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ABSTRACT 
Models and a polarized radiative transfer technique useful for analyzing the SN 1987A polarimetric data 

are introduced and discussed. Demonstration results calculated using the models are presented. An interstellar 
polarization correction needed for analyzing the SN 1987A polarimetric data is introduced. A summary and 
interpretation of the evolution of the SN 1987A polarization that relies on this correction is given. An analysis 
of a small selection of the SN 1987A polarimetry is reported. The important conclusions of this analysis are 
that the SN 1987A continuum polarization and line polarization features are mostly due to the polarizing 
effect of electron scattering and that there is probably an excitation asymmetry in SN 1987A. An interpreta- 
tion of the SN 1987A polarimetric data in terms of simple shape asymmetry requires that SN 1987A have a 
length-width difference of order 10% or more. 
Subject headings: polarization — stars: individual (SN 

1. INTRODUCTION 

Polarimetric observations of SN 1987A revealed a signifi- 
cant polarization of the supernova’s flux. Since the polariza- 
tion is time-dependent and its wavelength dependence is 
correlated with the flux line features, it is clear that the polar- 
ization is to a large degree intrinsic, although a significant 
interstellar polarization is also certainly present in the observa- 
tions. Because the continuous opacity of SN 1987A’s atmo- 
sphere is thought to be dominated by electron scattering 
opacity (Höflich 1988; Eastman & Kirshner 1989), the flux 
emitted from the supernova is expected to be polarized. Of 
course, however polarized the supernova’s emergent specific 
intensity beams are, there would be no net polarization if the 
supernova is spherically symmetric. Analyses of the SN 1987A 
polarimetric observations using simple axisymmetric oblate or 
prolate supernova ejecta models (Cropper et al. 1988; Méndez 
et al. 1988; Höflich, Sharp, & Zorec 1989) suggest that SN 
1987A possessed some sort of length-width asymmetry in the 
range ~5% to ~30%. In this paper, an analysis of a small 
selection of the SN 1987A polarimetry is reported that uses a 
more advanced polarized radiative transfer technique than 
that used in previous papers. The aims of this analysis are to 
understand how SN 1987A continuum and line polarization 
arise and to investigate the nature of the SN 1987A asymmetry. 
The supernova models used in the analysis again assume only 
simple axisymmetric prolate and oblate asymmetries. The 
assumption of axisymmetric asymmetry is known at the outset 
to be too simple, but it is a simplifying and probably partially 
valid assumption (see § 6.2). Aside from the actual analysis 
given, the purpose of this paper is to present and discuss the 
models and the procedures that will be useful in future, more 
complete analyses of the SN 1987A polarimetry. 

In considering the SN 1987A observations, it is useful to 
specify the epoch consistently. Therefore, throughout this 
paper the SN 1987A epoch will be specified relative to the 
neutrino event of 1987 February 23.316 UT (Bionta et al. 1987; 
Hirata et al. 1987), e.g., day 2 for 1987 February 24 UT. Since 
the duration of the neutrino event and the time difference 
between the core collapse and the neutrino event are insignifi- 
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cant compared with the time scale of spectral evolution after 
day 1, the time of the neutrino event will be referred to simply 
as the time of explosion. 

Section 2 of this paper introduces the Sobolev-P method, 
which is the polarized radiative transfer technique used for the 
calculations. The spherically symmetric supernova model and 
the two aspherical supernova models used in the analysis are 
introduced in § 3. Section 4 presents some demonstration 
results of the synthetic spectrum calculation procedure and 
compares results calculated using the two aspherical super- 
nova models. Section 5 discusses the interstellar polarization 
estimate that is used to correct the SN 1987A polarimetry and 
other corrections for the SN 1987A data. In § 6, a summary 
and interpretation are given of the evolution of the SN 1987A 
polarization, a selection of the SN 1987A polarimetry is pre- 
sented and analyzed using fitted synthetic polarization spectra, 
and a discussion of the possible origin of the SN 1987A asym- 
metry is given. Conclusions and discussion are given in § 7. 
The Appendix presents and discusses some simple analytical 
expressions that aid in understanding the polarized radiative 
transfer. 

2. POLARIZED RADIATIVE TRANSFER WITH THE 
SOBOLEV-P METHOD 

The technique used for calculating the radiative transfer is 
the Sobolev-P method that has been developed in earlier 
works (Jeffery 1988, 1989, 1990, hereafter SPM I, SPM II, and 
SPM III, respectively). The Sobolev-P method is a gener- 
alization of the Sobolev method (Sobolev 1947) that takes 
account of the polarization state of radiation and allows for the 
polarizing effect of line scattering. In this paper it is assumed 
that the reader is familiar with the Sobolev method, line forma- 
tion in expanding atmospheres, and radiative transfer in 
general and thus understands the usage of terms such as line 
saturation, line blanketing, source function, P Cygni line 
profile, Sobolev optical depth, escape probability, resonance 
region, and CD (common direction) and CP (common point) 
velocity surfaces. Useful references for the Sobolev method are 
the important papers of Rybicki & Hummer (1978) and Olson 
(1982). A derivation of the Sobolev method is also presented by 
Jeffery & Branch (1990, hereafter JB) along with a catalog of 
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illustrative Sobolev method calculation results for model 
supernova atmospheres. 

Like the Sobolev method, the Sobolev-P method is an 
approximate technique that is only appropriate for calculating 
line radiative transfer in systems with large velocity gradients. 
For supernovae, which all have very large velocity gradients, 
Sobolev-type calculated line spectra are expected to agree with 
more accurate line spectra calculated with the comoving-frame 
formalism, usually to within much less than 10% of the contin- 
uum flux level in the vertical direction and to order k0(vTJc) in 
the horizontal direction, where 20 is a line-center wavelength 
and vT2L is the characteristic velocity of the small-scale random 
motions (i.e., thermal motions and perhaps small-scale fluid- 
element motions) in the atmosphere. The accuracy of the 
Sobolev method has been investigated by Hamann (1981) and 
is discussed for the case of supernovae by JB. 

In the Sobolev-P method, the scalar specific intensity and 
source function of the Sobolev method are replaced by analo- 
gous Stokes vector quantities. The Stokes vectors have four 
components, which are the Stokes parameters. The Sobolev-P 
method uses Chandrasekhar’s version of the Stokes param- 
eters: Ih 7r, U, and V (Chandrasekhar 1960, p. 34). The /z and Ir 
parameters are the specific intensity components along axes 
labeled / and r; these axes are perpendicular to each other and 
to the direction of radiation propagation. The conventional 
Stokes / parameter (the ordinary specific intensity) and Q 
parameter are related to It and Ir by 

I — 11 Ir and Q = ll-Ir. 

Polarization is given by 

P = (Ö2 + U2) 2U/2 
x 100% 

(1) 

(2a) 

or 

P = 
Q cos 2x + U sin 2/ 

1 
x 100% , (2b) 

where x is the position angle (p.a.) of polarization measured 
clockwise from the /-axis and the introduction of a factor of 
100% is a convention adopted in this paper (as in many other 
places) so that polarization is measured in percent. The posi- 
tion angle is given by 

X = 2 arctan {U/Q) + kn/2 , (3) 

where the factor k is an integer chosen in order to make equa- 
tions (2a) and (2b) consistent. Note that position angles differ- 
ing by multiples of n (180°) are physically identical. Because of 
symmetry, the position angle of polarization of flux emitted by 
an axisymmetric system can have only two values: 0° or 90° 
with respect to the symmetry axis. Thus, the position angles 
obtained from axisymmetric calculations will always be con- 
fined to two values which are 90° apart. 

The Sobolev method assumes complete wavelength and 
angular redistribution for line scattering. Complete wavelength 
redistribution means that the wavelengths of the incident and 
scattered photons are uncorrelated. Complete angular redistri- 
bution means that the scattered photons are emitted iso- 
tropically and are unpolarized. The Sobolev-P method retains 
the assumption of complete wavelength redistribution, but 
treats angular redistribution with a phase matrix that gives rise 
to anisotropic and polarizing scattering. The inclusion of this 
phase matrix complicates the expressions for the Stokes source 

vector, which is the Stokes vector analog of the source func- 
tion. The expressions for the Sobolev-P method Stokes source 
vector are given in SPM II for axisymmetric systems and in 
SPM III for three-dimensional systems. 

The phase matrix used to treat scattering in the Sobolev-P 
method was derived by Hamilton (1947). This Hamilton phase 
matrix is a linear combination of the Rayleigh matrix (modified 
by an extra factor multiplying the matrix element determining 
circular polarization) and the isotropic scattering phase 
matrix. Since the sum of the coefficients of the two matrices in 
the linear combination is normalized to 1, only the coefficient 
of the Rayleigh phase matrix is needed to determine the polar- 
izing effect of a line. This coefficient, called the E1 coefficient, is 
0 for a nonpolarizing line and 1 for a line that polarizes like an 
electron. The expressions for the coefficient depend only on 
the lower- and upper-level total angular momenta of a given 
line. For j-lj and 0-1 lines the El coefficients are j and 1, 
respectively. For all other lines, the ¿i coefficients are between 
0 and 0.4. Clearly, most scattering by lines will be considerably 
less polarizing and sometimes much less polarizing than elec- 
tron scattering. The expressions for the E1 coefficients are 
given in Table 1 of SPM II. Tables 3 and 6 in SPM II give the 
Et coefficients for lines with jt < 6% and the mean Et coeffi- 
cients for LS coupling multiplets, respectively. 

There is no evidence for significant circular polarization of 
the SN 1987A flux through day 198 (Barrett 1988). Since the V 
Stokes parameter, which measures circular polarization, is not 
coupled by the Rayleigh or isotropic scattering phase matrices 
to the other Stokes parameters (Chandrasekhar 1960, pp. 42 
and 51; SPM II), the absence of circular polarization in the 
emergent SN 1987A flux shows that circular polarizing effects 
are probably negligible in the radiative transfer through the 
SN 1987A atmosphere. Consequently, circular polarization is 
not considered further in this paper. 

The Sobolev-P method’s treatment of the intrinsic polar- 
izing effect of line scattering is probably only qualitatively 
accurate, since the assumed photon redistribution behavior is 
only a crude approximation. In real line scattering there is 
coupling between angular and wavelength redistribution in the 
comoving frame and correlation between the incoming and 
outgoing photon wavelengths. The Sobolev-P method assumes 
that the Hamilton phase matrix applies to all lines, but this 
matrix was in fact derived only for resonance lines (i.e., lines 
where the line lower levels are ground levels). No allowance is 
made for the depolarizing effect that weak collisions have on 
photon redistribution. (Weak collisions can cause excited levels 
to lose directional information about the exciting line photons, 
and consequently the line-emitted radiation is isotropic and 
unpolarized.) The degree of error introduced by these defi- 
ciencies should be investigated by comparisons of Sobolev-P 
method line polarization results with the line polarization 
results of more exact techniques. Such comparisons remain to 
be done. Arguments for the qualitative accuracy of the 
Sobolev-P method are given in SPM I (p. 74) and SPM II. For 
the present, only the depolarizing effect of weak collisions 
needs further discussion, since this effect can eliminate the 
intrinsic polarizing effect of lines altogether. 

Order-of-magnitude estimates have shown that the depolar- 
ization effect of weak collisions probably will not destroy the 
intrinsic line polarizing effect in the outer line-forming layer of 
a supernova atmosphere. In the deeper line-forming layer, it 
seems likely that the intrinsic line polarizing effect will be 
destroyed. However, the intrinsic line polarizing effect tends to 
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be physically redundant in the deeper layers. In these regions, 
the multiple scatterings that photons undergo in multiple res- 
onance regions and with continuous opacity scatterers will 
tend to keep the radiation field rather isotropic and unpo- 
larized even with polarizing scattering by lines and continuous 
opacity scatterers. It is the last few scatterings that a photon 
escaping the atmosphere undergoes that are most significant 
for net polarization of the emergent spectrum. (The effect of 
multiple scatterings on the polarizing power of a resonance 
region is discussed in the Appendix.) Therefore, including the 
intrinsic line polarizing effect deep in the atmosphere is prob- 
ably at worst a small error. The important question is how 
significant is the uncertainty about the intrinsic line polarizing 
effect in the outer layers. The results of many test calculations 
have shown that this uncertainty is not very significant because 
the intrinsic line polarizing effect is of secondary importance in 
the formation of the line polarization features. The line polar- 
ization features are chiefly formed by the interaction of the 
electron polarized flux and the lines acting as depolarizing 
scatterers and as global flux redistributors. The lines act as 
depolarizing scatterers even when they are intrinsically polar- 
izing, because almost all lines have coefficients that are 
considerably less than 1 (see above). The electron and line 
polarizing effects are discussed further in § 4. 

