeld in the magnetic shield beyond the background
ram pressure limit. Finally, in case 7 (dotted line), qma/qdrDand, as we can see, B2/2( D 12.5) is much larger than the0.5,
ram pressure limit The magnetic energy(pram\ ov2D 2.25).
is still a small fraction (D20%; see Fig. 3) of the initial cloud
kinetic energy, however. This is roughly in accord with the
model.1

We shall now return to the issue raised in ° 2 about the
limit on the magnetic energy that can be generated in the
magnetic shield. It is clear that as long as the lines are being
stretched by the gas motion, then the magnetic Ðeld energy
will increase. This result was tested with a numerical simu-
lation of a very large density (s \ 103) two-dimensional
cloud with a jetlike shape (in fact a sheet of dense gas). This
object had a very large kinetic energy in its motion with
respect to the background gas and it turned out that the
magnetic energy grows (almost linearly) until it becomes so
large on the cloud nose that the code cannot handle the
calculation properly anymore. However, by contrast, it is
usually observed in the solar system that there is a sort of
““ equilibrium ÏÏ between ram pressure and magnetic pressure
around massive objects moving supersonically with respect
to the solar wind. This is the case for example at the earth
magnetopause (see, e.g., Parks 1991) and also found in
simulated interactions between the solar wind and outÑows
from comets (Yi et al. 1996). That di†erent result is due to
the fact that in such cases the physical system reaches a
stationary state, whereas the clouds considered here are
never in a stationary Ñow. It is easy then to show that in a
steady Ñow the previous limiting relation between magnetic
pressure and ram pressure must hold. It is important to
observe that stationarity is achieved in the aforementioned
solar system cases because the basic motions of those
objects are not a†ected by the Ñow and because the struc-
tural changes brought about through their interactions with
the solar wind are strongly resisted. In fact the magneto-
pause is supported by a dipole magnetic Ðeld that responds
strongly to any attempt of deformation (B2P R~6). Also
the comet outÑow provides a momentum Ñux (dynamic
pressure) that varies as the inverse square of the distance
(PR~2). So again it is difficult to deform the shape of this
kind of object. These facts allow the magnetic Ðeld lines to
easily slip around the surface for a ““ quick ÏÏ attainment of
stationary state. In our two-dimensional cloud simulations
the Ðeld lines are conÐned in the plane, so that they are
bound to be stretched as long as the cloud moves. Growth
is ultimately limited by deceleration of the clouds. However,

1 According to equation (4.3) (with m\ 1.5), after a time t/qma D 0.42
only a fraction of the total initial kinetic energy isD12 ] (0.42)1.5 D 0.14
converted into magnetic form.

even in three-dimensional calculations since clouds undergo
strong deformations on their leading edge the stationary
state is never reached and magnetic Ñux can become
trapped. In fact both the magnetic Ðeld and the cloud shape
change continuously in response to each otherÏs dynamical
e†ects. Even in three-dimensional MHD cloud simulations,
it turns out that the magnetic pressure in the shield becomes
larger than the ram pressure by a factor of at least a few
(Gregori et al. 1999).

With this perspective, it can be concluded then that an
accurate estimate of the upper limit for the magnetic energy
in the magnetic shield can come only from appropriate
three-dimensional numerical simulations. However, it is
immediately clear from the investigation presented in this
paper that previous studies have underestimated the extent
to which the magnetic Ðeld can be enhanced by stream
motions in the ISM and overlooked the dynamical impor-
tance that this process can have in terms of the evolution of
these streams as well as the energetics of the global ISM. In
addition, as it will be properly addressed in the following
section, this ampliÐcation of the magnetic Ðeld originating
from the cloud motion has interesting observational impli-
cations.

5. COMPARISON WITH OBSERVATIONS

We attempt now to link our results to some recently
found, interesting features of the magnetic Ðeld in di†use
clouds. As pointed out in ° 3, the conditions in the ISM are
such that ideal MHD is applicable even to H I clouds char-
acterized by the scales of interest here.

Myers et al. (1995) compared data on the 21 cm Zeeman
e†ect obtained with the 26 m radio telescope at Hat Creek
Radio Observatory (HCRO) and with the 100 m E†elsberg
telescope. They found, even though the magnetic strengths
obtained with the two telescopes are usually consistent
within experimental errors, that there are cases where the
Ðeld strengths are apparently discrepant. For instance, in
the particular direction (l, b) \ (141.1, 38.8), the HCRO
gives kG, whereas the 100 m measurementB

A
\ 18.9^ 1.8

is 3.5^ 3.7 kG. Those authors argued that this is probably
real and due to the signiÐcant variation of the magnetic Ðeld
strength inside the larger HCRO beam compared to that in
the 100 m beam. This means that, in that region, the Ðeld
has a signiÐcant structure on a length scale L ¹ 1.6 pc and
measurements of kG should be found by the 100B

A
º 18.9

m telescope somewhere within the HCRO beam. In ° 2 we
have seen that a cloud propagation through a magnetized
background is able to modify signiÐcantly the initially
uniform Ðeld structure. This is particularly true for h º 30¡.
As already seen in Figure 7, after a time of the order of qcr,the intensity of the Ðeld in the magnetic shield can be
several times as large as the background value. The mag-
netic shield dimensions are of the order of the cloud radius

The variation in the magnetic Ðeld measured by Myers(R
c
).

et al. (1995) (from 3.5^ 3.7 kG up to values º18.9) is con-
sistent with the ampliÐcation resulting from our numerical
study. Therefore, it is plausible to explain the local inhomo-
geneities observed in Myers et al. (1995) in terms of the
interaction between the cloud motion and the background
magnetic Ðeld.

