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ABSTRACT

The nebulosity within a few arcseconds from SN 1987A has been modeled in terms of the supernova pro-
genitor’s fast wind interacting with a slow, asymmetric, previously emitted red supergiant wind. Previous
models have relied on the assumption that the shocked blue supergiant wind is isobaric. We show that this
approximation is unsatisfactory, and present two-dimensional time-dependent hydrodynamic calculations of
the colliding winds model. From adiabatic models it is found that a ratio of equatorial to polar mass-loss rate
during the red supergiant stage of at least ~20 is needed to explain the observed structure. It is shown that
not only this ratio, but also the form of polar dependence on asymmetry, is important to the formation of a
compact ring structure. Models are also presented in which radiative cooling of the shocked red supergiant
wind is included and, at early times, also radiative cooling of the shocked blue supergiant wind. Cooling acts
to lower the expansion velocity and to increase filamentation. We arrive at a viable colliding winds model for
the formation of the circumstellar structure around SN 1987A consisting of a red supergiant wind with a
velocity of 5 km s~! and a mass-loss rate of 2 x 1073 Mg yr~ !, and a blue supergiant wind with a velocity of
300 km s~ ! and mass-loss rate of 3 x 1077 M yr~'. This model can explain the low expansion velocity and
high density of the ring, as well as the compact ring structure and the morphology of the extended lobes. For

the model to be successful, roughly 50% of the red supergiant wind mass is collimated with 10° from the
equatorial plane. Such a strong collimation may indicate that the supernova progenitor had a binary compan-
ion. Finally, we discuss the implications of the hydrodynamic models in the context of the observed radio

emission and high-resolution optical observations.

Subject headings: circumstellar matter — hydrodynamics — stars: individual (SN 1987A) —

supernovae: individual (SN 1987A)

1. INTRODUCTION

Observations with the New Technology Telescope (NTT;
Wampler et al. 1990), and to higher spatial resolution with the
Hubble Space Telescope (HST; Jakobsen et al. 1991), show
that the line emission from the region closest to the supernova
(SN) is dominated by an elliptical structure. The minor axis of
the ellipse has an observed position angle of 170° + 5°, and the
ratio of major to minor axes is ~ 1.4. The radial extent of the
nebula along its major axis is ~0784, corresponding to
~6.3 x 10'7 cm at a distance of 50 kpc. The gas observed with
the HST is most likely closely related to the gas emitting the
narrow UV lines observed with the International Ultraviolet
Explorer (IUE) a few hundred days after the explosion
(Fransson et al. 1989).

Because the HST pictures show that the inside of the ellipse
is nearly empty of emission (Jakobsen et al. 1991), the observed
structure is most likely physical and not just a limb-
brightening effect of an elliptical nebula that is complete
around the SN. The idea of a ring geometry is supported by the
velocity structure of the nebulosity, which gives a larger veloc-
ity shear across the ellipse’s minor axis than along its major
axis (Crotts & Heathcote 1991). If the ellipse is a projection
effect of a circular ring tilted by ~43° to the line of sight
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toward Earth, the observed velocity structure translates into
an expansion or contraction velocity of 10.3 km s~ !. Further
support for a circumstellar ring is provided by models for the
UV line light curves (Felten & Dwek 1991; Lundqvist 1991;
Luo 1991), which give better fits to the observations for a ring
than for a spherical shell (Lundqvist & Fransson 1991).

The NTT observations show that the ring is connected to an
outer structure which forms loops with largest extensions
(roughly 275) along the ellipse’s minor axis. The loops are seen
both in lines and in the continuum, indicating that the radi-
ating gas is mixed with dust. On day 735, the integrated emis-
sion from the loops in [O 1] A5007 was somewhat less than
10% of the corresponding emission from the ring (E. J.
Wampler & L. Wang 1992, private communication). Wampler
et al. (1990) note that a bipolar nebula similar to what is seen
for many planetary nebulae (PNs) could also explain the
observed structure around SN 1987A. In contrast to the ring,
the observed loops should be due to limb brightening.

The supernova progenitor, Sk —69°202, was undoubtedly a
blue supergiant (BSG) immediately prior to the SN explosion,
classified by Rousseau et al. (1978) as B3 Ia. The observed
bipolar nebula is most naturally explained by asymmetric mass
loss during the star’s red supergiant (RSG) stage (Luo &
McCray 1991, hereafter LM; Wang & Mazzali 1992, hereafter
WM), which according to evolutionary calculations must have
preceded the final BSG stage (Arnett 1988; Shigeyama,
Nomoto, & Hashimoto 1988; Woosley 1988). The cause of the
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asymmetry is not known, but it may be due to a binary com-
panion, as has been proposed for PNs (Morris 1981). As of
now, however, there is no direct evidence for a companion,
although Chevalier (1992a) and Podsiadlowski (1992) note that
explanations for some observed features of the SN could
benefit from a binary evolution.

LM and WM modeled the interaction of the BSG wind with
the slow RSG wind using the thin-shell approximation. This
method assumes that the shocked BSG wind has a uniform
pressure throughout the interior of the wind bubble and that
the shocked RSG wind forms an infinitesimally thin shell sur-
rounding this bubble. Both groups were able to model the
structure of the observed nebula, although they used very dif-
ferent seed asymmetries. While LM prefer a ratio of equatorial
to polar mass-loss rate of 5, WM suggested a value of only
1.25. It is not clear why these results differ to this large extent.

An alternative explanation to the ring structure and espe-
cially the extended nebulosity was provided by Podsiadlowski,
Fabian, & Stevens (1991). They too invoked a binary evolu-
tion, but they assume that the observed structure arises as a
result of a collision of the winds from the two stars. As noted
by Felten & Dwek (1992), this model may have troubles
with orientation, and may also be incompatible with recent
NTT images (L. Wang & E. J. Wampler 1992, private
communication).

Here we assume the same colliding winds scenario as LM
and WM, but instead of a simplistic thin-shell, isobaric-interior
approximation, we use a full two-dimensional time-dependent
hydrodynamical approach. In § 2 we describe the colliding
winds model for the formation of the circumstellar ring around
SN 1987A. We discuss the numerical methodology used in
solving the equations of hydrodynamics in § 3. In § 4 we
present the results of our hydrodynamic simulations. In § 5 we
discuss the implications of these calculations and suggest an
alternative to the standard model used by previous authors.
We conclude with a discussion of the results and their applica-
tion to the circumstellar structure around SN 1987A in § 6, and
a brief summary in § 7.

2. COLLIDING WINDS MODEL

The evolution of the progenitor to SN 1987A from a RSG
star emitting a slow, dense wind to a BSG star emitting a rela-
tively fast wind is expected to produce a circumstellar shell of
wind material as the fast blue wind overtakes and sweeps up
the slow red wind. Given this history of the SN 1987A progeni-
tor, it is natural to expect the presence of a circumstellar shell
surrounding the SN. Indeed, Chevalier & Fransson (1987)
went so far as to predict such a structure. It is not surprising,
therefore, that a shell structure has in fact been observed.
Rather, it is the asymmetry of the circumstellar shell that has
drawn so much attention. By reason of deduction it has been
assumed that the asymmetric shell is a result of an asymmetry
in either the RSG wind or the subsequent BSG wind. Within
the context of the thin-shell approximation, the asymmetry
must reside in the RSG wind because any asymmetry in the
BSG wind will be smoothed out inside the region of isobaric
shocked BSG wind (LM).

A standard model has thus arisen whereby a fast BSG wind
overruns a slow RSG wind with a slightly higher density along
the equator than along the symmetry axis. Previous authors
have adopted parameters for these stellar winds as suggested
by Lundqvist & Fransson (1991) and listed in Table 1. We will
discuss the observational constraints on these parameters in
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TABLE 1

WIND PARAMETERS FOR THE STANDARD MODEL

Parameter Value
My ceeeeeiiiiiiiiiiie, 20x 107 Mg yr™!
M o, 10x 1075 Mg yr!
Dy eonenneneneeneieeennen, 550 km s ™!
v, 10 km s~

§ 5.1. In this model the BSG wind sweeps up the RSG wind
into a shell, as in the formation of a normal stellar wind
bubble. The expansion of the shell is driven by the high
thermal pressure of the BSG wind heated in the reverse wind
shock formed at a small radius. Because of the higher density
in the RSG wind on the equator than along the poles, this
stellar wind bubble pushes out faster along the low-density
poles, forming the shape of a peanut. The high-density gas of
the shocked RSG wind in the “waist” of the peanut-shaped
shell is suggested to produce the observed ring seen by HST,
while limb brightening of the two lobes of the peanut-shaped
shell creates the loops seen with the NTT.

If we neglect for the moment any possible tangential
motions in the interior of the wind bubble or in the thin shell,
i.e., assume only radial motions are relevant, we find that these
standard wind parameters cannot explain the slow expansion
velocity of the ring. This was evident early on when Chevalier
(1988) predicted an expansion velocity of at least 33 km s™*
using rather extreme parameters for the RSG wind. To provide
a background with which to understand the expansion rates,
let us quickly review the one-dimensional solutions for the
expansion velocity in the case of adiabatic winds, a rapidly
cooling outer shock, and two isothermal winds (both inner and
outer shocks rapidly cooling).