The only continuous opacity included in the radiative trans- 
fer is electron scattering opacity (see § 3.1). Thus, free-free 
opacity, bound-free opacity, and expansion opacity are being 
ignored. (The expansion opacity is a quasi-continuous opacity 
due to thousands of weak lines. The opacity of these weak lines 
is enhanced by the macroscopic velocity field; Karp et al. 
1977.) The expansion opacity is probably the most important 
of the neglected opacities (Wagoner 1981), since it can be of the 
same order of magnitude as the electron opacity. Since the 
polarizing effect of lines is considerably smaller than the polar- 
izing effect of electron scattering, the assumption that all con- 
tinuous opacity is electron opacity will tend to cause the global 
polarizing effect of model atmospheres to be enhanced. Thus, 
the use of only electron opacity for the continuous opacity will 
tend to minimize the model asymmetry needed to fit observa- 
tions. 

The electron scattering opacity is treated using the dis- 
cretized continuous opacity (DCO) approximation developed 
in SPM II. The DCO approximation replaces the continuous 
opacity with closely spaced pseudolines. The electron pseudo- 
lines are made to behave as pure resonance scattering lines (i.e., 
as two-level atom lines where only radiative transitions are 
allowed) with 1^ coefficients equal to 1 ; this behavior is exactly 
correct for electron scattering. For an atmosphere with large 
velocity gradients, the replacement of continuous opacity by 
pseudolines is equivalent to a spatial discretization of the con- 
tinuous opacity. Wavelength discretization is, however, 
simpler to implement than spatial discretization, since it allows 
line and continuous opacity to be treated in the same manner. 
The prescription for the pseudoline Sobolev optical depth, 
derived in SPM II, is 

i(r) = 
A2 c Tph (con) 

V I dv/ds I Fph 
(4) 

where 2ps is the line-center wavelength assigned to the pseudo- 
line, AÀ is the wavelength discretization increment, dv/ds is the 
derivative of the velocity along a beam path with coordinate s, 
Tph(con) is the continuum optical depth to the photosphere (see 
§ 3.1 for the definition of the photosphere used in this paper), 

f(r) is a dimensionless distribution function for the continuous 
opacity which is chosen so that/(r) is 1 at the photosphere, and 

^Ph= fV/(r'), (5) 
JrPh 

where rph is the photospheric radius and R is the outer cutoff 
radius of the atmosphere. In uniform-motion homologous 
expansion (see § 3.1) dv/ds is a constant for all locations and 
directions. 

For the calculations reported in this paper, the prescription 
used for determining the pseudoline wavelength increment is 

A2 

^ps 
(6) 

where vph is the photospheric velocity (see § 3.1) and Xph is a 
free parameter. When Xph » 1, the P Cygni trough flux and 
polarization features of one pseudoline will overlap the emis- 
sion flux and polarization features of the next bluer pseudoline 
(see § 3.1 for a discussion of P Cygni line profile widths). The 
condition Xph < 1 is usually needed for the pseudolines to 
produce even an appearance of a continuous opacity. No good 
criterion has been established for the size of Xph necessary for 
establishing true continuous opacity behavior. When calcu- 
lating synthetic spectra with a given set of model parameters, 
one reduces Xph until the spectra converge. Convergence for 
the flux spectrum occurs when the flux spectrum stops chang- 
ing except for an overall scale factor. The fact that a scale 
factor uncertainty remains shows that the radiative transfer 
deep in the model has not converged to true continuum radi- 
ative transfer. If one keeps reducing Xph (i.e., using more 
pseudolines) after convergence, the scale of the flux spectrum 
decreases. Clearly, the narrower the pseudoline wavelength 
increment, and consequently smaller the pseudoline optical 
depths, the more efficient the pseudolines are at scattering 
photons back to the core (see § 3.1 for the definition of the 
core) where in the physical picture they are absorbed. Con- 
vergence for the polarization spectrum occurs when the polar- 
ization spectrum stops changing in shape and scale as Xph is 
reduced. In judging convergence, small oscillations superposed 
on the spectra due to the finite wavelength increment of the 
pseudolines can usually be ignored. With a smaller wavelength 
increment and, of course, more computational labor, these 
oscillations can be reduced. 

Because of calculational limits, the pseudolines cannot be 
extended over all wavelengths. In order to establish a specified 
wavelength range of continuous opacity behavior, the pseudo- 
lines must be extended over a somewhat large wavelength 
range. At the edges of the pseudoline range spurious line fea- 
tures will appear. The size of the pseudoline range should be 
increased until the flux and polarization behavior in the speci- 
fied range of continuous opacity behavior stops changing, i.e., 
converges. For all the calculations with DCO reported in this 
paper, the pseudoline ranges were chosen sufficiently large that 
no spurious line features from the edges of the pseudoline 
ranges appear in the figures. 

Although no good criterion for convergence has been 
worked out, an argument can be made that the pseudoline 
optical depths especially above the photosphere (see § 3.1) 
should be less than about 1. In order to keep the computa- 
tional labor as small as possible, the wavelength increment 
used in the DCO approximation will usually be chosen large 
compared with the line widths of real lines. The wavelength 
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increment can be regarded as the line width of the pseudolines. 
Thus, the pseudolines will tend to be broad compared with real 
lines. Sobolev-type methods treat all lines as if their line widths, 
and consequently their spatial resonance region widths, were 
zero. This approximation is valid as long as physical quantities 
are rather constant across the resonance regions. This con- 
stancy criterion is harder to meet for lines with larger line 
widths and consequently larger resonance region widths. The 
deviations from exact results that occur in Sobolev method 
calculations because of finite line widths have been investigated 
by Hamann (1981). These deviations become smaller as line 
optical depth becomes smaller and, in particular, are expected 
to be qualitatively reduced when the line optical depth is 
reduced below about 1 (see, e.g., JB). Therefore, having the 
pseudoline optical depths less than about 1 is expected to be a 
useful criterion at least for beginning a search for convergence. 
Since one especially wants to get the continuum radiative 
transfer near the surface correct in order to get the emergent 
flux and polarization spectra correct, satisfying the criterion at 
and above the photosphere is particularly desirable. 

Quantitatively accurate calculations of continuum flux and 
polarization behavior with the DCO approximation can be 
made. This is demonstrated in § 4 and in SPM II by the com- 
parison of DCO approximation results to exact results. It 
should be remarked that it has not been demonstrated that the 
DCO approximation can be made numerically accurate for 
atmospheres with continuum optical depths greater than 10. 

3. SUPERNOVA MODELS 

Three supernova models are used for the calculations 
reported in this paper : a spherically symmetric model, a heuris- 
tic axisymmetric model with an elliptical projection (hereafter 
“the heuristic model”), and a true two-dimensional axisym- 
metric ellipsoidal model (hereafter “ the realistic model ”). Since 
the two aspherical models are straightforward generalizations 
of the spherically symmetric model, the common features of the 
three models are treated in § 3.1, which nominally describes the 
spherically symmetric model. The aspherical models are, of 
course, the essential models for this paper, since they are the 
models that can produce a polarized net flux. The use of 
axisymmetric aspherical models is plausible, since axisym- 
metry has a natural explanation in the rotation of the super- 
nova progenitor. Whether rotation will result in prolate, 
oblate, or some combination of prolate and oblate asymmetry 
is still not certain (see the discussion of asymmetry in § 6.3). 
The heuristic and realistic models are described in §§ 3.2 and 
3.3, respectively. 

3.1. The Spherically Symmetric Model 
The spherically symmetric model consists of a spherically 

symmetric distribution of supernova explosion ejecta in 
uniform-motion homologous expansion. (Uniform-motion 
homologous expansion is discussed by, e.g., JB. All the obser- 
vations considered in this paper come from the homologous 
epoch of SN 1987A.) The ejecta is divided into two regions: a 
continuum radiation field emitting core and a scattering atmo- 
sphere. The model is highly parameterized. 

The comoving-frame density of the ejecta in the homologous 
epoch decreases everywhere in proportion to t~3. Therefore, 
the homologous epoch density distribution can be convenient- 
ly specified by specifying pt3 everywhere in the comoving 
frame; hereafter, the pt3 distribution will be called the homolo- 
gous density distribution. For the (spherically symmetric, heu- 

ristic, and realistic model) demonstration calculations reported 
in § 4, the homologous density distributions used are simply 
inverse power laws of the radius. The homologous density dis- 
tribution adopted for the (heuristic model) spectrum-fit calcu- 
lations reported in § 6.2 in a slightly modified version of the 
empirical SN 1987A homologous density distribution given by 
JB (see JB, Fig. 18a). The JB homologous density distribution 
was derived using many simplifying assumptions, including 
spherical symmetry, from the SN 1987A photometric data 
given by Catchpole et al. (1987, 1988). The modification of the 
JB homologous density distribution made for this paper is 
merely a smoothing of an inflection that occurred near 7500 
km s -1 ; JB determined that this inflection gave rise to features 
in synthetic spectra that were not present in observed spectra. 
Figure 1 shows the (modified) JB homologous density distribu- 
tion with radial velocity serving as the comoving-frame coordi- 
nate. 

The JB homologous density distribution can be broken into 
segments that roughly obey inverse power laws of velocity. The 
inverse power law indices for the regions with velocity less than 
1400 km s“1, 1500-2200 km s’1, 2200-5000 km s“1, 5000- 
9000 km s~ \ 9000-10,000 km s- \ and greater than 10,000 km 
s-1 are roughly 1.8, 2.5, 5, 4, 12, and 13, respectively. For 
velocities higher than 10,000 km s-1, the distribution is 
logarithmically extrapolated from the outermost two points of 
the distribution displayed in Figure 1. The actual density 
values for any epoch (which can be obtained from Fig. 1) are 
very uncertain because of the many assumptions used in deriv- 
ing the JB homologous density distribution. Actual density 
values are not used in the calculations. Only the relative 
homologous density distribution is needed for use as a scaling 
function (see below). 

The continuum radiation field emitted by the core is a black- 
body radiation field for the (heuristic model) spectrum-fit 
calculations reported in § 6.2. Since the core matter is partici- 
pating in the homologous expansion, the specific intensity 
beam emitted from the core has an angle-dependent Doppler 
shift in any comoving frame other than the comoving frame of 
emission itself and in the observer frame. The temperature used 
for the blackbody radiation field for a given SN 1987A epoch is 
obtained by interpolating from the tabulated SN 1987A color 
temperatures given by Catchpole et al. (1987, 1988). The con- 
tinuum fluxes obtained using color temperatures were found 
by JB to be adequate for synthetic spectrum fitting; discrep- 
ancies particularly in the B band between the synthetic and 
observed continuum fluxes in JB’s figures can plausibly be 
attributed to line blanketing. For the (spherically symmetric, 
heuristic, and realistic model) demonstration calculations 
reported in § 4, a wavelength-independent radiation field is 
emitted by the core. The use of a wavelength-independent radi- 
ation field eliminates one complicating effect in understanding 
the formation of synthetic flux and polarization spectra. 

The widths of P Cygni line profile features, and in particular 
the blueshift of the P Cygni trough minimum from the line- 
center wavelength, depend on the distributions of continuous 
opacity and Sobolev optical depth with velocity. The impor- 
tant atmosphere region for P Cygni line profile formation is 
located at a radial total continuum optical depth of order 
unity. (Total continuum optical depth is the sum of absorption 
and scattering optical depths.) This region is usually called the 
photosphere. For convenience in this paper, the photosphere is 
defined to be the atmosphere region at exactly radial total 
continuum optical depth 1. For strong lines (i.e., those with a 
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photospheric Sobolev optical depth Tph 1), the trough 
minimum flux forms in CD velocity surfaces where the effective 
average Sobolev optical depth is of order 1 and that are in 
front of the photosphere (i.e., are nearer the observer than the 
photosphere). The line-of-sight velocity of these surfaces rela- 
tive to the center of the expansion gives rise to the blueshift of 
the trough minimum. For weak lines (i.e., those with Tph < 1), 
the trough minimum flux tends to form in the CD velocity 
surfaces that are approximately tangent to that part of the 
photosphere nearest the observer. Thus, the blueshifts of the 
trough minima of weak lines tend to correspond to the line-of- 
sight matter velocity at that part of the photosphere nearest the 
observer (see, e.g., Eastman & Kirshner 1989). This velocity, 
called the photospheric velocity, is clearly an important 
parameter for spectrum formation. Because of the many com- 
plicated effects in a real atmosphere, there probably will not be 
a unique photospheric velocity for all wavelength regions and 
all weak lines. However, using a unique photospheric velocity 
for a synthetic spectrum seems to be an adequate approx- 
imation. The SN 1987A photospheric velocities used in the 
(heuristic model) spectrum-fit calculations reported in § 6.2 
were taken from JB (see JB, Fig. 16). 