Another interesting observational Ðnding is that in many
H I clouds, the magnetic and kinetic energy densities have
comparable values (Heiles 1989 ; Vershuur 1989 ; Myers &
Khersonsky 1995 ; Myers et al. 1995). For some cases the
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magnetic energy is actually in excess of the kinetic (Myers et
al. 1995). Myers et al. (1995) point out that if collisions
between neutrals and ions are high enough, MHD waves
will propagate through the Ðeld-Ñuid system at the Alfve� n
speed based on the combined neutral/ionic mass density.
The kinetic and magnetic energy densities in an waveAlfve� n
are in equipartition. Therefore, if the magnetic energy in the
waves is similar to that in the mean magnetic Ðeld, the
nonthermal line broadening would correspond to the

speed for the neutral/ionic mass. In other words, theAlfve� n
measured magnetic and kinetic energies of the gas should be
similar. On the other hand, those observational results are
in agreement with the depiction given in this paper, accord-
ing to which the magnetic energy is enhanced by Ðeld-line
stretching produced by coherent gas Ñow, i.e., by cloud
motions. Since this Ðeld enhancement occurs at the expense
of the cloud kinetic energy, it makes sense that some equi-
partition between magnetic and kinetic energy is achieved.
Eventually the cloud is stopped, either by the magnetic Ðeld
tension or by the ram pressure of the background Ñow, so
that at some point the kinetic energy becomes even smaller
than the magnetic energy (although the latter must still be
less than the initial cloud kinetic energy). On the other hand
we have seen that only a weak ampliÐcation of the magnetic
Ðeld occurs when the latter is mainly aligned with the cloud
motion. Therefore, magnetic and kinetic energy are not
expected to be comparable for all clouds.

6. CONCLUSIONS & SUMMARY

We have studied the motion of an individual two-
dimensional cloud through a magnetized lower density
background medium, for di†erent density contrasts s, Mach
numbers M, and Ðeld geometries h. Our major Ðndings can
be summarized in the following items.

1. A cloud moving through a magnetized medium tends
to interact with the magnetic Ðeld in a way that depends
upon the angle h between the initial cloud velocity and the
background magnetic Ðeld. According to our simulations,
for large angles h the magnetic Ðeld lines are stretched effi-
ciently by the cloud motion, and, therefore, the magnetic
Ðeld is signiÐcantly ampliÐed at the expense of the cloud
kinetic energy. This is demonstrated here for angles h º 30¡.
Our simulations then suggest that when h º 30¡ the mag-
netic shield developed by a moving cloud may behave as an
efficient ““ bumper ÏÏ in MHD cloud collisions (Miniati et al.
1999).

2. Our numerical experiments show a global magnetic
energy growth reasonably well described by a power law in
time with index m^ 1.2È1.5 for a wide range of values of

density contrast (s), Mach number (M), and Ðeld geometry
(h). This behavior is not signiÐcantly a†ected by the pres-
ence of radiative losses. In addition, it seems conÐrmed by
at least one analogous three-dimensional simulation as well
(mD 1.2,1.3). We deÐne a characteristic timescale qmaDfor part of the cloud kinetic energy(bs)1@mM(2~m)@mqcs/sin h
to be transformed into magnetic energy. We note, as well,
that can also be interpreted as the time for a cloud to beqmaaccelerated to the Ñow velocity by Maxwell stresses. Since
m[ 1, for high-s, low Mach number clouds this dynamical
timescale would be shorter and therefore more relevant
then the drag timescale qdrD s(m~1)@mM~2@mqma.3. We suggest that this mechanism, if conÐrmed more
generally by three-dimensional MHD simulations, could
provide an explanation for some characteristics observed in
the interstellar magnetic Ðeld. In particular the existence of
magnetic Ðeld inhomogeneities on a scale about 1 pc in
correspondence of H I clouds can be interpreted as the for-
mation of the magnetic shield, as outlined in ° 5. In addition
the equipartition of kinetic and magnetic energy, indepen-
dent of whether or not the cloud is self-gravitating, would
follow naturally from this depiction in which the magnetic
energy is provided by the cloud kinetic energy itself.

4. In the majority of the cases we simulated, the magnetic
Ðeld lines drape around the propagating cloud, even though
no strong magnetic shield forms. In addition, as the sym-
metry across the motion axis is broken (for 0¡ \ h \ 90¡),
the Ñow in the wake becomes more turbulent, thus facili-
tating the onset of tearing-mode instabilities that weaken
the magnetic Ðeld strength there. This means that the ““ Ñux
rope ÏÏ mentioned by earlier authors might develop only in
very special cases or exist only temporarily. Asymmetries in
the magnetic tension around the cloud can induce vortical
motions within the cloud itself. Those motions, in turn,
could inÑuence its subsequent development or annihilation
of Ðelds within the cloud.
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