If both winds are spherically symmetric, adiabatic, and have
constant mass-loss rates and velocities, the interaction region
between the fast wind and the slower outer wind takes on a
self-similar form (Chevalier & Imamura 1983). As an example,
we consider the strong shock (Mach number — o) case with
M,/M, = 10 and v,/v, = 55, appropriate for the assumed wind
parameters of the SN 1987A progenitor allowing for a factor of
3 higher mass-loss rate along the equator than the average
(M, =3 x 1075 My yr~! along the equator). From Figure 5
of Chevalier & Imamura we find a shock velocity ratio of
v,/s, ~ 0.15, where s, is the propagation velocity of the outer
shock into the RSG wind. For v, = 10 km s~ ! this corre-
sponds1 to an expansion velocity for the circumstellar ring of 67
kms™

If the outer shock is sufficiently slow and the RSG wind is
sufficiently dense, then we might expect the gas behind the
outer shock to cool rapidly (§ 4.4; LM). In this case Chevalier
(1988) wrote down an approximate expansion velocity by
assuming that the outer shell is geometrically thin and that the
shocked BSG wind is isobaric. With these assumptions, the
expansion can be described by the equations of mass and
momentum conservation of the thin shell and by energy con-
servation of the shocked BSG wind. The resulting expression
for the expansion velocity v, is

Vexp ( Vexp 1 2__ 1 Mbvg (1)
v, \ v, T 204 B M, v’

where a is the ratio of the pressure immediately behind the thin
shell to the average pressure in the shocked BSG wind, and f is
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the volume fraction of the shell interior occupied by the
shocked BSG wind. From one-dimensional numerical simula-
tions we find that the ratio 1/(2a + p) is very close to % for the
wind parameters assumed above. Using these wind param-
eters, this approximation gives an expansion velocity of 47 km
s~1. This is somewhat slower than the adiabatic solution
because entropy is being lost from the shocked RSG wind.

If both the inner and the outer shocks are radiatively
cooling, one need only balance the ram pressures of the winds
to find the expansion velocity:

M 1/2
o , where y= <LU'> . 2)
1+y M, v,

exp

For the above parameters this solution gives an expansion
velocity of 32 km s~ !. Again, this solution is slower than the
previous two because of the loss of entropy and hence lack of
thermal pressure to drive the expansion. All three of these
expansion velocities are much higher than the observed 10.3
km s~ !, suggesting either radically different wind parameters
or significant nonradial motion.

In the presence of non-radial motions a slower ring expan-
sion velocity may be possible. In effect these motions must
either decrease the momentum transfer to the ring, e.g., by
decreasing the pressure driving the ring expansion, or increase
the inertia of the ring, e.g., through a converging mass flow
onto the equator. The thin-shell model of LM produced an
expansion velocity of the ring at the current epoch of only 16
km s~ ! as a result of a convergence of swept-up mass onto the
equator. However, this result is strongly dependent on the for-
mation of a tight cusp on the equator to provide the oblique
shocks needed to redirect flow to the equator. As we shall see
below, we do not expect such a cusp to form. In order to model
the evolution of the asymmetric shell in this standard model
more accurately, we have applied the modern tools of compu-
tational hydrodynamics and supercomputers.

3. NUMERICAL METHOD

We have employed two-dimensional time-dependent hydro-
dynamic computations to investigate the evolution of the inter-
action region between the RSG wind and the subsequent BSG
wind in the above-described model for the progenitor of
SN 1987A. Previous work on the circumstellar structure of
SN 1987A has relied upon the Kompaneets approximation to
simplify the evolution of the wind interaction. This approx-
imation is valid only in the limit of the sound speed in the
shocked inner wind being much greater than the expansion
speed of the interaction region. For the standard model dis-
cussed in the literature this is only marginally valid, and time-
dependent hydrodynamic calculations are necessary to study
the evolution of the winds.

We have used the hydrodynamics code VH-1 in the compu-
tations presented below. This code is based on the piecewise
parabolic method (PPM) developed by Colella & Woodward
(1984), and is formulated as a Lagrangian (fluid-frame) calcu-
lation followed by a remap of the conserved quantities onto the
original Eulerian grid. The high spatial accuracy of this code
provides significantly better resolution than other methods on
comparable grids. A critical comparison of PPM and other
numerical methods can be found in Woodward & Colella
(1984).

The calculations presented here are run in spherical coordi-
nates with reflecting boundary conditions at the equator and
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pole. The grid is expanded in the radial direction to track the
forward shock (usually along the symmetry axis), and the inner
and outer boundaries are set to input the blue and red winds,
respectively. This grid expansion is critical for following the
evolution to the late times associated with the current epoch of
the ring/shell around SN 1987A. A small amount of dissipation
is required to reduce the postshock noise present in this code
when strong shocks move very slowly with respect to the com-
putational grid (a direct result of tracking the forward shock).
We have accomplished this by wiggling the grid back and forth
in the angular direction a fraction of a zone each time step (see
Colella & Woodward 1984). Most of the simulations discussed
here were run on a grid of 200 x 200 zones with the radius
spanning a factor of 20. VH-1 runs at a speed of approximately
60,000 zones per CPU second on the Cray YMP, resulting in
run times of ~ 1 hr for a typical simulation of 5000 time steps.
For reasons discussed in § 4.4 we have assumed that both
winds are adiabatic in all but a few of the simulations.
Simulations including radiative cooling are presented in §§ 4.4
and 5.3.

4. RESULTS

The numerical code was first tested on the one-dimensional
problem of spherically symmetric interacting winds. For
strictly adiabatic winds we can use the solutions of Chevalier &
Imamura (1983) to test the hydrodynamics code. To minimize
the error from reading values off Figure 5 of their paper, we
have chosen shock velocity ratios b, = v,/s, = 0.2 and b, =
vy/s, = 10, where s, (s,) is the propagation velocity of the outer
(inner) wind shock. From their Figure 5 we find that these
shock ratios correspond to wind parameters of M,/M, = 5.0
and v,/v, = 25.9. Using these wind ratios, our hydrodynamics
code reached a value of b, = 0.2 after expanding a factor of 10
in radius. When radiative cooling is included, we do not expect
such accurate results, owing to the poor resolution of the
cooling region behind the shock. We were nonetheless able to
reproduce the expansion velocity given by equation (1) to
within a few percent (see § 4.4). To approximate the interaction
of isothermal winds as described by equation (2), we ran a
one-dimensional simulation with y = 1.01. The expansion
velocity in this simulation was 33 km s~ ! for the wind param-
eters used in § 2, slightly larger than the value obtained with
equation (2). The difference may be attributed to the fact that
the simulation was not exactly isothermal, and hence there was
a slightly larger pressure in the shocked BSG wind to drive the
expansion faster.

The two-dimensional simulations are evolved on an expand-
ing grid so that the interaction region between the winds can
be tracked for several expansion times. The grid is initialized
with the two winds separated by a spherical shock at a radius
of 2 x 10*3 cm and allowed to evolve to the point where the
equatorial ring is at a radius of R,, ~ 6.3 x 10'7 cm (see § 1).
We will use the results of our standard model to illustrate the
evolution of the interaction region in the next subsection. In
the remainder of this section we will address the effects of
different density ratios in the RSG wind, different asymmetry
functions in the wind, and the role of radiative cooling behind
the leading shock.

4.1. Standard Model

Our standard model follows that of the previous authors,
using the wind parameters shown in Table 1. For reference, the
self-similar solutions of Chevalier & Imamura (1983) give an
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expansion velocity for such winds in spherical symmetry of
~78 km s~ !. We assume a polar angle dependence in the
mass-loss rate of the RSG wind of the form

3M, 2

3—A(1 A cos® 0) . 3)
This is the same function as used in LM, and of the same form
as that used by WM, but normalized to give the same total
mass-loss rate independent of the value of 4. [The normal-
ization used in LM is off by a factor of (3a + 1)/(3a — 1) ~ 1.57
for a = 1.5.] For our standard model we assume a value of
A = 0.8, corresponding to a density ratio of 5 between the
equator and pole (as in LM).

Figure 1 shows the density structure of the interacting winds
at four epochs, illustrating the evolution of the interaction
region from the initial spherical shape through the time-
dependent hourglass phase. As the evolution begins, the char-
acteristic two-shock structure is quickly established, with the

M,(0) =

N ‘-  N S

FiG. 1.—Evolution of an adiabatic stellar wind bubble for parameters
appropriate to the standard model (model b). The contour lines mark the
isodensity surface in increments of 2. The radii of the outer shock at the
equator and the corresponding ages for each image are 1.67 x 10® s,
2.81 x 10'3 cm (top left), 1.90 x 10°s, 1.37 x 10'® cm (top right), 1.56 x 10'°s,
9.58 x 10'¢ cm (bottom left), and 1.04 x 10! s, 6.20 x 107 cm (bottom right).
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inner shock driving back to roughly half the radius of the outer
shock (Fig. 1a). The width of the shell of shocked RSG wind is
less than 10% of the shell radius. As a consequence, the contact
discontinuity separating the shocked blue wind from the
shocked red wind conforms closely to the outer shock. The
outer shock soon begins to deviate from spherical symmetry
owing to the anisotropic RSG wind. After one expansion time,
R/s, (Fig. 1b),-the shell structure appears very similar to the
hydrodynamic simulations of Icke, Balick, & Frank (1992) for
small values of their parameter . The inner wind shock is
slightly aspherical, and the outer shock surface forms the shape
of a peanut. The contact surface is dragged upward at the point
where the outer shock forms a cusp. This feature is visible in
many of the models presented in Icke et al. (1992). After
approximately two expansion times (Fig. 1c) the shell structure
settles into a roughly static shape, maintaining a self-similar
expansion from this point on.

Within one expansion time in the evolution of the winds two
important effects come into play that are not accounted for in
the thin-shell models: the asymmetry of the inner shock, and
shear instabilities along the contact discontinuity. As the shell
of shocked RSG wind begins to creep inward along the
equator (in the comoving frame), it begins to squeeze in on the
inner wind shock. In the Kompaneets approximation the short
sound crossing time would ensure that the pressure behind the
inner shock at the equator is the same as at the pole, and the
shock would remain spherical. In our simulation the sound
speed is not fast enough to equilibrate the pressures, with the
result that the inner shock is pushed to a smaller radius on the
equator than on the pole.