The Sobolev optical depths of the lines are parameterized in 
the following way. The photospheric Sobolev optical depth Tph 
of a chosen strong line of an ion is taken as a fitting parameter. 
The photospheric optical depths for all the other lines for this 
ion are then determined by assuming that level occupation 
numbers obey the Boltzmann law at a specified excitation tem- 
perature. For the (heuristic model) spectrum-fit calculations 
reported in § 6.2, the SN 1987A color temperature is used as 
the excitation temperature; the (spherically symmetric, heuris- 
tic, and realistic model) demonstration calculations reported in 
§ 4 did not require an excitation temperature, since only one 
real line was included in each calculation. The optical depths 

above and below the photosphere are obtained by scaling 
photospheric optical depths with the assumed homologous 
density distribution of the supernova ejecta. 

The line Stokes source vectors are assumed to be due to pure 
resonance scattering. With this assumption, only radiative 
transitions are allowed between the upper and lower levels of 
each line, and the line levels are treated as if they were 
uncoupled from all other atomic levels. 

The simple scaling parameterization for the Sobolev optical 
depths and the use of pure resonance scattering are both 
sweeping and highly simplifying assumptions. The Sobolev 
optical depths and line source functions ought to be calculated 
from occupation numbers determined by detailed non-LTE 
(NLTE) calculations. Such NLTE calculations are beyond the 
scope of the research reported here and are for the present 
probably computationally too demanding to be undertaken 
for asymmetric (i.e., non-spherically symmetric and non- 
plane-parallel) atmospheres. Occupation numbers and hence 
the Sobolev optical depths calculated in NLTE may deviate 
from the simple scaling parameterization values by an order of 
magnitude or more. There is unfortunately no simple way to 
predict the size or direction of these deviations; LTE 
occupation numbers, for instance, can also show deviations 
from NLTE calculated occupation numbers of an order of 
magnitude or more (e.g., Branch et al. 1991). Since line source 
functions (and line Stokes source vectors) depend on ratios of 
occupation numbers, it is plausible that the pure resonance 
scattering line source functions will have smaller errors than 
the simple scaling parameterization Sobolev optical depths. In 
fact, limited NLTE calculations for supernova atmospheres 
(Feldt 1980) suggest that the line source functions calculated 
assuming pure resonance scattering are often correct to within 
a factor of 2. Unfortunately, the pure resonance scattering 
approximation is not a very good approximation for the Ha 
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line in Type II supernova (SN II) atmospheres; the Ha line 
profiles in SN II spectra usually show net emission which 
cannot be produced by pure resonance scattering. 

Having roughly the correct radiation flow geometry is neces- 
sary for calculating polarization. On the local scale, this is 
because polarization due to scattering depends on the scat- 
tering angle and thus on the angular variation of the radiation 
field convergent on a point scatterer. On the global scale, the 
rediation flow geometry helps to determine the net polariza- 
tion. Synthetic supernova flux spectra calculated with the 
scaling parameterization and pure resonance scattering can 
usually be fitted closely to observed flux spectra from the 
photospheric phase (see definition below) by adjusting model 
parameters (see, e.g., Branch et al. 1985; JB). The quality of the 
fits obtained is evidence that the radiation flow geometry can 
be roughly correctly calculated even when the complex line 
interlocking effects are being ignored. 

The pure resonance scattering assumption artificially height- 
ens the polarizing power of line interactions, since the coupling 
of lines is almost certainly a depolarizing effect. However, any 
polarization error introduced in this way turns out to be unim- 
portant, since, as discussed in §§ 2 and 4, the intrinsic line 
polarizing effect is of secondary importance in the formation of 
the line polarization features. 

The two continuum optical depth parameters of the model 
are the radial photospheric continuum optical depth Tph(con) 
and the radial core continuum optical depth icore(con). The 
continuous opacity that gives rise to these optical depths is 
assumed to be pure electron scattering opacity; the neglected 
forms of continuous opacity were discussed briefly in § 2. The 
definition of photosphere that is adopted requires that Tph(con) 
be set to 1 always. The core of the model is intended to rep- 
resent crudely the thermalization layer, where radiation and 
matter are in thermodynamic equilibrium. A well-known crude 
analytic result is Tth(con) ~ (3£)-1/2, where Tth(con) is the radial 
total continuum optical depth to the thermalization layer and 
Ç is some kind of atmosphere average of the ratio of absorption 
opacity to total opacity (e.g., Mihalas 1978, p. 149). From 
Höflich’s NLTE calculations (1988) it appears that ^ in the SN 
1987A atmosphere ranges between of order 10 ~ 2 and of order 
10“1 during at least the first 200 days after the explosion. Thus, 
for SN 1987A, Tth(con) is very crudely estimated to range 
between 2 and 6 for that period. In order to approximate the 
SN 1987A continuum thermalization optical depths, the value 
of icore(con) was set to 3 for all (heuristic and realistic model) 
demonstration calculations reported in § 4. Numerical experi- 
ments with the models used for this paper have shown that the 
emergent flux and polarization spectra do not vary much with 
TCore(c°n) for Tcore(con) > 3. One should note that the behavior 
of continuum polarization as a function of rcore(con) is model- 
dependent. For example, Daniel (1978) shows some of the 
various behaviors that can occur for prolate and oblate models 
with point cores. 

The numerical value of the photospheric radius rph can be 
chosen arbitrarily, since its value is merely a question of units. 
For convenience, the photospheric radius has been set to 1 
always. Having set the values of rph, rph(con), and Tcore(con), the 
core radius, rcore, can be solved for from 

TCOre(con) = f drf(r') ; (7) 
ph JrCOre 

recall that R is the outer cutoff radius of the atmosphere. The 

distribution function /(r), which is proportional to the electron 
density distribution, can be chosen to scale with the homolo- 
gous density distribution just like the Sobolev line optical 
depths. For SN 1987A up to about day 5, choosing electron 
density to scale with density is a good approximation, since the 
hydrogen is well above the recombination temperature 
(~5500 K). At later times this scaling approximation is very 
crude, and NLTE calculations are needed to establish accurate 
electron densities. In order to make up for any obvious defi- 
ciencies of the scaling approximation in the fitting procedure, 
the /(r) function can be chosen to have different behavior : e.g., 
an inverse power law behavior with the index as a free param- 
eter. When the JB homologous density distribution is used for 
/(r), the solution of equation (7) for rcore must be obtained 
numerically. The optical depths of the pseudolines are deter- 
mined using/(r) and the prescriptions given in § 2. 

The first phase of supernova spectral evolution is called the 
photospheric phase. This phase is characterized by P Cygni 
line profiles. The end of the photospheric phase can be roughly 
defined as the time when the spectrum begins to be dominated 
by emission-line profiles, including those for forbidden tran- 
sitions. For all types of supernovae, the spectra seem to 
become dominated by emission-line profiles very roughly 
speaking 6 months after maximum light. Since some P Cygni 
line trough features may persist for hundreds of days after 
strong emission-line profiles appear, a clear-cut ending of the 
photospheric phase is not easily definable. The period after the 
end of the photospheric phase can be called the early nebular 
phase. When the continuum optical depth to the ejecta center 
falls below 1, a supernova can be said to be in the (full) nebular 
phase. Unfortunately, it is not yet determinable exactly when 
the continuum optical depth to the ejecta center falls below 1 
from observations or from detailed modeling. Clearly, the 
spherically symmetric model with its continuum radiation field 
emitting core and assumption of pure resonance scattering can 
only be an appropriate model for the photospheric phase. (The 
spectral evolution of supernovae is reviewed by, e.g., Wheeler 
1990.) 

3.2. The Heuristic Model 

The heuristic model is essentially the spherically symmetric 
model with a minor modification in the calculation of the 
polarization of the net flux. This modification is a plausible 
means to extract from the spherically symmetric model some of 
the behavior of a real aspherical axisymmetric ellipsoidal 
model. The idea for the modification is taken from McCall 
(1984,1985). 

Consider the projection of a spherically symmetric atmo- 
sphere. Let the radius of the photodisk (i.e., the projection of 
the photosphere) be set to 1 for convenience. Let there be a y-z 
coordinate system with an origin at the center of the projec- 
tion. From every point on the projection, a beam is emitted 
toward the observer. For each point, the local /- and r-axes are 
defined to be parallel and perpendicular, respectively, to the 
radius to that point. Spherical symmetry requires that the U 
Stokes parameter of a beam emitted from a point be zero in the 
local l-r system. Thus, the polarization of a beam is aligned 
parallel or perpendicular to the radius to the emitting point. 
Let the circle defined by each radius be distorted into an ellipse 
that has c/a as its ratio of z semiaxis to y semiaxis, and let the z 
and y semiaxes of the distorted photodisk be c and a, respec- 
tively. Each point’s new elliptical projection coordinates (y, z) 
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are related to its old circular projection coordinates (/, z') by and 

y = ay' and z = cz' . (8) 

Let the radius of a former circle be denoted by g. The values 
are related to the new coordinates by 

g = t(y/a)2 + (z/c)2]1/2 . (9) 

Let the specific intensity and its polarization be the same for 
each point before and after the distortion. Thus, these quan- 
tities depend only on g9 and that dependence is unchanged by 
the distortion. For the new elliptical projection, the polariza- 
tion of a beam is taken to be aligned parallel or perpendicular 
to the tangent to the curve defined by equation (9) that passes 
through the point of beam emission. Thus, by defining the local 
/ and r-axes for the elliptical projection to be perpendicular and 
parallel, respectively, to this tangent, the U Stokes parameter 
in the local l-r system is automatically zero. It is this spherically 
symmetric system with an elliptically distorted projection that 
constitutes the heuristic model. A schematic diagram of the 
heuristic model is shown in Figure 2. 

In order to calculate the polarization of the heuristic model 
net flux, the Stokes parameters for each local l-r system must 
be transformed to a common l-r system. Using the y-z system 
for the common l-r system (z for / and y for r) and the trans- 
formation equations for the Stokes parameters (see, e.g., Chan- 
drasekhar 1960, p. 34), one finds 

Iz = /* cos2 y + /r sin2 y (10a) 

Fig. 2.—Schematic diagram of the heuristic model 

Iy = It sin2 y + Jr cos2 y , (10b) 

where the terms involving the local l-r system U Stokes param- 
eter vanish, since this parameter is zero, and where y is the 
angle between the local /-axis and the z-axis (see Fig. 2). Note 
that the global U and V Stokes parameters are automatically 
zero because of symmetry. Expressed as functions of 9, the 
angle between the z-axis and the radius to whatever point is 
being considered, 

and 

cos y = 
1 

[1 + (c/a)4 tan2 0]1/2 (11a) 

sin y = 
(c/a)2 tan 0 

(11b) 
[1 + (c/a)4 tan2 0]1/2 * 

The integration for the net Stokes parameters must be done 
over the y-z plane. If one uses the transformation given by 

y = a# sin £ , z = eg cos Ç , dy dz = aeg dg d£ , (12) 

the integrations over the two coordinates can be separated. 
Onp nhtflinQ 

and 

dggii 

dggir, 

rnl2 
4 J dÇ cos2 y = 4 

r”'2  i_ 

Jo ^ 1 + (c/a)2 

2ltJ+ (c/a)] ’ 

tan2 £ 

^ • 2 ^ (c/a)2 tan2 £ 4 dÇ sin2 y = 4 dÇ   ——r 5— 
Jo Jo 1 + (c/a)2 tan2 £ 

= 2J (c/a) ~ 
[l + (c/a) 

(13a) 

(13b) 

(13c) 

(13d) 

where symmetry allows the integration over 2n to be replaced 
by integration over n/2 and an extra factor of 4. The polariza- 
tion of the net flux is then given by 

(14) 

Recalling equation (2) and the fact that the Stokes U parameter 
of the net flux is zero, the position angle of polarization is given 
by 

Í0 for (F, - Fr)[l - (c/a)] > 0 , 
\n/2 for (Fz - Fr)[l - (c/a)] < 0 , 1 j 

where / is measured clockwise from the z-axis. Any spherically 
symmetric atmosphere with Rayleigh-type scattering that is 
easily imaginable will have Ft< Fr. This is easily understood. 
In Rayleigh-type scattering, the scattered specific intensity 
component perpendicular to the plane of scattering (i.e., the 
plane containing the scattered and incident beams) is always 
larger than or equal to the scattered specific intensity com- 
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ponent parallel to the plane of scattering. For most astro- 
physical atmospheres, the anisotropic radiation field at the 
surface is outward-peaked (i.e., the specific intensity beams are 
stronger perpendicular to the surface than parallel to the 
surface). Thus, with both Rayleigh-type scattering and outward 
peaking at the surface, one usually expects that the emergent 
r-beam will be stronger than the emergent /-beam, and there- 
fore that the polarization will align parallel to the atmosphere 
surface. This polarization alignment effect is shown by the 
plane-parallel atmosphere investigated by Chandrasekhar 
(I960, p. 248) and the spherically symmetric atmospheres 
investigated by Cassinelli & Hummer (1971). Given the above 
arguments, it follows that the position angle of the polarization 
of the heuristic model will align with the long axis of the heuris- 
tic model in all easily foreseeable cases. 

From equation (14), it is clear that the polarization at all 
wavelengths will scale by a common factor as the parameter 
c/a is varied. The total flux of the heuristic model at all wave- 
lengths will scale with the factor ac. In this paper, the absolute 
scale of the flux is undetermined and of no interest. Therefore, 
the flux of the heuristic model is for all present purposes the 
same as the flux of the spherically symmetric model. 

The question now arises, how adequate is the heuristic 
model as an approximation to a true axisymmetric ellipsoidal 
model such as the one introduced in § 3.3? Clearly, the average 
properties of the radiation field and the source functions of the 
heuristic model should be qualitatively adequate, since these 
are just those of the spherically symmetric model which is a 
true extended atmosphere model (see § 4 for a discussion of 
extended atmospheres). But, one asks, can the difference of the 
global / and r fluxes have anything like the right behavior? A 
simple physical picture can be introduced in order to investi- 
gate this question. 

Consider a spherically symmetric atmosphere that is elon- 
gated into a prolate atmosphere or flattened into an oblate 
atmosphere. If one assumes that the elongation or the flat- 
tening does not greatly change the emission from any point on 
the atmosphere limb, then in both cases one would expect the 
limb flux from the long edge of the distorted atmosphere to 
dominate the limb flux from the short edge. Recalling the dis- 
cussion about the alignment of polarization of flux emitted by 
an atmosphere surface, one expects the polarization of the limb 
flux to align with the long axis of the projection. Now the flux 
from the photodisk center of the spherically symmetric atmo- 
sphere will be unpolarized. When the elongation or flattening 
occurs, the radiation field incident on the photodisk center 
plausibly becomes stronger in the stretched direction. The 
nature of Rayleigh-type scattering then implies that the polar- 
ization of the flux from the photodisk center will be aligned 
perpendicular to the long axis of the distorted atmosphere. The 
simple physical picture is only plausible. However, as shown in 
§ 4, the polarization alignment behavior of the flux from the 
realistic model (see § 3.3) does agree with that of the simple 
physical picture. Clearly, the heuristic model does not agree 
with the simple physical picture. Provided that the emitted / 
flux is never greater than the emitted r flux for the spherically 
symmetric model, it is impossible for the heuristic model polar- 
ization alignment to vary at all ; as stated above, this alignment 
is always with the long axis of the heuristic model. The impor- 
tance of the distinction in the polarization alignment behavior 
between the heuristic and realistic models is investigated in § 4. 

As a last point, it should be noted that equation (14) is an 
exact formula for the polarization of the net flux from a spher- 

ically symmetric atmosphere that has a sector of its projection 
covered by an opaque screen. For this interpretation of equa- 
tion (14), in equations (13a) and (13b) the g variable has to be 
regarded as the radius variable of the spherically symmetric 
atmosphere’s projection, and the factor ac must be set to 1. The 
relationship between the parameter c/a and the angle 0S of the 
visible sector of the spherically symmetric atmosphere’s projec- 
tion is given by 

1 - c/a = sin 6S c = 9S - sin 6S 

1 + c/a 9S °r a + sin 0S ’ 

The position angle of polarization of the flux from the visible 
sector is aligned perpendicular (parallel) to the bisector of the 
visible sector when 6S < n (6S > n) provided that Fl < Fr. 

3.3. The Realistic Model 
The realistic model is obtained by distorting the spherically 

symmetric model into an axisymmetric ellipsoidal model. The 
surfaces of constant density, the photosphere, and the core of 
the realistic model are all made to be geometrically similar 
surfaces. The ratio of the polar semiaxis to the equatorial semi- 
axis of the model, c/a, and the angle of inclination of the polar 
axis of the model to the line of sight are free parameters. When 
the inclination angle is set to 90°, the polarization of the net 
flux is maximized for a given c/a value. When the inclination 
angle is 0°, the polarization of the net flux is always 0%, since 
the model is circularly symmetric about the line of sight in this 
case. Other parameters of the realistic model are the equatorial 
rph, ''core.and V- 

An ellipsoidal coordinate is defined by 

g = [(x/a)2 + (y/a)2 + (z/c)2]1/2 , (17) 

where x and y are the equatorial plane coordinates, z is the 
polar coordinate, and a and c are the equatorial and polar 
semiaxes of the photosphere, respectively. Of course, a and the 
equatorial rph are the same quantity. For the realistic model 
calculations reported in § 4, the homologous density distribu- 
tion is chosen to be an inverse power law of g. 

Note that radial continuum optical depths to any surface of 
constant g, such as the photosphere and core, are functions of 
the angle between the radius direction and the polar axis. For 
example, the ratio of the polar radial optical depth to the 
equatorial radial optical depth for a surface of constant g is c/a. 
A procedure that would be consistent with the assumed 
homologous density distribution would be to find surfaces 
where the angle-averaged optical depth to a point on each 
surface is a constant for that surface. The photosphere and core 
could then be chosen from these surfaces of constant angle- 
averaged optical depth. Since the assumed model is highly 
parameterized, such a consistent procedure would be pointless. 
It is just assumed that the physical conditions are such that the 
photosphere and core are surfaces of constant g. The equato- 
rial radial optical depths to the photosphere and the core are 
used as the optical depth parameters of the realistic model. To 
be consistent with the spherically symmetric and heuristic 
model parameters, the equatorial radial optical depths to the 
photosphere and core are simply denoted by Tph(con) and 
Tcore(con), respectively. 

Since polarization is calculated from the difference of two 
always positive Stokes parameters, and flux from their sum, it 
is clear that obtaining numerically accurate converged polar- 
ization spectra is going to be more difficult than obtaining 
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comparably acceptable flux spectra. This difficulty increases as 
polarization decreases. In numerical experiments with the rea- 
listic model and the DCO approximation, it has been found 
that to obtain a synthetic polarization spectrum with a wave- 
length band of about 1000 Â and a numerical uncertainty of 
order 0.2% in polarization required typically 5-20 hr of VAX 
11/780 CPU time. This conclusion is, of course, dependent on 
the computer program used for the calculations. The computer 
program used for all the calculations reported in this paper is 
called S7. An early version of S7 is listed in SPM I (p. 276). To 
obtain significantly better numerical accuracy than 0.2% in the 
calculations would require exorbitant computational time 
and/or an improved version of S7. Thus, no attempt was made 
to reduce the uncertainty below 0.2% in calculations for the 
realistic model synthetic polarization spectra displayed in § 4. 
An investigation of the inaccuracies introduced by the 0.2% 
uncertainty showed that they are mainly quantitative, not 
qualitative. The important polarization features in the SN 
1987A spectropolarimetric data range in size from ~0.1% to 
~4% and are typically of order 1% or less (Cropper et al. 
1988; Schwarz 1987b; Jeffery 1991). Thus, a numerical uncer- 
tainty of 0.2% is uncomfortably large. Given the numerical 
uncertainty problem and the computational demands of realis- 
tic model calculations, it was decided to defer synthetic 
spectrum-fit calculations with the realistic model to future 
research. For the present paper, the realistic model was used 
only in the demonstration calculations in order to show the 
realistic model spectrum behavior and to compare this behav- 
ior with heuristic model spectrum behavior (see § 4). The heu- 
ristic model is used for the synthetic spectrum-fit calculations 
reported in § 6.2. Heuristic model calculations take roughly 
two orders of magnitude less time than realistic model calcu- 
lations. The numerical inaccuracy of heuristic model calcu- 
lations is usually negligible. The reason for the relatively high 
accuracy of the heuristic model calculations is that the relative 
difference of the Ft and Fr fluxes in equation (14) for the heuris- 
tic model polarization is usually much larger than 0.2%. 

4. DEMONSTRATION RESULTS 

This section presents some demonstration results of syn- 
thetic spectrum calculations and compares the behaviors of 
spectra calculated with the two aspherical models. The 
homologous density distribution was chosen to scale with an 
inverse power law of the radius for the spherical and heuristic 
models and with an inverse power law of the g parameter (see 
§ 3.3) for the realistic model. The index of the inverse power 
law is denoted by n. Given an inverse power law scaling func- 
tion, equation (4) for the Sobolev optical depth of a pseudoline 
can be rewritten as 

,r) = ^ c Tph(conXw - l)/rDh / 
V \dv/ds\ \ r J 

and using equation (7), an analytic solution for rcore 
be 

(18) 

is found to 

''core = rph{[Icore(COn)Aph(COn)][1 - (rpJR)n '] 

+ (rph//?)"-1}-1'<"-1>. (19) 

The first demonstration calculation was done to verify the 
DCO approximation in a particularly extreme case of the 
spherically symmetric model. The index of the inverse power 
law was chosen to be 104, and the continuum optical depth to 

the core was set to 5. The ratio of the core radius to the outer 
cutoff radius of the atmosphere was 0.9999254. The density of 
pseudolines was chosen sufficiently high to eliminate all appar- 
ent finite wavelength increment behavior. The atmosphere 
approximated by this spherically symmetric model case is a 
semi-infinite plane-parallel electron scattering atmosphere. 
The specific intensity emergent from the atmosphere divided 
by the astrophysical flux (the conventional physical flux 
divided by n) and the polarization of this specific intensity are 
plotted as functions of // (the cosine of the angle between the 
normal to the atmosphere surface and the emergent specific 
intensity beam direction) in Figure 3. Also plotted in Figure 3 
are the exact results for the semi-infinite plane-parallel electron 
scattering atmosphere given by Chandrasekhar (1960, p. 248). 
The agreement between the DCO approximation results and 
the exact results is satisfyingly close. 

The semi-infinite plane-parallel scattering atmosphere is 
actually not a strongly polarizing atmosphere. In general, the 
more extended a scattering atmosphere (i.e., the larger the 
spatial width of the atmosphere is relative to the characteristic 
length scale of the whole radiating body), the greater is the 
atmosphere’s polarizing power. The simplest way to see this is 
to consider the radiation field convergent on a scatterer on an 
atmosphere’s surface. In a plane-parallel case all the beams 
convergent on this scatterer originate infinitely far away in the 
atmosphere. In the extended-atmosphere case, some of the 

Fig. 3.—Exact and DCO approximation results for the emergent specific 
intensity and its polarization for the semi-infinite plane-parallel electron scat- 
tering atmosphere. F is the astrophysical flux (the conventional physical flux 
divided by tc), and n is the cosine of the angle between the normal to the 
atmosphere surface and the direction of the emergent specific intensity beam. 
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convergent beams can start no farther away than the outer 
edge of the atmosphere. (Note that beams originating in the 
thermalization layer are considered to have started infinitely 
far away in this argument.) One would expect there to be a 
tendency for the convergent radiation field in a less extended 
atmosphere to be more isotropic than in a more extended 
atmosphere. The more isotropic the incoming radiation field is, 
the more polarization cancellation there is in the outgoing 
scattered radiation field. This effect of extension is confirmed 
by comparison of the Chandrasekhar plane-parallel electron 
scattering atmosphere results to the results of Cassinelli & 
Hummer (1971) for extended spherically symmetric electron 
scattering atmospheres. For example, in the Cassinelli & 
Hummer results, the extreme limb polarization goes to 100%, 
not 11.7% as in the Chandrasekhar results. The extension of a 
non-plane-parallel atmosphere clearly increases as the density 
distribution is made to decrease less steeply with radius. 