The ram pressure of the blue wind at the inner shock falls off
with the inverse square of the radius owing to the decrease in
the density of the wind. The immediate postshock pressure is
thus larger behind the inner shock where it is formed at smaller
radii. The inner shock asymmetry thus leads to a high-pressure
region near the equator (Fig. 2). This overpressure drives a
strong flow from the equator up into the lobe. This flow is
enhanced by the oblique inner shock around an angle of n/4,
which bends the wind upward along the pole. This directed
flow contributes substantial ram pressure in the direction of
the pole, leading to an expansion velocity of the lobe larger
than predicted by simple models. This enhanced expansion
contributes to the pressure gradients driving the interior flow
by decreasing the thermal pressure in the lobes due to adia-
batic expansion. This may explain why the isobaric approx-
imation is so poor even for an interior sound speed several
times larger than the expansion velocity: a small pressure gra-
dient leads to a ram-pressure contribution that expands the
lobes, increasing the pressure gradient and thereby increasing
the ram-pressure component. At late times the shape of the
inner shock resembles that of a rectangle. This large asym-
metry leads to supersonic motion within the shocked BSG
wind, and additional weak shocks are seen to form
occasionally in this region. In Figure 2 the flow speeds in the
shocked BSG wind approach a Mach number of 5. The shape
of the inner shock is continually changing throughout the late-
time evolution, ranging anywhere from a sphere to a cylinder
with aspect ratio up to 3:1.

The upward flow from the equator moves along the inner
edge of the contact discontinuity from the equator to the pole,
creating a shear layer that is subject to the familiar Kelvin-
Helmbholtz instability. Subsequent evolution shows a contin-
ued rippling of the inner surface of the shell of shocked RSG
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FI1G. 2—Structure of the stellar wind bubble in the adiabatic standard model. The right half of the figure is a halftone image of the gas pressure, with the scale
spanning a range of 300. These large pressure gradients drive an outflow in the general direction of the polar lobe. Velocity vectors are plotted for the interior of the
stellar wind bubble (but not the unshocked BSG wind). The largest velocity vector corresponds to a velocity of 550 km s™*. The left half is a contour plot of the
density with the contour lines spaced at logarithmic invervals of 2!/2. The heavy dashed line is the shape of the circumstellar shell derived using the Kompaneets

approximation.

wind due to this instability. Occasionally clumps of the shell
matter are pulled away and advected up into the lobe.

The flow pattern within the wind bubble is dominated by a
transonic upward flow leading into a large vortex. When the
upward flow reaches the shell it is partially deflected toward
the symmetry axis by the expanding shell. Because of the
imposed symmetry the flow cannot cross this boundary and is
forced downward. This downward flow produces a density
enhancement along the symmetry axis that can be seen in
many of our simulations. Eventually this downward flow along
the axis meets the high-pressure region behind the inner shock
and is pushed back out into the lobe. The resulting flow
pattern forms a large vortex (a vortex ring in three dimensions)
within the shocked blue wind region. This flow pattern is
not necessarily expected in unrestricted three-dimensional
geometry. Rather, we might expect several competing vortices
at several azimuthal angles, all coming together in the vicinity
of the polar axis. The competition of these vortices might then
give rise to nonaxisymmetric structure in the extended lobes of
the stellar wind bubble.

The structure of the interaction region is very different from
that suggested by the Kompaneets approximation of isobaric
shocked blue wind. Using the self-similar solutions of Cheva-
lier & Imamura (1983), we find a sound speed in the shocked
BSG wind of ¢, &~ 300 km s~ !, giving a ratio of sound speed to
expansion velocity of roughly 2.8. While this is indeed greater
than unity, it does not sufficiently satisfy the criterion that
¢, > ;. In Figure 2 we have plotted a halftone image of the gas
pressure to show the strong pressure variations within the

shocked BSG wind, and hence the inaccuracy of an isobaric
approximation. The pressure variations span a factor of over
300 in the interior of the wind bubble. The highest pressure
region is found on the equator, where the local pressure is a
factor of 20 higher than the average interior pressure.

Also shown in Figure 2 is the location of the outer shock as
given by the Kompaneets approximation used in previous
work. While this approximation assumes an isothermal outer
shock, our numerical simulations suggest that the overall
shape of the outer shock is not significantly different if the
outer shock is adiabatic or isothermal (see § 4.4). The two
primary differences between our simulations and the thin-shell
models are the larger extent of the shell along the poles and the
absence of a cusp at the equator. The enhanced expansion of
the lobes is attributed to the strong pressure variations of the
bubble interior. As described above, the high equatorial pres-
sure drives a flow into the interior, producing a significant ram
pressure on the inside of the shell at the polar lobes. This
additional ram pressure increases the expansion rate of the
lobes over the thermal-pressure—driven estimate. In the
Kompaneets model the lobe expansion is close to the one-
dimensional analytic result (eq. [1]), with an expansion veloc-
ity of 97 km s~ !. In the adiabatic simulation the lobes
are expanding with a much higher velocity (222 km s~!) than
pre;dicted by the one-dimensional adiabatic estimate (116 km
s ).

The absence of a cusp is also due to the high-pressure region
formed at the equator, a feature which is not accounted for in
the isobaric approximation of the Kompaneets model. This
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high equatorial pressure prevents the formation of a cusp by
pushing the shell at the equator faster than predicted by the
Kompaneets model. This difference is amplified by the role of
the oblique shocks in the Kompaneets model. LM attribute the
low equatorial expansion velocity in the Kompaneets model to
the converging effect of the oblique shocks in the cusp. These
oblique shocks focus the RSG wind onto the equator, increas-
ing the mass in the ring and hence slowing the expansion for a
given interior pressure. The combination of increased mass in
the ring and decreased pressure driving the expansion of the
ring leads to a ring velocity of only ~ 16 km s ™! in the Kompa-
neets model compared with the one-dimensional estimate
given by equation (1) of 59 km s~ !. In our hydrodynamic
models the high equatorial pressure prevents any cusp forma-
tion, and thus no oblique shocks are present to focus the RSG
wind. As a result, the expansion velocity at the equator is well
approximated by the one-dimensional adiabatic solution.

4.2. Asymmetry Ratio

We have explored the effects of different asymmetry ratios in
the density of the RSG wind by running our standard model
with ratios of equator to pole density of 2 (model a), 5 (model
b), and 10 (model c). In each case the angle-integrated mass-
loss rate was kept constant. Figure 3 shows the structure of the
shell when the ring has reached a radius of R, for each of these
runs. As one might expect, the aspect ratio of the shell increases
with increasing asymmetry. This change in aspect ratio is pri-
marily due to an increase in the expansion of the lobe, while
the expansion rate at the equator remains similar for all three
simulations. '

The expansion velocities for these and some following simu-
lations are given in Table 2, along with the expansion velocities
predicted using one-dimensional models. Because of the inac-
curacy of reading parameters off Figure 5 of Chevalier &
Imamura (1983), we have used one-dimensional adiabatic
simulations to obtain the one-dimensional velocities in Table
2. Based on previous testing (see § 4.1), we expect these values
to be comparable to the velocities given by the self-similar
solutions of Chevalier & Imamura (1983). The expansion
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TABLE 2
EXPANSION VELOCITIES (km s~ 1)

RiNG LoBe

MoDEL PelPyp B 1D 2D 1D 2D
.. 1 e 78 . 78 .
a 2 .o 74 67 91 118
b 5 71 65 116 222
c 10 70 68 141 269
d 5 2 65 56 106 124
e 5 10 57 60 93 102
f 5° . 60 48 97 189
g 20° 8 10 12 29 30
h 20* 8 12 8 36 31

2 Radiative cooling model. One-dimensional velocities
obtained using eq. (1) in the text.

® Adiabatic model with y = 1.01. One-dimensional
velocities obtained using eq. (2) in the text.

velocities at the equator found in the two-dimensional simula-
tions are within 10% of the values given by the one-
dimensional models. In all cases the two-dimensional ring
expansion velocity is smaller than in one dimension. This is
readily explained by a small decrease in the interior pressure at
the equator due to the directed flow driven by the interior
pressure gradients. The lobe velocities, on the other hand, are
all much greater than the results of the one-dimensional
models, owing to the large ram-pressure contribution of the
interior flow.

The ring expansion velocity does not change substantially
between the models with different wind asymmetries. This is
not unexpected, since the wind density on the equator differs
by only 20% between our models. From the one-dimensional
simulations this translates into only a 5% difference in expan-
sion velocity for adiabatic winds. The largest density difference
occurs along the pole, and hence the lobe expansion velocity is
much higher in the large asymmetry models. This variation
with asymmetry is enhanced by the added contribution of the
ram pressure from the interior flow. While the one-dimensional

F1G. 3.—Adiabatic shell structure as a function of RSG wind asymmetry. The equator-to-pole density ratio in the three simulations is 2 (left), 5 (middle), and 10
(right) corresponding to models a, b, and c in Table 2. The simulations are shown at an age when the outer shock at the equator has reached a radius of 6.3 x 10'”
cm, corresponding to times of 9.25 x 10'°s (left), 1.01 x 10'! s (middle), and 9.65 x 10'° s (right). Density contours are spaced at logarithmic intervals of 2.
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models predict a difference of 50% in the expansion of the
lobes between the low- and high-asymmetry models, the two-
dimensional simulations show a difference of over 200%. By
the time the equator-to-pole density ratio reaches 10, the inter-
action region resembles a jet outflow more than a spherical
wind.

4.3. Asymmetry Function

Motivated in part by the large equatorial expansion veloc-
ities for the standard model compared with observations of the
ring around SN 1987A, we have explored the effects of more
severe asymmetry functions, M,(6). In addition to the standard
function given by equation (3), we have tried the asymmetry
function used by Icke et al. (1992), but inverted to give a
narrow peak in M(f) on the equator rather than a narrow
trough along the pole. This function is

po exp (—2B cos?2 0) — 1
M(H)—CM,[I—A o (25— 1 ] (C)]

where f§ is a steepness parameter such that f~ 1 gives a
function similar to our standard function, while § > 1 gives a
mass-loss function strongly peaked on the equator. The nor-
malization constant C for the two runs described below is 1.84
for B =2 (model d), and 2.80 for f = 10 (model e). Figure 4
graphs these functions to show the extreme behavior compared
with the standard asymmetry function. For a given average
mass-loss rate and pole-to-equator density ratio, a steeper
mass-loss function (larger value of f) has a higher mass-loss
rate on the equator and the pole and a lower mass-loss rate at
midlatitudes (see Fig. 4).

The structure of wind bubbles created within winds follow-
ing this asymmetry function is shown in Figure 5. The standard
model is included for comparison, and each simulation is
shown at an age when the forward shock at the equator has
reached R, . The expansion velocities for the wind bubble at
the equator and pole are given in Table 2. Because of the
higher densities at both the pole and equator compared with
the standard model, the expansion velocities are smaller and

3 T 1T T ]—I I L [ T T T T [
- B = 10—/ -
2 ,/I
- =2 /]

6 (rad)

FIG. 4—Angular variation of mass-loss rate in the RSG wind for the differ-
ent asymmetry functions used in the text. In each case the equator-to-pole
density ratio is 5. The solid line is the standard model function given by eq. (3)
in the text. The other two lines are given by eq. (4) with the value of the
steepness parameter as labeled.
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the wind bubble is more compact (Fig. 5c). This is accentuated
by the two-dimensional hydrodynamics, which conspire to
increase the expansion of the lobe in the standard model via
internal ram pressure, but not in a wind bubble within a steep
wind. For both the equatorial and the lobe expansion, the
velocities found in the two-dimensional models are within 20%
of the values obtained in the one-dimensional models. For
steep mass-loss functions the interior flow is directed at the
shell at midlatitudes, resulting in a stubby, flat-top wind
bubble, but not affecting the ring or lobe expansion velocities.
Note that for large values of f the high-density ring is much
more compact than in the standard models. Aside from some
gas being pulled upward by the interior flow, the height of the
ring is even less than the radial width of the ring.

4.4. Radiative Cooling

While we have so far limited our idealized numerical simula-
tions to adiabatic winds, radiative cooling will be very impor-
tant in the real problem of interacting winds. The effects of
cooling have been discussed briefly by LM, who find that the
forward shock along the pole is strongly radiative for the entire
evolution of the shell, while the forward shock along the
equator becomes adiabatic after approximately 1000 years
owing to the low shock velocity. The inner shock is always
adiabatic for the standard model because of the high shock
velocity and low gas density. These results are based on much
lower expansion velocities than we find in our simulations, so
we will estimate the role of radiative cooling in our models.

Let us define a characteristic cooling time for the postshock
gas’

kT
tcool = E s (5)

where A is the cooling rate in ergs cm® s ™!, and ¢, is evalu-
ated using conditions immediately behind the leading shock.
We wish to compare this with the expansion time,

lep = R/s, (6)

where R and s are the radius and expansion velocity of the
shell, respectively. If we define & = £ ,)/7yp, then for & < 1 the
postshock gas cools before the shell can expand to lower den-
sities where the cooling time is longer. Conversely, if £ > 1 the
shell expands to lower densities before the postshock gas can
cool, increasing the cooling time, and resulting in an effectively
adiabatic outer shock. In terms of wind parameters this param-
eter is

£ nmk Ty, s, v, R
M, NTy)

where T, is the temperature immediately behind the outer
shock. We can further define a critical radius R, at which
¢ = 1, such that for R > R, the outer shock is adiabatic (£ > 1)
and for R < R, the shock is strongly cooling (¢ < 1). If we
evaluate this parameter for our standard model at both the
pole and the equator, we find that R, ~ 3 x 10*! ¢m at the
equator (assuming A ~ 1072° ergs cm® s~?! for s; ~ 60 km
s~1; Shull & McKee 1979) and R, ~ 10'® c¢m at the pole
(assuming A = 2.5 x 10722 ergscm3s ™! fors; ~ 200 kms™!;
Innes, Giddings, & Falle 1987). This implies that the outer
shock at the ring is isothermal for all relevant times, while the
rapidly expanding lobe is currently approaching the transition
from isothermal to adiabatic. This result is due to the large

™
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" Fi6. 5—Adiabatic shell structure for RSG winds with different angular dependences of the wind mass-loss rate. The three simulations correspond to the three
M(6) functions in Fig. 4: the left-hand image corresponds to the solid line in Fig. 4 (model b), the middle image to the dotted line (model d), and the right-hand image
to the dashed line (model e). All three cases are shown at an age when the outer shock on the equator has reached 6.3 x 10'7 cm, corresponding to ¢t = 1.01 x 10!!s

(left),t = 1.36 x 10! s (middle), and t = 9.87 x 10'° s (right).

expansion velocity of the lobes found in the hydrodynamic
simulations compared with the simple analytic models. At
these high velocities the postshock gas is heated to over a
million degrees, for which the cooling time is refatively long. At
the equator the ring expansion velocities are sufficiently high
that the postshock gas is at least partially ionized, resulting in
very short cooling times.

The primary effect of cooling will be to collapse the already
thin shell of shocked RSG wind into a very thin, dense shell.
Because the gas motions within the shell are already very small
in the adiabatic case, we do not expect much change in the
structure of the interaction region other than a decrease in the
width of this shell. The total column density in the shell should
not change substantially, and the overall shape of the shell,
which is determined by the hot shocked blue wind, should also
remain similar. Dynamical instabilities of the nature discussed
by Vishniac (1983) are likely to be important in the evolution
of a cooled shell, and are expected to produce a very clumpy,
nonuniform shell. While the analysis of Vishniac suggests that
such a shell is marginally stable because there is no acceler-
ation or deceleration, past experience with hydrodynamic
simulations suggests that such dense, thin shells are always
unstable (see, e.g., Stevens, Blondin, & Pollock 1992).

Unfortunately, we cannot adequately resolve the structure of
such a thin shell with our numerical simulations. We have
nonetheless run our standard model with a simple cooling
function. Because of the lack of spatial resolution the shell does
not reach the high densities and small dimensions expected
with realistic cooling. The poorly resolved cooling region also
removes energy from the hot shocked blue wind at the inter-
face between the cooled RSG wind and the adiabatic BSG
wind. The overall expansion of the shell may therefore be
reduced due to the loss of thermal pressure from the interior.
This simulation can, however, illustrate the role of increased
dynamical instabilities and the similarity to the adiabatic simu-
lations. We have used a grid of twice the resolution (400 x 400)
to help reduce these errors. The energy loss is handled numeri-
cally by operator splitting the radiative cooling and the hydro-
dynamics, and the cooling is artificially reduced at the contact

discontinuity separating the hot interior from the cold shell in
order to reduce the errors associated with a poorly resolved
cooling region (see Blondin, Fryxell, & Ko6nigl 1990 for details).

The exact cooling rates will be a complicated function of
shock velocity and preshock ionization (e.g., Raymond 1979;
Shull & McKee 1979) as well as the time history of the radi-
ative shock (Innes et al. 1987). Furthermore, a normal inter-
stellar cooling function with the cooling rate per unit volume
increasing with n? will have an evolving cooling parameter, &,
that may be very small at early times (leading to very large
errors) even if it is near unity at late times. Rather than attempt
to model the radiative cooling accurately when we know we
cannot resolve the cooling region, we have employed a simple
ad hoc cooling function that maintains a constant cooling
parameter ¢ throughout the expansion of the shell (ie.,
A oc n™1/%), By setting the magnitude of such a cooling func-
tion in such a way that we are marginally resolving the cooling
region, we can have the highest confidence in the accuracy of
our simulations while approximating the evolution of a strong-
ly cooling outer shock.

To test the numerical resolution of the radiatively cooling
models, we ran a series of one-dimensional simulations with
increasing values of the cooling function A (decreasing values
of the cooling parameter £) on an expanding grid of 200 zones.
The expansion velocity monotonically decreased with decreas-
ing values of £ and began to approach a constant expansion
velocity of ~64 km s~ ! at a cooling parameter of ¢ ~ 0.04.
This compares with a value of 65 km s™* from equation (1).
For smaller values of ¢ the expansion velocity fluctuated
around this value, with rather strong deviations occurring for
very large cooling rates. Presumably these fluctuations in the
velocity at very small values of ¢ can be attributed to the poor
resolution of the cooling region for such strong cooling. Based
on these one-dimensional results, we believe that this ad hoc
cooling function can accurately mimic strong cooling in the
outer shock for values of ¢ around 0.04 but not much less.

The structure of the standard model with radiative cooling
(model f) included is shown in Figure 6, together with the
adiabatic model at approximately the same physical size. The
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F1G. 6.—Shell structure for the standard model assuming adiabatic flow (left, model b) and strong radiative cooling (right, model f). The density contours are
spaced in logarithmic intervals of 2!/, and the velocity vectors are scaled the same in each plot.

expansion velocities at the equator are listed in Table 2. The
expansion velocity is 20% less than the one dimensional esti-
mate for the radiative run compared with only a 10% decrease
between the one-dimensional and two-dimensional models.
This low expansion velocity may be at least partialty due to the
loss of thermal energy from the shocked BSG wind in regions
where the dense RSG wind is numerically diffusing into the hot
interior of the shocked BSG wind. A similar phenomenon may
occur in real wind bubbles through thermal conduction
between the hot interior and the cool dense gas of the shell
(see § 6).

The overall shape of the bubble is very similar in the adia-
batic and cooling runs, including the asymmetry of the reverse
wind shock. The primary difference is a very thin shell (which
would be even thinner with higher numerical resolution) that
appears to be dynamically unstable. As in the adiabatic simula-
tions, the high pressure of the shocked BSG wind at the
equator prevents the formation of any cusp as seen in the
Kompaneets models.