The remaining demonstration results were calculated to 
investigate the behavior of the line and continuum polarization 
of the flux emergent from the realistic and heuristic models. 
The model parameters for the calculations are given in Table 1. 
The line that was chosen for this investigation is the Ha line, 
which has an E1 coefficient of 0.346. The photospheric Sobolev 
optical depth of this line was set to 300 in all cases; this value is 
typical of values of the Ha line photospheric optical depths 
that were found satisfactory by JB for fitting the observed SN 
1987A Ha P Cygni line trough. As noted in § 3.1, the Ha line 
profiles in SN II flux spectra typically show net emission, and 
thus the real SN II Ha line is not well approximated as a pure 
resonance scattering line. This being the case, the Ha line in the 
demonstration calculations can be regarded simply as a repre- 
sentative strong pure resonance scattering line with a relatively 
large intrinsic polarizing effect. 

The inclination angle was set to 90° for all the realistic model 
calculations. If the inclination angle of the realistic model were 
chosen to be oblique, then a redshift of the maximum of the 
flux emission feature from the line-center wavelength would 
occur (see SPM I, Figs. 4.8a and 4.13a, and JB, Fig. 9). Such a 
redshift would probably be the most noticeable effect of an 
oblate or prolate asymmetry on a flux spectrum. Non-Sobolev 
effects can cause redshifts in spectra from spherically sym- 
metric atmospheres (see, e.g., Hamann 1981). However, these 
non-Sobolev redshifts are due to the characteristic random 
velocity vra. If vra is due purely to thermal motions, then it can 
only be of order 10 km s-1, since supernova temperatures are 
of order 104 K. Redshifts corresponding to much higher veloc- 

ities may indicate asymmetry or random motions with much 
higher than thermal velocities. There is another redshifting 
effect that can operate in the nebular phase of a supernova: 
redshifts due to electron scattering of line-emitted photons. 
This latter effect probably occurred in SN 1987A (see the dis- 
cussion in § 6.1). 

The logarithmic flux spectra are displayed in the figures for 
the aspherical models. Using the logarithmic flux spectra is 
convenient for checking for flux spectrum convergence when 
using the DCO approximation, since, as discussed in § 2, con- 
vergence is obtained when the flux spectrum stops changing 
except for an overall scale factor. Instead of showing polariza- 
tion in the figures, the fractional Q parameter is shown. The 
fractional Q and U parameters are the conventional Stokes Q 
and U parameters divided by the total flux and multiplied by 
100%. Since the models used for the calculation are axisym- 
metric, the fractional U parameter is everywhere zero when the 
/ and r-axes are chosen to align with the polar and equatorial 
axes of the model; this choice of axes is made throughout this 
section. The absolute value of the fractional Q parameter is the 
polarization; positive fractional Q parameter means that the 
polarization is aligned with the polar axis, and negative frac- 
tional Q parameter means that the polarization is aligned with 
the equatorial axis. The fractional Q parameter scale in the 
figures was made to increase downward, since this seemed to 
give a nicer presentation. 

The flux and fractional Q-parameter profiles displayed in 
Figure 4 were calculated without continuous opacity. (The 
photospheric radius is defined to be the same as the core radius 
when there is no continuous opacity.) Thus, the polarization is 
entirely due to the intrinsic line polarizing effect. The line 
opacity was scaled with an inverse power law with index 12; 
this index is rather large, and so this case has a geometrically 
thin atmosphere. The c/a parameter was set to 0.8 for both the 
realistic and heuristic models. This choice gives an oblate 
asymmetry. For the heuristic model there is, of course, neither 
real oblateness or prolateness; there is only an elliptical projec- 
tion asymmetry such that c/a = 0.8 gives results identical to 
those given by c/a = 1.25, except for a shift of 90° in the posi- 
tion angle of polarization (see eqs. [14] and [15]). The flux 
spectra of the realistic and heuristic models are in very close 
agreement. The heuristic model flux spectrum is, of course, 
exactly a spherically symmetric model flux spectrum. The close 
agreement of the two flux spectra shows that even large shape 
asymmetry is probably hard to detect from an examination of 
a flux spectrum, unless there are significant redshifts of the 

TABLE 1 
Parameters of the Aspherical Model Demonstration Calculations 

vph Number of 
Figure n (kms-1) rcore R Tcore(con) Xph Pseudolines Model 

4   12.0 15000 1.000 2.5 0.0 ... 0 Re 
4   12.0 15000 1.000 2.5 0.0 ... 0 He 
5   12.0 15000 0.905 2.5 3.0 0.15 70 Re 
5   12.0 15000 0.905 2.5 3.0 0.05 206 He 
6   4.5 4000 0.732 3.5 3.0 0.3 60 Re 
6   4.5 4000 0.732 3.5 3.0 0.15 95 He 

Note.—The abbreviations Re and He stand for realistic model and heuristic model, respectively. For the 
demonstration calculations c/a = 0.8, rph = 1, Tph(con) = 1 (for those cases with continuous opacity), the 
photospheric Ha Sobolev optical depth iph(Ha) is equal to 300, F^Ha) = 0.346, the continuum radiation 
field emergent from the core is wavelength-independent, and the inclination angle for all the realistic model 
calculations was set to 90°. For the realistic model cases, vph, rcore, R, and Tcore(con) are all equatorial 
quantities. 
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Fig. 4.—Flux and fractional Q-parameter line profiles calculated for the 
heuristic and realistic models. No continuous opacity was included in the 
calculations for these profiles. The n parameter is the index of the inverse 
power law that was used as the scaling function for the opacities. 

maxima of the flux emission features that can be attributed to 
shape asymmetry and an oblique inclination angle. This con- 
clusion is confirmed by the results presented below in this 
section and in SPMI and SPMII. 

The behaviors of the fractional ß-parameter profiles for the 
realistic and heuristic models in Figure 4 are quite distinct. The 
realistic model fractional Q parameter shows changes in sign, 
which, of course, means that the realistic model polarization 
shows shifts of 90° in position angle. The positive Q flux comes 
from scattering from the front and rear of the atmosphere. 
(“Front” and “rear” in this paper mean those atmosphere 
regions roughly nearer and farther, respectively, from the 
observer than the photosphere.) The positive ß-flux polariza- 
tion is, of course, aligned with the short axis of the projection 
of the model. The explanation of the 90° position-angle shift 
between limb- and front-scattered flux is given in the dis- 
cussion in § 3.2. The 90° position-angle shift between the limb- 
and rear-scattered flux has essentially the same explanation. 
The heuristic model polarization should not, of course, show 
any position-angle shifts and is expected to align with the long 
axis of the model (see § 3.2). The behavior of the heuristic 
model fractional ß parameter is consistent with these expecta- 
tions. 

The size of the polarization features of both models is easily 
understood. There is a relatively large amount of polarized flux 
scattered from the limbs of the atmospheres; this flux gives rise 
to the polarization near the line-center wavelength. There is 
less polarized flux scattered from the front and rear. However, 
the front-scattered flux is less diluted by unscattered, unpo- 
larized photospheric flux due to the scattering out of the line of 

sight of this photospheric flux. Thus, there are polarization 
maxima at wavelengths near the minima of the flux spectra. At 
wavelengths near and redward of the line-center wavelength, 
most or all of the observer-directed photospheric flux never 
intersects a CD velocity surface and so escapes the atmosphere 
without being scattered. Thus, the limb- and rear-scattered 
fluxes are more highly diluted than the front-scattered flux. 
The size scales of the polarizations for the realistic and heuris- 
tic models do not agree. Since the models are quite distinct, this 
is not a surprising result. It should be remarked that the 
numerical accuracy of the realistic model calculation in his 
case is of order 0.01% in polarization. A much better numerical 
accuracy than 0.2% could be achieved in this case because only 
a single line was included in the calculation. 

Figure 5 displays the results of calculations that are identical 
to the calculations done for Figure 4, except that electron 
opacity has been included and, consequently, the core radii of 
the models are smaller. The core continuum optical depth for 
both models was set to 3. The small regular oscillations seen in 
the realistic model flux and fractional ß-parameter spectra are 
a consequence of the finite wavelength increment between the 
pseudolines. The density of pseudolines in the heuristic model 
calculation was 3 times that in the realistic model calculation, 
and thus the oscillations are unnoticeable in the heuristic 
model spectra. The flux spectra from the two models are again 
very similar. There is an overall scale difference, but this is just 
a consequence of the different density of pseudolines used (see 
§ 2). The fractional ß-parameter spectra (essentially the polar- 
ization spectra) of the two models are qualitatively similar, in 
contrast to the case without continuous opacity. This simi- 

Fig. 5.—Flux and fractional Ô-Parameter üne profiles calculated for the 
heuristic and realistic models with continuous (electron-scattering) opacity 
included in the calculations. 
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; larity is a consequence of the fact that the geometry of the two 

^ models and the radiative transfer of the limb flux (see below) is 
§ such that the polarization behavior of this limb flux is much 
S the same in both models. As Figure 4 demonstrates, the difler- 
2 ent geometry of the two models leads to different polarization 

behaviors for flux scattered from the front and rear of the two 
models. However, when electron-scattering opacity is present, 
limb flux can appear at all wavelengths. The quantity of limb 
flux is sufficient that the overall polarization behavior seen in 
Figure 5 is dominated by the limb flux. 

The formation of the polarization spectra in Figure 5 is 
easily understood. Far from the line-center wavelength there is 
effectively no line opacity, and a continuum polarization 
appears due to electron-scattered flux mostly from the limb. 
Near the line-center wavelength, the line scatters into the line 
of sight photons that would never have been scattered into the 
line of sight without the line and photons that have previously 
been scattered into the line of sight by electron scattering. 
Although the line is intrinsically polarizing, its polarizing effect 
is much less than that of electron scattering. Thus, both sets of 
photons that the line scatters into the line of sight from the 
limb lead to a decrease in polarization near the line-center 
wavelength relative to the continuum polarization level. In 
front of the photosphere, the line scattering, as discussed 
above, reduces the diluting effect of the unpolarized photo- 
spheric flux by scattering it out of the line of sight. With this 
diluting effect reduced, the polarization chiefly due to the flux 
scattered from the limbs by the electrons is enhanced, and thus 
a polarization maximum associated with the line-flux profile 
trough is formed. 

Figure 6 shows realistic and heuristic model results of calcu- 

Fig. 6.—Same as Fig. 5, but for a different set of model parameters (see 
Table 1). 

lations with electron opacity and an inverse power law index of 
4.5. Again, the core continuum optical depth for both models 
was set to 3. The small oscillations seen in the realistic model 
spectra are again due to the finite wavelength increment used 
for the pseudolines. For an atmosphere with an index 4.5 and 
with a line of photospheric Sobolev optical depth 300, an outer 
cutoff radius of 3.5 is not effectively an infinite radius. This 
explains the rather steep blue edges of both the flux and polar- 
ization line trough features. The flux and fractional ß- 
parameter spectra of Figure 6 can be given essentially the same 
explanation as those of Figure 5. However, since an atmo- 
sphere with an index of 4.5 is more extended than one with an 
index of 12, one expects generally higher polarizations from the 
Figure 6 models than from the Figure 5 models. The generally 
higher polarization given by the Figure 6 heuristic model and 
the higher polarization maximum given by the Figure 6 realis- 
tic model are consistent with this expectation. However, the 
continuum polarization of the Figure 6 realistic model is not 
significantly higher than the continuum polarization of the 
Figure 5 realistic model. The reason for this is probably just 
the numerical uncertainty of the realistic model calculations; 
from § 3.3 recall that this uncertainty is ~0.2%. Also on 
account of the numerical uncertainty, it is not known whether 
the positive regions in the Figure 6 realistic model fractional 
Q-parameter spectrum are significant. 

If a core continuum optical depth of 10 had been used for the 
heuristic model calculations for Figures 5 and 6, changes of 
order 0.2% would occur in the fractional ß-parameter spectra. 
If the intrinsic line polarizing effect had been turned off in the 
calculations for Figures 5 and 6, the effect on the polarization 
spectra is about what one would expect from a comparison of 
these figures with Figure 4: in the heuristic model polarization 
spectra, the polarization in the line region would decrease by 
an amount of order 0.1%-0.2% in the central region of the line 
profile, and there would be a declining decrease as one moved 
away from the central region; in the realistic model polariza- 
tion spectra, the polarization associated with the line trough 
would be enhanced and the polarization near the line-center 
wavelength would be decreased by amounts of order 0.1% (see, 
e.g., SPM II, Figs. 9 and 10). The conclusion drawn is that the 
intrinsic line polarizing effect is not quantitatively insignificant, 
but that it will be of secondary importance for almost all lines 
during the photospheric phase whenever a realistic electron 
scattering opacity distribution is included in the atmosphere. 
This conclusion is confirmed by all the numerical experiments 
that have been done with Tcore(con) > 1. The conclusion is 
welcome because, as discussed in § 2, the Sobolev-P method 
can only be expected to treat the intrinsic line polarizing effect 
qualitatively, and it is not clear a priori that the intrinsic line 
polarizing effect is operative to any significant degree in super- 
nova atmospheres. 