5. A MODEL FOR THE SN 1987A RING

There is a striking difference between the observed expan-
sion velocity for the ring, which is ~10.3 km s~! (Crotts &
Heathcote 1991), and the calculated equatorial velocity of the
interaction region between the BSG/RSG winds in the pre-
vious section. Assuming adiabatic gas flow, we found that the
latter velocity is v, ~ 6070 km s, regardless of the asym-
metry function used and/or the ratio of equatorial to polar
mass-loss rate during the RSG phase. Radiative cooling in the
shocked RSG wind was not able to reduce the expansion
velocity substantially. This result suggests that the standard

model cannot explain the observed properties of the circum-
stellar shell around SN 1987A.

In order to derive a viable colliding winds model for the
formation of the ring and lobes surrounding SN 1987A, let us
use the results of the previous section along with the observa-
tional and theoretical constraints on the properties of the pro-
genitor stellar winds. The results of the two-dimensional
hydrodynamic models imply that the radial expansion of the
ring is well modeled by one-dimensional hydrodynamics; non-
radial motion contributes to a reduction of the ring velocity by
no more than 10% for the parameters used in § 4. Moreover,
given that the circumstellar shell has expanded by at least two
orders of magnitude, we expect that the ring has reached a
constant self-similar expansion velocity (cf. LM). This conclu-
sion is borne out by the numerical simulations but is depen-
dent on the assumption of constant wind velocities. We can
therefore apply a one-dimensional analysis to find the expected
velocity and Mach number of the ring expanding into the RSG
wind and the postshock temperature and density. By fitting
these properties to observations, we will find that rather
extreme wind properties are required to make the colliding
winds model workable.

5.1. Observational Constraints on Wind Properties

The BSG wind density is proportional to M,/v,. An estimate
of this ratio can be derived from the early radio emission from
the supernova (Chevalier & Fransson 1987) using Chevalier’s
(1984) model for the evolution of the radio emission. In this
model the radio emission is generated at the shock interface
between the SN blast wave and the BSG wind where rela-
tivistic electrons are likely to be accelerated, producing syn-
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chrotron emission. Shortly after the SN outburst the radio
emission is absorbed by the unshocked BSG wind overlaying
the SN blast wave. Eventually the SN will propagate out to a
radius where the free-free optical depth of remaining BSG wind
is less than unity and the radio emission will escape. The result
is a turnover in the radio light curve at this epoch. The time
between the explosion and the turnover provides a measure of
the density in the wind. Unlike strong radio SNs such as SN
1979C and SN 1980K (cf. Weiler et al. 1986), the turnover for
SN 1987A occurred only a few days after the SN explosion.
Although the time of turnover is primarily set by wind density,
the temperature of the wind is also important for this analysis.
Lundqvist & Fransson (1991) calculated the temperature struc-
ture of the BSG wind around SN 1987A and found that M,/v,
is3x 107 Mgyr~1/550kms™ !,

The velocity of the BSG wind can be estimated based on
comparisons with early-type stars similar to the progenitor of
SN 1987A. Because the SN 1987A precursor was a B3 Ia star
(Walborn et al. 1989), v, cannot be very much lower than 550
km s~ ! (Underhill & Doazan 1982). The lowest value possible
is a velocity slightly larger than the escape velocity. For a 15
M, star with a photospheric radius of 3 x 10'? cm, roughly
the values for the SN 1987A precursor (Woosley 1988), this
means v, ~ 260 km s~ 1. For radiatively driven winds, however,
a more realistic escape velocity is for a slightly larger radius
than the photospheric (e.g., Mihalas 1978). We take 300 km
s~ ! as a lower limit to v,. This limits M, to ~1.5 x 1076 M
yr 1. We point out that this value for M, is valid only close to
the SN. The early radio emission (Turtle et al. 1987) fell below
detectability around day 30, corresponding to a radius of the
blast wave of order 10!% cm (cf. Chevalier 1987). The ratio of
M, /v, at larger radii, i.e., relevant to the colliding winds model,
may be different from the value given by Lundqvist & Frans-
son (1991) if the mass loss of the BSG was not constant in time.

An estimate of M,/v, farther out in the BSG wind can be
obtained if the currently observed radio emission (Staveley-
Smith et al. 1992) is a result of the SN blast wave interacting
with a density enhancement in the BSG wind (Chevalier
1992b). In this case the radius inferred from radio observations
can be compared with the theoretical radius of the SN blast
wave, Ry, oc (M,/v,)%'3 (Chevalier 1987). This can only be
considered a rough limit on M, because of the weak depen-
dence of Ry,,. For M, =6 x 107% Mg yr~! and v, = 550 km
s~ !, Chevalier (1992b) finds that the radius of the SN blast
wave was R,, ~ 2.7 x 10'7 ¢cm at the moment the observed
radio structure had a radius of (3-4) x 10*7 cm (i.e., in 1991
June and July). Given the dependence on M,/v,, a value of
M, =5 x10""7 Mg yr~! together with v, = 300 km s~ ! may
actually correspond better to the extent of the observed radio
structure. Although Chevalier attributed the cause of the radio
emission to the interaction of the SN blast wave with the termi-
nation shock in the BSG wind, this estimate of M, is also valid
if the BSG wind is cooling. For v, as low as 300 km s~ this
might actually be the case (see § 5.3).

For the RSG wind the upper limit to M,/v, is rather uncer-
tain. In the spherically symmetric models of Lundqvist &
Fransson (1991), the unshocked RSG wind emits late (¢ > 400
days) N v 11240 roughly at the level that is now observed (G.
Sonneborn 1992, private commumcatlon) if M,/v is around, or
slightly in excess of, 1075 M yr~!/10 km s~ '. However, as is
demonstrated in § 6.1, only a rather modest mass loss is
required to achieve an optically thick lobe. Since the fraction of
gas ionized to N v or higher is relatively small, the N v 11240
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emission does not pose a serious constraint on M, /v, in our
models.

A more direct estimate of M, /v, arises from the fact that the
RSG wind is unlikely to contain more than ~10 M, (e.g.,
Woosley 1988). With an outer limit of ~4-5 pc (Chevalier &
Emmering 1989) and a total wind mass of 10 M, this limit is
M,/v, <26 x 1075 Mg yr~*/10 km s~ . There is, however,
the possibility that the RSG had a higher mass-loss rate the
more it evolved, i.e., M, is higher at radii corresponding to the
observed ring than it is at larger radii. As a reasonable upper
limit we choose 5 x 1075 Mg yr™ /10 km s™! for the late
stages of the RSG evolution.

The expected value for v, is ~5-20 km s™* (Zuckerman
1980). For the SN 1987A progenitor RSG wind, however, the
wind velocity must be less than the observed ring expansion
velocity of 10.3 km s~ !. If the wind was faster than the ring
expansion, there would not be a shock expanding into the RSG
wind and no shock compression to create the high densities of
the observed ring.

5.2. Implications of the Density and Velocity of the Ring

The observed properties of the circumstellar shell around
SN 1987A can be used to put stringent limits on the progenitor
wind properties in the context of the colliding winds model.
These properties include the expansion velocity of the ring, the
density of the gas within the ring inferred from the UV and
optical line emission, and the observed shell geometry, includ-
ing the compactness of the ring and the ratio of the lobe radius
to the ring radius (see § 6.1).

The density of the shocked RSG wind can be derived in
terms of the wind parameters by assuming strictly radial flow.
Dalgarno & McCray (1972) find that the interstellar cooling
rate drops quickly betow 200-500 K, depending on the relative
fraction of free electrons in the gas. We assume that the
unshocked RSG wind is a monatomic gas in thermal equi-
librium at a temperature T, in this range. Given the low wind
velocity, the Mach number for the leading shock wave is there-
fore relat1ve1y low. We find .#, ~ 3.4(T;/200 K)~ (v, — v,)/5
km s, which limits v, to be less than 8.8 km s~ (8.0 km s~ )
for T, =200 K (500 K) in order for a shock to form. The
postshock temperature is

N 5 1 3\ gm0, )2

T, ~ 74 x 10 <1 5%%)(1 + jﬂ)(—"——s P K. (8)
Note that this temperature is not high enough for the post-
shock gas to be ionized. Between a few hundred and 1000
degrees the cooling rate is of the order of 1072 ergs cm® s ™!
(Dalgarno & McCray 1972). At a radius of 6.3 x 10'7 cm, the
cooling time scale for the shocked RSG wind, as defined in
§ 44, is

2
2 eq v, v,
feoo & 5:4 % 10 (5 km s ><5 km s—1>

M, -1

X <10—5 MO yr—1> yr. (9)
The cooling time is thus less than the age, and radiative cooling
is expected to be important for the postshock structure. The
final postshock density is the result of both compression in the
adiabatic shock and compression due to radiative cooling at
roughly constant pressure behind the shock. The adiabatic
compression ratio is given by n./ny = 4/(1 + 3/.#?), and the
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' additional compression due to cooling is ~ T,/200 K. This
combination gives a final postshock density at the radius of the
observed ring of

M v -1 1
~ 147 r u ME—= -3,
Ppost % 1 <10‘5M®yr‘1><5kms“> ( 5>°m

(10)

With the upper limit for M, /v, givenin§ 5.1 and v, = Skms™!,
we get a rough upper limit to the present value of n,,, ~ 3.8
x 10% ecm ™3 (1.5 x 10® cm™3) for T, = 200 K (500 K). This
value can be increased by assuming a strong asymmetry in the
wind, such that the mass-loss rate along the equator is substan-
tially higher than the average wind density that is restricted by
the limits given in § 5.1. On the other hand, we do not expect
N,.s to be higher than the density inferred from the presently
observed optical line emission, n ~ 7 x 10 cm ™3 (Wang 1991),
or at least the density of the gas emitting the UV lines,
n~ 2 x 10* cm ™3 (Lundqvist & Fransson 1991).

We note that LM do not require a large M,(n/2) by having
the ring decelerating with time, so that at earlier times the
velocity was sufficiently large, and the postshock temperature
sufficiently high, that radiative cooling produced much more
compression. This deceleration of the ring appears to be an
artifact of the formation of a cusp, and since we do not expect a
cusp to form when the full hydrodynamical equations are con-
sidered, we do not consider this possibility further.

In order to obtain a low equatorial expansion velocity com-
parable to the expansion rate of the observed ring, we note that
the lowest shell expansion rate is found for the case of strong
cooling in both winds. If we take this as a limiting case and use
the BSG wind parameters with the minimum momentum
(M, =15x%x10"° Mg yr™!, v,=300 km s™!) and a RSG
wind velocity of 5 km s™!, we get a lower limit on the RSG
wind mass-loss rate of M, ~ 8 x 1075 M yr 1. For the stan-
dard BSG wind parameters this is increased to M, ~ 2.9
x 107* Mg yr~!. The low expansion rate of the ring, and the
high densities in the ring, force us to the same conclusion: the
RSG wind mass loss rate was extremely high.

5.3. A Viable Colliding Winds Model

To arrive at a working colliding winds model for the forma-
tion of the circumstellar shell surrounding SN 1987A, we are
apparently forced to assume relatively extreme values for the
progenitor wind parameters. The low expansion velocity of the
ring requires a low momentum flux in the BSG wind and a
very massive, slow RSG wind. A second constraint is implied
by the low expansion velocity coupled with the observed high
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gas density in the ring; the RSG wind must be very dense along
the equator. In order to satisy these requirements and at the
same time avoid the strong theoretical limits on the average
mass-loss rate of the RSG wind, we are forced to propose a
very large asymmetry in the RSG wind. A very asymmetric
RSG wind is nonetheless consistent with the size of the bipolar
lobes seen in the NTT images. Following these arguments,
let us “construct” a colliding winds model that could match
the observations. As a guide through this discussion we make
use of Table 3, where we have calculated various parameters
with equations (1), (2), and (10) for v, = 3, 5,and 7 km s~ ! and
v, =300 km s~ !. While these equations assume one-
dimensional flow, we know from Table 2 that these estimates
should prove sufficient to construct a full two-dimensional
model.

To begin with, let us assume that the BSG wind has the
towest velocity that our previous estimates allow, v, = 300 km
s~ L. For such a slow wind this raises the possibility that the
shocked BSG wind is able to cool radiatively, a situation that
was not considered for the fast BSG wind (v, = 550 km s™1).
The cooling parameter for the shocked BSG wind is &, =~
(M,/107¢ Mgy yr Y"1 (R;,/2.9 x 10'7 cm), where R,, is the
radius of the inner shock and we have used a cooling rate of
A =10722 ergs cm® s~ ! appropriate for a shock velocity of
~300 km s ™! (Gaetz & Salpeter 1983). The shocked BSG wind
is able to cool on a short time scale early in the evolution of the
circumstellar shell. At the present epoch (R;, = 6.3 x 107 cm)
the BSG wind may be going through a transition from radi-
atively cooling to adiabatic flow for the values of M, quoted in
§ 5.1. The transition from rapidly cooling to adiabatic flow is
not expected to occur rapidly, for at least two reasons. First,
the cooling parameter is only linear in radius and the shell
must expand more than an order of magnitude to go from very
strong cooling to almost adiabatic flow. Second, as the BSG
wind becomes adiabatic, the reverse shock will push inward to
regions of higher density and hence increased cooling, slowing
the changeover to adiabatic flow even more.

From the above expression for the cooling parameter we
find that for v, = 300 km s~ ! it is required that M, 2 2 x 107°
M, yr~! for the shocked BSG wind to be radiatively cooling
at present. In this case we can use the ram-pressure equation to
derive the mass-loss rate from the RSG required to produce
the observed equatorial expansion. Solving equation (2) with
M, =15x10"% Mg yr~! and a RSG wind velocity of 5 km
s™!, we get an equatorial mass-loss rate of M/(n/2) = 7.5
x 107° My yr~! (see Table 3 for dependence on v,). From
Table 3 we see that this value is consistent with the require-
ment that the postshock density be ~7 x 10 cm ™3 if T, ~ 500

TABLE 3

PARAMETERS FOR COLLIDING WINDS MODEL

v, M,(n/2)
(km s~ Sadia ’ Soot My n,/ng Noosi/Mo (Mg yr™)
K P 6.1 x 1073 6.4 x 1072 5032 3.6 (3.1) 31 (12) 1.1 x 1073 (29 x 107%)
S, 19 x 1073 20 x 1072 3.6 (2.3) 3.3(26) 16 (6.4) 3.6 x 1075 (7.5 x 107%)
T, 53 x107% 5.6 x 1073 23(14) 2.5(1.6) 6.2 (2.3) 14 x 1074 (3.6 x 1074)

Note.—Parameters describing a colliding winds model as a function of RSG wind velocity, v,, for an equatorial
expansion velocity of 10.3 km s~ !, The BSG wind velocity is v, = 300 km s ~*, and the RSG wind temperature is 200
K (500 K for values in parentheses). The parameters f,,,, f..., are the ratios of M,/M,(r/2) required to produce the
observed equatorial expansion velocity for models in which the shocked BSG wind is adiabatic and radiatively
cooling, respectively. The mass-loss rate in the equatorial plane, M, (/2), is calculated assuming a postshock density

of ey =7 x 10*cm ™3
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K. A lower T, would result in a higher density in the ring. To
achieve a lobe expansion roughly 3 times faster than the equa-
torial expansion would require a polar mass-loss rate of
M,0)~ 4 x 107® My yr~!, translating into an equator-to-
pole density ratio of ~20.

If the RSG wind is held at a constant temperature during its
expansion, a very high equator-to-pole density ratio would
result in an overpressure along the equator compared to the
poles. This overpressure will expand the high-density equato-
rial region at approximately the Mach angle as the wind
expands into the surrounding medium. If all the extra mass
loss were concentrated in the equatorial plane near the source
of the wind, the high-density region would fill a cone of width
~1/4, at large radii. Assuming a wind temperature of 200 K,
the Mach number of the wind is ., ~ 3.6 for 5 km s~ ! (see
Table 3), corresponding to an opening half-angle of ~16°. A
steepness parameter of ~ 10 in equation (4) will give a mass
concentration within this half-angle. Using f =8 and the
above mass-loss rates, the average mass-loss rate is (M,) =
2 x 1075 M yr~ !, close to the limits found in § 5.1.

To check the validity of such an extreme model in terms of
the morphology of the circumstellar ring and lobes, we have
used our two-dimensional hydrodynamics code to evolve a
wind bubble into a RSG wind with the parameters given
above. Since both winds are strongly cooling in this model, we
have opted to use an adiabatic exponent y close to unity rather

than attempt to model the radiative cooling directly. This is

only an approximation, as a radiatively cooling gas with a
cutoff in the cooling rate at some floor temperature does not
behave the same as an ideal gas with y = 1. In particular, when
the gas flow diverges the pressure remains constant in the y = 1
case, but in the cooling case the temperature may drop below
the floor value and the pressure will drop, providing a resis-
tance to the divergent flow. Nonetheless, we expect the qualita-
tive conclusion of this model to hold for the corresponding
case of a radiatively cooling gas: dynamical instabilities severe-
ly deform the circumstellar shell. Figure 7 shows the structure
of the resulting wind bubble for y = 1.01 (model g) when the
equatorial ring is at a radius of 6.3 x 107 cm. In contrast to all
the previous models, the outer surface of the stellar wind
bubble is not round. The expansion velocities for this model
are given in Table 2, and are relatively close to the values
predicted by the one-dimensional models.

While this model produces the correct expansion velocity
and ring density, we find it unsatisfactory for two reasons: the
unstable nature of the circumstellar shell and the lack of a
reverse shock at small radii. When both stellar winds cool
rapidly behind the wind shocks, the thin, dense circumstellar
shell appears to be dynamically unstable. This instability has
not been investigated in detail, but has been seen in other
numerical simulations (Stevens et al. 1992). In essence, the
strong radiative cooling removes the isotropic thermal pres-
sure that would otherwise smooth out any perturbations
growing in the region between the two shocks. The conse-
quence of this instability is a very nonuniform shell with very
extended protrusions, particularly around a polar angle of 50°—
60° (see Fig. 7). This picture is inconsistent with the smooth
structure observed by the NTT, implying that the BSG wind is,
at least at present, partially adiabatic.

The second complication is the lack of a reverse wind shock.
As seen in Figure 7, the radiative energy losses of the BSG
wind collapse the reverse wind shock onto the contact discon-
tinuity. This means that there is no wind shock at small radii to

F16. 7—Shell structure for the nonstandard model using y = 1.01 and a
RSG wind with equator-to-pole density ratio of 20 and a steepness parameter

. of B = 8 (model g). The density contours are spaced in logarithmic intervals of

2. The highest density shocked gas is shaded in black to highlight the dense
shells formed behind the forward and reverse wind shocks.

explain the turn-on of the radio emission around day 1300 as
in the model proposed by Chevalier (1992b). If the shocked
BSG wind is radiative, the late radio emission must be caused
by the interaction of the blast wave with a density enhance-
ment in the unshocked BSG wind created in some other way
than by the termination shock (see § 6.2).

Both of these “reservations” are avoided if the BSG wind is
adiabatic. However, in order to have an adiabatic BSG wind
and a slow ring expansion, we must postulate a very low M,.
This is required both to minimize the momentum in the BSG
wind and to ensure a low enough density that the BSG wind is
adiabatic. As mentioned in § 5.1, a value as low as a few times
1077 My yr~! may be reasonable if the BSG mass loss was
much lower at earlier times.