An unwelcome conclusion drawn from the analysis of the 
demonstration results is that the explanation for the basic 
shape of fractional ß profiles shown in Figures 5 and 6 is not 
strongly dependent on the nature of the asymmetry of the 
models. Therefore, polarization behavior associated with a P 
Cygni line profile can be expected to have a characteristic 
profile (polarization minimum associated with the flux emis- 
sion feature and polarization maximum associated with the 
flux trough feature) for a broad range of possible asymmetries. 
The mere observation of this characteristic polarization profile 
will not by itself give much information about the nature of the 
observed supernova’s asymmetry. For example, the character- 
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istic polarization profile will not show whether the supernova 
is axisymmetric or not. The position-angle spectrum may yield 
more immediate information about the nature of the asym- 
metry. If the position angle is constant with wavelength except 
for shifts of 90°, this would be consistent with an axisymmetric 
asymmetry. It should be noted, however, that constancy of 
position angle does not in itself prove axisymmetry. The posi- 
tion angle would stay constant without axisymmetry if all the 
polarized fluxes contributed by different regions of the atmo- 
sphere and individually fixed position angles and a constant 
ratio with wavelength. Such a constant ratio would be hard to 
arrange with an opacity that was strongly wavelength- 
dependent. However, with wavelength-independent electron 
scattering a constant ratio is easier to imagine. Line scattering 
opacity, because of its wavelength dependence, could clearly 
lead to wavelength variation in the position angle in non- 
axisymmetric cases by varying the relative amounts of polar- 
ized flux contributed from different regions as wavelength 
varied. Thus, if the position angle observed for a supernova 
was constant (except for 90° shifts) for the line polarization 
profiles as well as for the continuum polarization, there would 
be a strong case for an axisymmetric asymmetry. 

Further demonstration results can be found in SPM I and 
SPM II. In SPM I (p. 110), a catalog of oblate and prolate 
realistic model spectra calculated without continuous opacity 
is given. In SPM II, realistic model spectra calculated both 
without and with continuous opacity are reported. Also 
reported in SPM II are results that give further verification 
that the DCO approximation can be made quantitatively accu- 
rate. 

5. THE INTERSTELLAR POLARIZATION CORRECTION AND OTHER 
CORRECTIONS FOR THE SN 1987A DATA 

A priori, a significant interstellar polarization (ISP) in the 
direction SN 1987A must be expected. Galactic foreground 
ISP for the region where SN 1987A is located has been found 
by Schmidt (1976) to be 0.40% ± 0.13% at position angle 20°. 
In the LMC most of the significantly polarized stars with 
polarization due to LMC ISP lie in the 30 Doradus region, 
where SN 1987A is located; the polarization of these stars due 
to LMC ISP ranges at least as high as 4% (Clayton, Martin, & 
Thompson 1983, hereafter CMT). Stars within ~15' of SN 
1987A have LMC ISP of order 1% (Cropper et al. 1988). To 
obtain intrinsic polarization, the ISP must be “ subtracted ” off*. 
The actual correction procedure requires that the ISP fraction- 
al Q and U parameters be subtracted from the observed frac- 
tional Q and U parameters in order to obtain intrinsic 
fractional Q and U parameters (see, e.g., Martin 1974). The 
intrinsic polarization and position angle are then obtained 
using the fractional Q and U parameters and, mutatis mutandis, 
equations (2) and (3). Since the observed SN 1987A broad- 
band polarization is of order 1% or less (e.g., Barrett 1988) and 
significant line polarization features in the observed SN 1987A 
spectropolarimetric data range from ~0.1% to ~3% (Cropper 
et al. 1988), it is clear that the observed polarization behavior 
will be a greatly distorted version of the intrinsic polarization 
behavior unless the SN 1987A ISP is unexpectedly small. A 
particularly unwelcome effect is that bumps (dips) in the intrin- 
sic polarization spectra can give rise to dips (bumps) in the 
observed polarization spectra. Clearly, analyses of the SN 
1987A polarimetry that are better than very qualitative require 
fairly accurate knowledge of the SN 1987A ISP. 

Méndez (1990), in a private communication, describes 
broad-band polarimetry of SN 1987A taken at the La Plata 

Observatory during the period of late 1988 and earlier 1989. 
These observations show a polarization spectrum that is con- 
sistent with a Serkowski law spectrum for interstellar polariza- 
tion and that is unvarying over a 6 month period. The 
Serkowski empirical ISP law is given by 

P = Pmaxexpl-K\n2ßmjm (20) 
(see, e.g., Serkowski 1973). For the La Plata SN 1987A polar 
ization spectrum, Méndez reports that Pmax ~ 1.05%, Amax ~ 
5400 A, K ~ 1.1, and the position angle is ~34°. The reported 
value of /lmax is consistent with the ranges of 4500-5500 Á and 
5100-6500 Â reported by CMT for the foreground Galactic 
ISP and the LMC ISP, respectively. The reported K and ylmax 
values are not quite consistent with the empirically determined 
Galactic relation 

K = (1.86 ± 0.09)Amax - (0.10 ± 0.05) (21) 

(Wilking, Lebofsky, & Rieke 1982), where /lmax is measured in 
microns. This relation may, of course, need to be modified for 
the LMC. The constant position angle of the La Plata SN 
1987A polarization spectrum is consistent with what one 
expects for an ISP spectrum (e.g., CMT). Both the shape of the 
reported La Plata SN 1987A polarization spectrum and its 
time independence argue for the hypothesis that this spectrum 
is due entirely to ISP. That the intrinsic SN 1987A polarization 
would have vanished by about day 650 (approximately the 
epoch of the La Plata observations) should not be unexpected. 
Sometime of order day 300, the electron opacity optical depth 
to the center of the ejecta should have fallen to less than 1 (see, 
e.g., Axelrod 1988; see also the discussion in § 6.1), and the 
supernova will have entered the nebular phase (see § 3.1). 
Therefore, by about day 650, it is plausible that the electron 
opacity optical depth through the ejecta has fallen to much less 
than 1. With such a low electron opacity optical depth, little 
flux will be scattered by electrons and the electron polarizing 
effect will vanish. The line profiles by day 650 are almost pure 
emission profiles (see, e.g., Phillips et al. 1990, Fig. 6). Thus, 
most of the line photons that emerge from line resonance 
regions will have originated in those resonance regions and 
will escape the ejecta without scattering again; the energy for 
the line photons is probably mostly due to the decay of radio- 
active matter in the ejecta (e.g., Axelrod 1988). Some of these 
line photons may be scattered and polarized by the line itself in 
their resonance region of origin. However, the resonance 
regions are probably small enough to be quite homogeneous 
and isotropic, and thus the net flux emergent from them should 
be unpolarized. Therefore, even if the intrinsic line polarizing 
effect is operative on about day 650, it will probably not con- 
tribute to the polarization of the net supernova flux. The 
strength of all these arguments makes it probable that the La 
Plata SN 1987A polarization spectrum is in fact the SN 1987A 
ISP, and therefore this spectrum (in a Serkowski law param- 
eterized form) has been adopted for correcting the SN 1987A 
polarimetric data displayed in § 6.2. Figure 7 displays the 
wavelength variation of the adopted ISP and of its fractional Q 
and U parameters. 

It should be remarked that any contamination of the La 
Plata observations of SN 1987A by light from other field stars, 
especially stars 2 and 3, would not alter the argument that the 
La Plata spectrum is the SN 1987A ISP provided that all the 
light sources were unpolarized and the ISP was constant over 
the field of observation. (Stars 2 and 3 are within 3" of SN 
1987A; e.g., White & Malin 1987.) 

In addition to correcting for the ISP, the polarimetry dis- 
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Fig. 7.—Wavelength variation of the adopted SN 1987A interstellar polarization and interstellar fractional Q and U parameters 

played in § 6.2 is also corrected for the redshift due to the 
radial velocity of SN 1987A with respect to the Sun. The value 
of the radial velocity used is 286 km s-1, which has been 
determined by Wampler & Richichi (1989) from circumstellar 
lines. The displayed flux spectra are also corrected for the red- 
shift due to the radial velocity. Additionally, the flux spectra 
are corrected for interstellar reddening using the E(B — V) 
value 0.17 reported for the field of SN 1987A by Walker & 
Suntzeff (1990) and the interstellar reddening law given by 
Code et al. (1976). The highest flux on every figure is normal- 
ized to 1. 

6. OBSERVATIONS, SYNTHETIC SPECTRA, AND 
THE ASYMMETRY OF SN 1987A 

6.1. Summary of the Evolution of the SN 1987A Polarization 
Although this paper is primarily concerned not with the 

evolution of the SN 1987A polarization but rather with the 
synthetic-spectrum analysis of some of the continuum and line 
polarization data, it is useful to summarize this evolution and 
give an interpretation in order to help establish the context of 
the analysis. From the remarks made in § 5, it is clear that the 
summary will be very dependent on the ISP correction 
adopted. The corrected data referred to here are presented in a 
catalog of SN 1987A corrected polarimetry given by Jeffery 
(1991). This catalog uses the same ISP and radial velocity cor- 
rections adopted in this paper and covers the period from day 
2 through day 262. The catalog includes broad-band data 
(taken from Cropper et al. 1987; Rao et al. 1987; Schwarz 
1987b, c; Bailey, Ogura, & Sato 1987; Magalhaes & Velloso 
1987; Barrett 1988; Clocchiatti & Marracó 1988; Bailey 1988; 
Méndez et al. 1988), narrow-band data (taken from Schwarz 
1987b, c), and spectropolarimetry (reported by Cropper et al. 
1988). The three L-band observations given by Benvenuto et 
al. (1987) are omitted from consideration; these observations 
taken at the La Plata Observatory were not included in the 

collection of La Plata broad-band observations reported by 
Méndez et al. (1988), and two of these i/-band data are quite 
inconsistent, by being too large in uncorrected form, with other 
(/-band observations taken from near the same epochs (see, 
e.g., Barrett 1988, Table 1A). 

The broad-band UBVRI polarizations are in the range 
0.1%-0.4% on day 2. Subsequently, there is a general trend 
upward until about days 30-40, when the polarizations in all 
five bands are of order 0.5%. From about day 40 to day 80, the 
U and V polarizations tend downward and finish by being of 
order 0.1%-0.4% ; the B and RI polarizations in this period do 
not show a clear upward or downward trend. After day 80, the 
broad-band polarimetry of which the author is aware becomes 
much less abundant. The sparse broad-band data can be sup- 
plemented with broad-band polarizations estimated from the 
continuum polarization levels of the spectropolarimetry taken 
in the days 100-135 epoch. However, even with this extra infor- 
mation, no clear trends can be identified. What can be said is 
the observations are consistent with all UBVRI polarizations 
being roughly of order 0.5% or higher in the days 80-262 
epoch. All the UBVRI bands exhibit isolated data points of 
order 1% or higher; the highest broad-band polarization is 
~1.5% in the V band on day 144. On day 262, the UBVRI 
polarizations were about 0.6%, 0.2%, 0.5%, 1%, and 0.7%, 
respectively. 

There are sets of JHK data for days 2,26, and 262. The JHK 
polarizations for days 2 and 26 agree roughly with the UBVRI 
polarizations from the same epochs. The day 262 JHK polar- 
izations are about 1.2%, 1.6%, and 1.7%, respectively. The sole 
published L polarization, also for day 262, is about 1.6%. 

The position-angle behavior of the broad-band polariza- 
tions is rather consistent. About 80% of the position angles lie 
in the 100°-130° range. (Position angle is measured clockwise 
from north.) Only in the U band are as many as about 40% of 
the points outside this range. Only about 5% of the data points 
differ from the 100o-130° range by more than about 20°. The 
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continuum polarization position angles from the spectropo- 
larimetry are consistent with the 100o-130° range in 11 out of 
14 cases. There is no epoch when the broad-band and contin- 
uum position angles do not seem to favor the 100o-130° range. 

The catalog spectropolarimetry and narrow-band polari- 
metry span the days 4-162 epoch. Of order 20 line polarization 
profiles seen in these data conform to the characteristic polar- 
ization profile identified in § 4. Some line polarization profiles 
clearly do not conform to the characteristic profile, and in 
other cases line blending makes classification difficult. On the 
whole, the observations confirm the explanation of line polar- 
ization profile formation outlined in § 4. The line position- 
angle profiles often showed shifts from the continuum position 
angle. These shifts ranged from 0° to 90° without any obvious 
favored value. 

There are spectropolarimetric observations for days 315 and 
350 reported by Bailey (1988, hereafter B88). These observa- 
tions were not available for the catalog. The continuum polar- 
ization and position angle of B88’s data would be roughly of 
order 0.5%-l% and 110°, respectively, if they were corrected 
using the La Plata ISP. The ISP estimate B88 adopts is suffi- 
ciently similar to the La Plata ISP that his ISP-corrected 
polarization spectrum for day 350 (his Fig. 6) is probably very 
similar to what would have been obtained if the La Plata ISP 
had been used for the correction, except for an overall additive 
constant. The polarization behavior associated with the line 
flux profiles in this spectrum is rather different from the charac- 
teristic polarization profile. This is perhaps to be expected; the 
characteristic polarization profile was associated with P Cygni 
flux profiles; the line flux profiles associated with the polariza- 
tion profiles in B88’s spectrum are emission-line profiles. (The 
days 315-350 epoch is in a postphotospheric phase, but it is 
not likely to be in the full nebular phase [see below].) In B88’s 
polarization spectrum there are polarization minima associ- 
ated with the center of the flux emission features and polariza- 
tion maxima associated with the red wings of the flux emission 
features. B88’s plot of polarized intensity (his Fig. 7) for day 
350 shows polarized intensity bumps associated with the line 
flux emission features. These bumps are broader and some- 
what redshifted from the line flux emission features. Clearly, 
the polarization minima associated with the center of the line 
flux emission features are not due to lack of polarized flux 
relative to the continuum amount of polarized flux, but rather 
are due to a large dilution by unpolarized line emission flux. 
The line position-angle profiles show shifts from the contin- 
uum position angle of only about 20° or less. 

An interpretation of the intrinsic SN 1987A polarization 
evolution is as follows. Up until at least day 200, NLTE calcu- 
lations (Höflich 1988) suggest that the electron opacity optical 
depth through the ejecta is much greater than 1; from the 
discussion given in § 4, it then follows that the polarization in 
this period is mainly due to electron scattering. An argument 
given below suggests that electron scattering is still the domi- 
nant source of polarization at and after day 350. Therefore, the 
polarization at all times is probably due mainly to electron 
scattering; the intrinsic line polarizing effect is probably only of 
secondary importance at most. In the first few days polariza- 
tion is relatively low. However, this does not necessarily mean 
that the outer ejecta is relatively less asymmetric than the inner 
ejecta. The outer density gradient of the ejecta is expected to be 
rather steep; the JB homologous density distribution in the 
outer ejecta can be approximated by an inverse power law with 
index of order 12-13. The steep gradient causes the atmosphere 

to be rather like a plane-parallel atmosphere and therefore to 
have relatively low polarizing power (see § 4). Shapiro & 
Sutherland (1982) calculated continuum polarization for 
axisymmetric ellipsoidal atmospheres that emitted at each 
surface point like Chandrasekhar’s plane-parallel electron 
scattering atmosphere (see § 4). From their results and the 
early broad-band polarimetry one would estimate that SN 
1987A had a length-width difference of order 20%. After the 
first few days the supernova photosphere receded into ejecta 
where the density gradient was shallower. Thus, the atmo- 
sphere became more extended and its polarizing power 
increased. This explains the increase in polarization up until 
about day 40. After day 40, there appears to be no immediate 
simple explanation for the course of the polarization evolution. 
The relatively high polarizations (i.e., ~1 or higher) that 
appeared in some bands after about day 100 may be due to a 
further decrease in density gradient near the photosphere that 
may have occurred about day 100 (see JB, Figs. 16 and 18a). 
This interpretation does not explain why other band polariza- 
tions from the post-day 100 epoch were much lower (i.e., ~0.5 
or lower). 

The behavior of the position-angle data shows that SN 
1987A had a special axis throughout at least the first 350 days 
at of order 115°. The existence of this special axis is consistent 
with the hypothesis that SN 1987A had an axisymmetric com- 
ponent to its asymmetry. However, the fact that there was 
some variation in the broad-band position angles and strong 
variation in the line position-angle profiles shows that the 
asymmetry cannot be purely axisymmetric. The variation of 
the line position-angle profiles is discussed further in § 6.2. 

After day 350, the author is not aware of any further polari- 
metric observations except for yet unpublished La Plata obser- 
vations discussed by Méndez (1990). In the time between day 
350 and day 550 there is, however, indirect evidence of signifi- 
cant electron scattering, and thus evidence that the full nebular 
phase had not yet begun. Many, but not all, prominent 
emission-line features in this period had redshifts from their 
line-center wavelengths in the local SN 1987A frame (see, e.g., 
Witteborn et al. 1989; Phillips et al. 1990). In the period from 
about day 550 to day 600, the redshifts changed to blueshifts at 
least in the optical, and some lines that had no redshifts devel- 
oped blueshifts also. The redshifts can be explained by electron 
scattering of line-emitted flux (e.g., B88; Witteborn et al. 1989). 
Line photons scattered into the line of sight by electrons that 
are moving away from the point of photon emission will 
exhibit a redshift. Therefore, in addition to the direct line emis- 
sion flux, there could be an electron-scattered, polarized, red- 
shifted line emission flux. B88’s polarization data for day 350 
(see above) strongly support this explanation, since they show 
that some line-emitted flux was polarized and that the po- 
larized intensity profiles for the lines were somewhat redshifted 
from their line flux profiles. The polarization is almost certain- 
ly due to electron scattering, since the flux line profiles in B88’s 
flux spectrum for day 350 are almost pure emission-line pro- 
files and these should not give rise to line polarized flux (see the 
argument in § 5). As mentioned in § 5, significant scattering by 
electrons should disappear sometime of order day 300 (the 
beginning of the full nebular phase), and thus so should the 
redshifting effect. Therefore, the disappearance of the redshifts 
some hundreds of days after the explosion should have been 
expected. However, the subsequent blueshifts, which have been 
explained as due to the formation of dust in the ejecta (Lucy et 
al. 1989), show that a complicating effect is operating. Clearly, 
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TABLE 2 
Parameters of the Synthetic-Spectrum Calculations 

•’Ph , T 
Figure Day nel (km s x) (K) rcore R Tcore(con) Xvh c/a 

8   11-12 ... 5700 6030 0.56 oo 10 0.2 1.07 
9   12 ... 5400 5970 0.57 oo 10 0.2 1.05 
10-11   100 0 1460 5120 1.0 5 1 0.4 1.11 

Note.—The quantity nel is the index of the inverse power law describing the radial electron density 
distribution. For calculations for which nei is not specified, the radial electron density distribution was 
assumed to scale with the JB homologous density distribution (see § 3.1). When the outer cutoff radius R 
is specified to be infinity, all that is meant is that the actual calculational R is sufficiently large that 
making R larger has negligible effect on the synthetic spectra. 

one cannot be sure that significant electron scattering vanishes 
when the redshifts vanish. However, as discussed in § 5, the 
time independence of the polarization spectrum observed at 
the La Plata Observatory over the 6 month period around day 
650 suggests that significant intrinsic polarization and thus 
significant electron scattering had vanished by that time. 

6.2. Synthetic-Spectrum Analysis 
Using the heuristic model, synthetic flux and polarization 

spectra have been calculated to fit a small sample of the ISP- 
corrected narrow-band polarimetric and spectropolarimetric 
data taken during the photospheric epoch of SN 1987A. Some 
of the more important parameters for the synthetic spectrum 
calculations are displayed in Table 2. The procedure adopted 
for fitting the observations is as follows. A synthetic flux spec- 
trum was fitted to an observed flux spectrum by varying the 
photospheric optical depths; the optical depth values calcu- 
lated by JB were used as starting values. The scale of the 
synthetic flux spectrum was determined by requiring that the 
integrals over some appropriately chosen wavelength range of 
the synthetic and observed flux spectra be equal. The goodness 
of the fit was judged by eye. Having fitted the flux spectrum, 
the c/a parameter was adjusted in order to fit the continuum 
polarization level. For the calculations for Figures 8 and 9, the 
JB homologous density distribution was used for both the line 
and electron opacity, and the core continuum optical depth 
was set to 10 in order to simulate a deep scattering atmosphere. 
For the calculations for Figures 10 and 11, the JB homologous 
density distribution was used for the line opacity, a constant 
density distribution was used for the electrons, and the core 
continuum optical depth was set to 1. 

Shown in Figure 8 are narrow-band and broad-band polar- 
imetry reported by Schwarz (1987b) for days 11-12 (1987 
March 6-7 UT). In Schwarz’s paper, the data are given a 
slightly different ISP correction than the one used here. The 
central wavelengths and FWHMs of Schwarz’s narrow-band 
filters are given in Table 3. Each filter is labeled by a P Cygni 
line feature (e.g., Ha absorption) that at least in some epoch of 
the SN 1987A evolution is sampled by that filter. The uncer- 
tainty in Schwarz’s narrow-band fractional Q and U param- 
eters is taken to be 0.07% ; this is the value given by Schwarz & 
Mundt (1987) as a typical uncertainty in the earliest data 
reported by Schwarz (1987b). The vertical error bars of the 
ISP-corrected narrow-band data points are derived using the 
0.07% value and the usual first-order error propagation formu- 
lae. No uncertainty has been assigned to the La Plata ISP. The 
broad-band data are plotted in order to give some idea of the 
continuum polarization. The prescription adopted for plotting 
the broad-band data is as follows. The wavelength at the center 

of the FWHM region of a broad-band filter is defined in this 
paper as the central wavelength of that filter and is used as the 
wavelength coordinate for the broad-band data points for the 
filter. The horizontal error bars of the broad-band data points 
display the FWHM region. The broad-band filter character- 
istics (i.e., central wavelength and FWHM) were taken from 
Lamia (1982). Schwarz reports he used the Cousins UBVRI 
system filters. However, the Johnson filter characteristics were 
used here for the UBV bands, since the Cousins UBV filter 
characteristics were not readily available. The broad-band 
filter characteristics are shown in Table 3. The uncertainties in 
the broad-band data points are derived from the uncertainties 
given by Schwarz (1987a), with again no uncertainty assigned 
to the La Plata ISP. (Schwarz 1987a is the original report of 

Fig. 8.—ISP-corrected narrow-band and broad-band polarimetry 
(3800-7000 Â) for days 11-12 (1987 March 6-7 UT) from Schwarz (1987b), the 
flux spectrum for day 11.76 (1987 March 6.08 UT) from Phillips et al. (1988), 
and fitted synthetic flux and polarization spectra. 
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TABLE 3 
Characteristics of the Narrow-Band and Broad-Band Filters 

Filter 
Central Wavelength 

(Á) 
FWHM 

(À) 

Haemission  
Ha absorption ... 
Wß emission   
H/?absorption ... 
Hy emission   
Hyabsorption ... 
NaDemission ... 
Na D absorption 
U   
B   
V   
R  
/   

6565 
6251 
4867 
4697 
4340 
4188 
5897 
5757 
3500 
4350 
5500 
6550 
8100 

10 
33 
34 
10 
28 
33 
56 
20 

700 
950 
850 

1350 
1650 

Note.—The characteristics of the narrow-band filters were obtained 
from Schwarz 1987b. The broad-band filter characteristics are taken 
from Lamia 1982. The UBV characteristics are for filters from the 
Johnson system. The RI characteristics are for filters from the Cousins 
system. The central wavelength of a broad-band filter is defined in this 
paper to be the wavelength at the center of the FWHM region of the 
broad-band filter. 

the days 11-12 broad-band data. The data values in Schwarz 
1987a are not quite the same as in Schwarz 1987b; the data 
probably had not been given final reduction in Schwarz 1987a.) 
The observed flux spectrum shown in Figure 8a was reported 
by Phillips et al. (1988). 