To construct an adiabatic BSG wind model, let us begin
with the same RSG wind parameters as in the last model.
Assuming a minimum BSG wind velocity of v, = 300 km s~ %,
we can use equation (1) (or Table 3) to find the BSG mass-loss
rate needed to produce an equatorial expansion velocity of
103 km s~ ': M,~ 1.5 x 10”7 M yr~!. Because we are
beginning to approach the limit of an isobaric interior, the
pressure behind the equatorial ring is expected to be slightly
lower than implied by this one-dimensional estimate, and we
can use a slightly larger value of M, to get the desired expan-
sion velocity. For the model shown in Figure 8 (model h) we
used M, = 3 x 10”7 M yr™!. The strong cooling in the outer
shock was modeled numerically as described in § 4.3. We ran
this simulation only until the expansion velocities settled into
their steady state values. We have found that the radiative
cooling runs tend to collect cold gas on the symmetry axis at
late times, which may influence the expansion velocities. Given
the self-similar nature of the flow, we expect the circumstellar
shell to remain qualitatively the same past the time shown in
Figure 8.
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F1G. 8.—Shell structure for the nonstandard adiabatic BSG wind model
with a radiatively cooling RSG wind with equator-to-pole density ratio of 20
and a steepness parameter of § = 8 (model h). The density contours are spaced
in logarithmic intervals of 2.

The expansion velocity along the equator in model h is
much less than the one-dimensional estimate given by equa-
tion (1) (see Table 2). While this may be due in part to the loss
of thermal energy from the interior due to numerical error (see
§ 4.4), we believe it primarily is due to the effects of an isobaric
interior. The pressure variations within the shocked interior
are less than a factor of 3. This is a direct result of the low
expansion velocity compared with the canonical model of LM;;
the ratio of interior sound speed to expansion velocity is
greater than 20 in model h, compared with a factor of 4 for the
canonical wind parameters. The rapid sound speed allows the
shocked gas along the equator to relax into the bubble interior,
reducing the overpressure along the axis. The pressure driving
the shell at the equator is thus less than implied by the one-
dimensional estimate, resulting in a slower expansion velocity.
In effect, the Kompaneets approximation is not bad for these
wind parameters.

Figure 8 illustrates the dynamical instability of the thin shell
of cooled RSG wind. Near the equator, where our ad hoc
cooling function produces the smallest cooling length, the shell
as a whole is unstable. Near the top of the lobe, where the
cooling length is a few times larger, the dominant instability is
a shearing of the inner surface of the shell. Both of these insta-
bilities, although the later more so, will tear off blobs of the
dense shell gas and mix them into the interior. In the presence
of thermal conduction we expect these blobs to evaporate rela-
tively quickly (see § 6). This model is still dynamically young
with respect to these instabilities, and we would expect an
older shell to show more drastic signs of instability. We also
expect the shell instability that is responsible for the kinks in
the shell near the equator to operate over the entire shell. Our
model produces an artificially large cooling length for the
forward shock away from the equator, and this tends to
suppress the shell instability. Realistically, the cooling length
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will be very small over the entire surface of the circumstellar
shell.

The circumstellar shell in Figure 8 provides a reasonably
good fit to the observed shell around SN 1987A. There is a
high-density, compact ring at the equator, and a thin, clumpy
shell that extends out to 2-3 times the radius of the ring. Note
that the accumulation of dense gas on the symmetry axis is an
artifact of the imposed symmetry (see § 4.1). A detailed com-
parison of this and other models with the observations of SN
1987A, including the effects of time- and density-dependent
degree of ionization, light travel time, and optical depth, will be
presented in Lundqvist, Fransson, & Blondin (1993).

6. DISCUSSION

The working model described in § S is simply that—a model
of the hydrodynamic interaction between a BSG wind and an
asymmetric RSG wind that produces many of the observed
characteristics of the circumstellar shell surrounding SN
1987A. Within this idealized model, the parameters of model h
are only representative of the possible parameters for the pro-
genitor of SN 1987A. In particular, the form of the asymmetry
in the RSG wind and the magnitude of the density ratio used in
this model were found to produce a circumstellar shell in
reasonably good agreement with observations. There are
undoubtedly other forms for M,(6) that produce similar results,
although we expect that a density ratio of at least 10 is
required. Similarly, the temperature, velocity, and mass-loss
rate of the RSG wind can all be varied to some degree and still
produce a circumstellar shell in accord with observations. Our
primary result is that a very large M | strongly concentrated to
the equator and a relatively small M, are required to explain
the observations.

This idealized model does not address several effects that
may be relevant to the formation of the circumstellar shell of
SN 1987A, including thermal conduction, time variation of the
progenitor winds, and lack of axisymmetry. Thermal conduc-
tion can be expected to transport heat from the hot, adiabatic
interior into the cold, dense shell of shocked RSG wind, where
it is efficiently radiated away. This physical process has the
same effect as the numerical error generated by the radiative
cooling term in the vicinity of the contact discontinuity (§ 4.4):
the removal of thermal energy from the hot interior, thereby
decreasing the pressure driving the expansion of the circum-
stellar shell. Given the uncertainty in estimating the conductive
heat flux (e.g., surface area, thermal gradients, magnetic sup-
pression, etc.), we can only say that thermal conduction may in
fact be important in the dynamics of the colliding winds model.
In the limit that thermal conduction is fast enough to remove
all of the thermal energy of the shocked BSG wind, we have the
same situation as in the isothermal BSG wind model. In this
sense, we can regard our isothermal model (model g) as a
limiting case.

All of our simulations have assumed constant progenitor
wind parameters, more from lack of information than from any
theoretical prejudice. In fact, our working model with M, =
3x1077 Mg yr~! and v, = 300 km s™!, together with the
estimates of M,/v, by Lundqvist & Fransson (1991), imply that
the mass-loss rate of the BSG wind increased more than an
order of magnitude just prior to the SN explosion (on a time
scale of less than 500 yr). In our models we have assumed that
the transition from a RSG to the final BSG stage was relatively
quick, so that the expanding shell has long since traversed the
stellar wind generated during this transition. If, on the other
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hand, the change in the mass-loss rate associated with this
stellar transition lasted for more than ~10* yr, the temporal
behavior of the wind may have affected the dynamics of the
circumstellar shell.

Observations of the circumstellar shell of SN 1987A appear
axisymmetric, and, indeed, we expect the stellar winds that
formed the shell to be axisymmetric. However, the formation
process might break this axisymmetry on both small and large
scales. All of our two-dimensional hydrodynamic simulations
have shown evidence for dynamical instabilities of some
nature. This is particularly true for the radiative cooling
models applicable to SN 1987A, where dynamical instabilities
in the thin shell produced a very clumpy shell and several blobs
of cool gas floating within the hot interior gas. Realistically,
these instabilities will also operate in the third dimension,
producing distinct blobs rather than the thin rings implied by
our axisymmetric models. On a global scale, the presence of a
large vortex in our two-dimensional models suggests that
three-dimensional simulations may not retain the axisymmetry
imposed in our simulations (see § 4.1).

Finally, let us discuss some observed features of the circum-
stellar shell that impact the viability of our model: specifically,
the size of the lobes with respect to the light-echo paraboloid,
the source of the late-time radio emission, the detection of Ha
blobs coincident with the lobes, and possible sources of asym-
metry in the RSG wind.

6.1. The Lobes

The loops around the supernova observed with the NTT on
day 1036 (Wampler et al. 1990) had maximum extensions of
roughly 2”5 away from the supernova to the north and slightly
less to the south. The maximum extensions of the loops are
thus roughly a factor of 3 larger than the radius of the ring
observed with HST. The observed structure of the outer lobes
does not appear to change appreciably with time. (E. J.
Wampler & L. Wang 1992, private communication). This
means that if the loops are interpreted as limb-brightened parts
of a circumstellar shell such as is seen in our simulations, and if
the ultimate energy source for this emission is the SN light,
then the limbs must lie within the light-echo paraboloid on day
1036. In particular, this is the case for the continuum emission,
which is mere dust reflection of SN light. For the line emission
the recombination time to the observed ionization stages must
also be taken into account. If this recombination time is not
negligible compared with the epoch of the observations, the
light-echo paraboloid must have swept by the limb earlier than
day 1036, with the time difference being roughly equal to the
recombination time.

To see what constraints this puts on our models, we assume
a plane, 4, cut through the observed ring which has its normal
directed toward us. With a distance of 50 kpc to the SN, the
1036 day light-echo paraboloid encloses gas extending out to a
projected radius of 2"5, i.e., the observed maximum lobe radius,
only if the gas does not lie farther behind 4 than ~6.9 x 10!7
cm. The lobes are thus only marginally enclosed by the light-
echo paraboloid, and if we include the fact that the structure is
tilted by 43°, it will be hard to account for significant recombi-
nation times if the rear lobe should be possible to observe.

There are two ways of explaining why the rear lobe may be
seen in line emission on day 1036. Either recombination is very
fast, or the gas is optically thick to the ionizing photons from
the SN during its outburst, so that there are O m and N 11
zones emitting the observed lines without relying on recombi-
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nation. In the latter case the density could be low (<103
cm~3). With a lobe radius of ~2 x 10'® cm, assuming pure
radial compression of the RSG wind and using the results of
Luo (1991) and Lundgyvist et al. (1993) for the ionization struc-
ture, we find that M, > 10™3 My yr~! to produce O m and
N 11 zones.

One problem with the fast recombination case is that the
UV line light curves dropped dramatically after 400 days,
implying that gas outside the 400 day light-echo paraboloid
does not contribute to the total UV line emission for these lines
(Lundgqvist & Fransson 1991). Such a contribution would be
expected in the case of high-density gas in the lobes. If the lobe
density is low, we find from the models of Lundqvist & Frans-
son (1991) that the only UV line contributing to the total
emission should be N v 11240. Indeed, N v 11240 was still
emitting roughly 10% of its peak value around day 1700 (G.
Sonneborn 1992, private communication). We therefore find
that a low-density, optically thick lobe component could more
likely explain the observed structure in the forbidden lines, as
well as account for part of the late N v 11240 emission, than a
model relying on fast recombination. This is consistent with
our working model, for which the preshock RSG wind density
is much lower off the equator than it is along the equator.

Two obvious ways of testing this would be to observe the
time variation of the optical lobe emission and to image the
N v 41240 emission. In the low-density case, the forbidden line
emission should decline much slower than the continuum
emission, which is merely a dust reflection of the SN light. Also
in the low-density case, the N v 11240 emission should still be
emitted by the lobes at the present epoch. A more detailed
analysis of emission-line fluxes from the ring and lobes will be
included in a future paper (Lundqvist et al. 1993).

6.2. The Late Radio Emission

As was pointed out in § 5.1, the late radio emission observed
by Staveley-Smith et al. (1992) is most naturally explained by
interaction between the SN blast wave and a density enhance-
ment in the BSG wind. Chevalier (1992b) provides an attrac-
tive explanation of this emission in terms of the termination
shock in the BSG wind. However, Chevalier made the simpli-
fied assumption of the shock being spherical. From our calcu-
lations we find that the termination shock is significantly
elongated in the polar direction. We may estimate how this
change of geometry affects Chevalier’s results. In the case of a
spherical shock, light-echo effects spread the observed sweep-
ing up of the termination shock by the blast wave over roughly
200 days for parameters and expressions used in Chevalier
(1992b). During this period (between day 1300 and day 1500)
the sweeping-up rate is constant.

For our analysis we assume a cylindrically shaped termina-
tion shock with the ratio of radius to height of 1:4. We have
weighted the swept-up structure by R™* to account for the
decrease in density with radius. Furthermore, the cylinder is
tilted by 43° to the line of sight. With these assumptions, the
sweeping-up rate peaks rather sharply around day 1450, and
decreases to 25% of its maximum value in ~200 days and to
10% in ~500 days. Based on geometry alone, we therefore
expect a somewhat longer period of radio emission than in the
case of a spherical termination shock. In particular, this is
expected if the generation of turbulence becomes more efficient
when the blast wave and the plane of density enhancement
become increasingly nonparallel with time, as in the cylindrical
case. It is interesting to note that the radio observations show
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an almost linear increase from day 1300 up to day 1900, which
is a longer rise time than predicted in Chevalier’s model (R.
Chevalier 1992, private communication). This may point to a
geometrical effect like the one just described. Mixed into the
interpretation of a prolonged rise time may also be effects of
the poorly known generation of synchrotron emission.

In the models with a radiatively cooling BSG wind the ter-
mination shock of the BSG wind lies on the inside surface of
the outer lobes. In this case one must postulate some other
source for the generation of the radio emission, such as a
density enhancement created by a sudden change in the mass-
loss rate of the presupernova star during its BSG stage; we see
no evidence for density enhancements lagging the shell in our
models. We cannot, however, rule out the possibility that
three-dimensional modeling may reveal such features. White,
Argue, & Van Leeuwen (1992) find that the weak spokelike
structure in the HST picture (Jakobsen et al. 1991) coincides
with the center of the radio emission. Apart from this, there are
no signatures of density enhancements in the BSG wind in
either UV line light curves, X-ray data (Serlemitsos et al. 1992),
or other observations. As in the termination shock model, this
may not be a problem (Chevalier 1992b) if the density contrast
between the ejecta and the gas it strikes is not large. Otherwise,
the shock velocity traversing the density enhancement would
be much lower than the velocity of the ejecta, and the situation
would resemble the model of Luo & McCray (1991) for the
interaction between the ring and the ejecta. In this case we
would expect detectable UV line emission from the interaction.

6.3. Ha Blobs

The HST picture (Jakobsen et al. 1991) shows that the ring is
patchy, indicating that the ring is made of several blobs. Blobs
have also been reported using ground-based telescopes. Crotts,
Kunkel, & McCarthy (1989) observed two Ha spots, 270 and
23, north and south of the SN, respectively, around day 750
(see also Crotts & Heathcote 1991). No similar features were
seen in [O mr]. Hanuschik (1991) found an Ha spot 2”1 north-
west of the SN around day 950. A similar feature was reported
by Cumming & Meikle (1992) only 0”3 from the SN on days
1254 and 1344. This blob’s Ha emission had a very narrow
width, indicating a temperature of less than 10 K. The blob
was seen also in HB. In addition to the hydrogen blobs, a blob
displaced by 08 from the SN was observed in He 1 110830 by
Alten, Meikle, & Spyromilio (1989) from day 570 until at least
day 735. Crotts et al. (1989) did not find enhanced Ha emission
at the position of the helium blob.

The blobs all seem to be rather transient features, with
typical declining time scales shorter than for the ring. For
example, the flux from the blob observed by Cumming &
Meikle declined on a time scale of roughly 1 month. The
general absence of [O 1] spots probably indicates that the
blobs at the moment of observations already had cooled to less
than ~ 10* K. The fast cooling is likely to be a result of high
densities, of order 10*~10° cm ~3. However, not even for these
densities is it possitle to cool the gas to less than 103 K before
the gas runs out of free electrons. We have used the time-
dependent photoionization code in Lundqvist & Fransson
(1991) to investigate this, using evolutions for the outburst
spectrum described in Lundqvist (1992). We find that it is hard
to cool the gas to less than 3 x 10% K with a pure atomic gas. It
is therefore likely that dust cooling plays an important role in
cooling the blobs (see also Cumming & Meikle 1992).
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Most of the UV lines show very little emission after ~ 500
days. There are, however, indications of transient humps in the
light curves from day 800 and onward (G. Sonneborn 1992,
private communication). Although the fluxes are only slightly
above noise level, it is interesting to note that such humps are
expected for rapidly recombining, isolated blobs. The observed
coincidence of all the blobs, except the 10° K one, with the
NTT lobe makes it intriguing to suggest that the blobs are
density enhancements in the circumstellar shell. This was also
noted by Crotts & Heathcote (1991). Our conclusion is there-
fore that although the lobes generally consist of low-density
gas (cf. § 6.1), there are also high-density blobs and dust mixed
into this structure.

From our hydrodynamic simulations we find that such a
structure is a natural consequence of the interacting winds
model. When the outer shock is radiatively cooling, dynamical
instabilities create a very clumpy shell, as seen in Figures 6
and 8.

6.4. Cause of Asymmetry

To arrive at models with equatorial expansion velocities
close to the observed ring velocity, and at the same time avoid
using extreme values for the average mass-loss rate M,, we
found in § 5 that we are forced to postulate a rather extreme
asymmetry in the RSG mass loss. This is in sharp contrast to
the contention of WM that only a very small density contrast
in the RSG wind is required to reproduce the observations.

As was noted by LM, it is unlikely that the wind asymmetry
is in any way the result of a protostellar disk, since such a disk
would have been evaporated by the BSG wind during the star’s
main-sequence evolution. Another argument against a proto-
stellar disk is the high overabundance of nitrogen in the ring
(Fransson et al. 1989), which clearly indicates that the gas is of
stellar origin rather than interstellar. It is also unlikely that the
asymmetry was caused by rapid rotation of an isolated star
(e.g., Chevalier & Soker 1989). Conservation of angular
momentum implies that a rapidly rotating main-sequence star
will slow considerably during the expansion to the RSG stage,
resulting in a very slowly rotating RSG and hence a spherical
RSG wind.

The best candidate for producing a very asymmetric wind in
the RSG stage is the influence of a binary companion. A close
binary companion could affect the RSG wind during a phase of
common envelope evolution (e.g., Livio & Soker 1988). The
common envelope phase could either transfer the orbital
angular momentum needed to spin up the RSG envelope so
that stellar rotation might produce the asymmetric wind, or it
could produce a short burst of rapid mass loss in the equatorial
plane as the companion spirals into the core of the RSG.
Another possibility is that a companion star in a relatively
wide orbit could gravitationally focus the RSG wind into the
orbital plane. A 1 M, companion at an orbital radius of 103
cm, corresponding to an orbital period of hundreds of years,
can influence a large fraction of a supergiant wind expanding
at only 5 km s~ !, At present, however, there are no direct signs
of a binary companion. In an evaluation of different ways to
create the ringlike structure around SN 1987A and at the same
time explain the spectroscopic features of the supernova’s spec-
trum as well as its blue nature, Podsiadlowski (1992) argues for
an accreting and/or a merging scenario. His arguments follow
along the lines of likely explanations to the bipolar structure
seen for some planetary nebulae (Morris 1981).
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7. SUMMARY

We have modeled the nebulosity around SN 1987A in the
context of the presupernova’s BSG wind interacting with an
asymmetric RSG wind. The strategy of calculation has been to
employ a two-dimensional time-dependent hydrodynamics
code based on the piecewise parabolic method. To explain the
overall shape of the nebula, as well as the expansion velocity of
the observed ring, we are forced to abandon parameters used
in previous, simplified models (LM; WM). We find that a
model with an average M, ~2 x 1075 My yr™! and an
equator-to-pole density ratio in the RSG wmd of ~20 can
adequately explain the observations. In this model the shocked
RSG wind is radiatively cooling throughout the evolution,
whereas the BSG wind has recently passed through a tran-
sition from radiatively cooling behind the termination shock to
adiabatic throughout the flow. This model produces a lobe
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structure in qualitative agreement with the NTT images, and
can explain the late radio emission, the average densities in the
ring, and the slow expansion of the ring, as well as provide a
qualitative explanation of the observed blobs coinciding with
the lobes. The large asymmetry required in the RSG wind
appears to suggest the presence of a binary companion at least
during the RSG stage.
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