The synthetic flux spectrum fit in Figure 8a is reasonably 
good. The observed Ha P Cygni line profile shows a net emis- 
sion that cannot, of course, be reproduced using pure reso- 
nance scattering. The blueshift exhibited by the observed Ha 
emission maximum from the Ha line-center wavelength is also 
an effect not obtainable from pure resonance scattering. The 
synthetic polarization spectrum fit in Figure 8b is not impres- 
sive. The line features are qualitatively but not quantitatively 
consistent with the data. It is particularly noticeable that the 
synthetic H/?, Hy, and Na D line trough features are too weak. 
These trough features could easily be made stronger by 
increasing the c/a value, but then the rough fit to the observed 
continuum polarization would be lost and the Ha observations 
would be fitted more poorly. The synthetic continuum polar- 
ization shows a reduction in going from the V band to the B 
band. This reduction is due to the effect of the overlapping 
lines ; the depolarizing effect of the emission regions of the line 
profiles dominates over the polarization increases associated 
with the line troughs. Why this overlapping line effect is not 
apparently operative in the formation of the observed polariza- 
tion spectrum is not clear. 

Two possibilities exist for achieving a consistent line and 
continuum fit: (1) using a realistic model would probably give 
higher trough polarization maxima relative to the continuum 
polarization level (see Figs. 5-6); (2) the electron density dis- 
tribution can be made more extended (i.e., less steep) than the 
homologous density distribution used to describe the line 
opacity. An investigation of the first possibility is deferred to 
future research. The second possibility increases the line trough 
polarization maxima by having more electron flux scattered 
farther out in the limb where the depolarizing effect of the line 
CD velocity surfaces is weaker. Making the electron density 
distribution more extended will also increase the continuum 
polarization. Whether the line trough polarization increases 

relative to the continuum polarization probably has to be 
determined separately for each case considered (see the dis- 
cussion of Figs. 10 and 11 below). 

Figure 8c shows the position angles for the polarization 
data. Here and in Figures 9-11, the freedom to add and sub- 
tract multiples of 180° from the position angles was used in 
order to try to minimize oscillations in the position-angle data. 
Since the position angle of polarization for the heuristic model 
must be a constant and this constant can be assigned to any 
value arbitrarily, there was no point in plotting a heuristic 
model synthetic position-angle spectrum in Figure 8c or in 
subsequent position-angle figures. The position-angle behavior 
seen in Figure 8c is typical for the photospheric epoch: i.e., an 
identifiable continuum position angle consistent with the 100°- 
130° range and rather sharp non-90° shifts in position angle 
across some of the line profiles (see § 6.1, Figs. 9-11, and Jeffery 
1991). 

Shown in Figures 9-11 are flux spectra and spectropolar- 
imetry reported by Cropper et al. (1988) for day 12 (1987 March 
7 UT) and day 100 (1987 June 3 UT). Cropper et al. report 
spectropolarimetry for seven other days in the photospheric 
epoch of SN 1987A. All the Cropper et al. spectropolarimetry 
corrected with the La Plata ISP is shown in Jeffery (1991). The 
polarization data displayed in Figures 9-11 are binned in 
wavelength in order to keep the statistical uncertainty in the 
polarization of order 0.1% or less. The systematic uncertainty 
due to the uncertainty in the adopted ISP can, of course, make 
the error in the displayed data larger than 0.1%. 

Fig. 9.—ISP-corrected spectropolarimetry and flux spectrum (5970-6820 
Â) for day 12 (1987 March 7 UT) from Cropper et al. (1988) and fitted synthetic 
flux and polarization spectra. The polarization data are binned in 10 Â wave- 
length intervals. The statistical uncertainty in the observed polarizations is of 
order 0.1%. 
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Fig. 10.—Same as Fig. 9, but for day 100 (1987 June 3 UT), with wave- 
length interval 6020-6840 Â and with polarization binning interval 5 À. 

net line emission which cannot be obtained from pure reso- 
nance scattering. In order to get the flux troughs of the strong 
lines (i.e., the Ha and Ca n triplet lines) as well fitted as they are, 
an outer cutoff radius had to be adopted that is well short of 
the known lower limit of the radius of the outermost SN 1987A 
ejecta. The need for an outer cutoff radius suggests that the 
excitation of strong lines falls off more steeply with radius than 
the JB homologous density distribution. The core continuum 
optical depth adopted for this calculation was only 1. A larger 
core continuum optical depth was not used simply for compu- 
tational economy; such a larger depth would have increased 
the continuum polarization for a given c/a value. In order to 
obtain the trough polarization maxima for the stronger lines, 
the electron density distribution had to be made more 
extended than the JB homologous density distribution. 
Without this more extended electron density distribution, the 
CD velocity surfaces of the strong lines were sufficiently strong 
over a sufficiently broad region that they reduced polarization 
at the line profile troughs below the continuum polarization, 
even though they also reduced unpolarized photospheric flux. 
Making the core continuum optical depth larger would not 
have given trough polarization maxima; it would have 
increased the electron-polarized flux from the limb, but this 
flux would still be scattered from too near the photosphere to 
escape depolarization in the CD velocity surfaces of the strong 
lines. In order to obtain the trough polarization maxima, sig- 
nificant limb scattering by electrons had to be put farther out 
in the atmosphere. For the displayed synthetic polarization 
spectra, this was done by making the electron density constant 
throughout the atmosphere. These synthetic polarization 

The remarks made about the synthetic flux spectrum fit in 
Figure 8a also apply to the synthetic flux spectrum fit in Figure 
9a. The synthetic polarization spectrum fit is reasonable for the 
continuum polarization and the polarization maximum. The 
polarization dip across the line flux emission that appears in 
the synthetic polarization spectrum, however, is not evident in 
the observed polarization spectrum; the reason for this dis- 
crepancy is not known. 

The polarization data for day 100 displayed in Figures 
10-11 show several interesting features. The continuum polar- 
ization is ~ 1%; only a few broad-band polarizations, notably 
the day 262 JHKL polarizations, are significantly higher than 
about 1%. The line trough polarization maximum of the Ca II 
triplet (2A8498, 8542, 8662) is ~4%. This is the highest polar- 
ization seen in the ISP-corrected polarization data by a factor 
of about 2. There is a very noticeable difference in the position- 
angle behavior of the Ha line and the Ca n triplet: the Ha 
trough position angle is strongly shifted from the continuum 
position angle; the position angle across most of the Ca n 
triplet profile appears to show a weaker shift in the opposite 
direction. The position-angle distinction between the Ha line 
and the Ca n triplet is evident in the uncorrected polarization 
data and was noted by Cropper et al. (1988). Besides the Ha 
line and the Ca n triplet polarization features, there are also 
line polarization features associated with the line profile identi- 
fied as Ba h A6142 and the line profile that probably results 
from a blend of Fe n lines with line-center wavelengths near 
6250 Â (see, e.g., Höflich 1988, Fig. 3; JB, Fig. 34a). 

The synthetic flux spectra calculated for Figures 10-11 are 
not in particularly good agreement with the observed Ha and 
Ca ii triplet line profiles. Both these observed line profiles show 

Fig. 11.—Same as Fig. 10, but with wavelength interval 8200-9045 Â and 
polarization binning interval 10 Ä. 
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spectra show rough qualitative agreement with the observa- 
tions. There are, however, considerable discrepancies, notably 
between the heights of the observed and synthetic Ca n triplet 
polarization maxima. 

The discrepancies between the observed and synthetic polar- 
ization spectra are at least in part owing to the poorness of the 
synthetic flux spectrum fit. However, to fit the high Ca n triplet 
polarization maximum probably requires more than simply 
deepening the primary Ca n triplet trough. It seems likely that 
some special excitation asymmetry is required for the Ca n 
triplet. The already noted distinction between the position- 
angle behavior of the Ha and Ca n triplet profile polarizations 
also suggests excitation asymmetries. It seems unlikely that 
this distinction can be entirely due to the formation of these 
line profiles in different spatial regions with different density 
asymmetries. The wavelength range of the Ha trough position 
angle that plateaus at about 170° corresponds roughly to a 
line-of-sight velocity range of 0-7500 km s-1. The wavelength 
range of the Ca n triplet profile position angle of about 110° 
corresponds roughly to a line-of-sight velocity range of about 
0-6000 km s-1 at least. One can see that the CD velocity 
surfaces that give rise to the Ha and Ca n triplet polarization 
features are spread over much the same region of ejecta. It 
seems unlikely that hydrogen and calcium could have distinct 
compositional asymmetries. Therefore, the distinctions in the 
position angles are probably due to distinct excitation asym- 
metries. The day 100 wavelength range of the Na D lines’ 
trough position angle that plateaus at about 150° (see Jeffery 
1991, Fig. 14) corresponds roughly to a line-of-sight velocity 
range of 0-6500 km s" ^ Since the Na D trough position-angle 
shift is different from the position-angle shifts associated with 
the Ha line or the Ca n triplet, the Na D trough position angle 
behavior supports the idea of excitation asymmetries. The 
position angle shifts across line profiles on other days are prob- 
ably also at least partially due to excitation asymmetries. 

The present analysis cannot say anything definitive about 
the nature or the size of the SN 1987A asymmetry. The c/a 
values required to fit the continuum polarizations are 1.07, 
1.05, and 1.11 (see Table 2). The 1.11 value is probably an 
overestimate because it was determined from a spectrum-fit 
calculation that did not use a deep scattering atmosphere. 
Since the heuristic model is not actually a very plausible model 
for the supernova, one would like to have a c/a value deter- 
mined from a realistic model fit. From Figures 5 and 6, one can 
see that to fit a continuum polarization of 0.2% with realistic 
models with inverse power law indices of order 4 or higher 
would require c/a ~ 0.8 for an oblate model calculation; 
numerical experiments suggest that one would need c/a ~ 1.2 
for a prolate model calculation. The continuum polarizations 
on days 11-12 were of order 0.3%. The photospheric density 
gradient of the ejecta at this epoch is possibly approximated by 
an inverse power law of index ~5 (see JB, Fig. 15). Thus, if the 
realistic model is valid for SN 1987A, a length-width difference 
of order 10% or more would be attributed to SN 1987A. 
Méndez et al. (1988) and Höflich et al. (1989), from analyses of 
the SN 1987A broad-band polarimetry using models similar to 
the realistic model, determined length-width difference ranges 
of 10%-20% and 5%-10%, respectively. These groups of 
authors used ISP corrections different from that used here and 
from each other. With these corrections the order of magnitude 
of the broad-band polarization is roughly the same as one 
obtains with the La Plata ISP correction, but the temporal 
evolution is different. The asymmetry estimates of Méndez et 

al. and Höflich et al. would probably not change greatly if they 
had used the ISP correction adopted here. Using still another 
different ISP correction and very simple models, Cropper et al. 
(1988) estimated length-width asymmetries in the range 
5%-30%. All these asymmetry estimates are consistent with 
the estimate of 20% length-width difference made in § 6.1. An 
early analysis of the SN 1987A days 11-12 narrow-band po- 
larimetry by Jeffery (1987) determined a length-width difference 
range of 20%-40%; this analysis has to be discounted, 
however, since electron polarizing scattering, which is now 
thought to be the dominant polarizing effect, was not included 
in the calculations. 

The above discussion makes it plausible that if SN 1987A 
exhibits a simple length-width shape asymmetry, then this 
asymmetry needs to be of order 10% or more. However, in the 
discussion of day 100 spectropolarimetry, it was concluded 
that excitation asymmetry was probably needed to explain the 
line polarization features. There is another piece of strong evi- 
dence that excitation asymmetry is present in SN 1987A. In a 
period starting at about day 20 and lasting until some time 
after day 111, satellite emission features appeared superposed 
on the ordinary emission features of several lines, most notably 
on the Ha line emission feature. These satellite emission fea- 
tures have been collectively called the Bochum event after the 
university, Ruhr-Universität Bochum, of some of the dis- 
coverers (see Cristiani et al. 1987; Hanuschik & Dachs 1987). 
The Bochum event is well described and discussed by Phillips 
& Heathcote (1989). The Bochum emission features were 
located at wavelengths that were blueward and/or redward 
from the line-center wavelength. In the case of the Ha line, 
both blue and red Bochum emission features were clearly 
present and were symmetrically displaced from the Ha line- 
center wavelength. To explain the Bochum event, Lucy (1988) 
suggested that there could be an equatorial band in the super- 
nova where there is an enhancement of the hard radiation from 
the radioactive 56Co that powers the supernova after a few tens 
of days after the explosion. This radioactive band may be due 
to an equatorial abundance enhancement of the 56Co. The 
radioactive band could give rise to the symmetric Bochum 
emission features and could give rise to an excitation asym- 
metry that would cause the observed polarization behavior. Of 
course, the band could not be purely axisymmetric, since the 
discussion above of position-angle behavior has ruled out pure 
axisymmetry. The hypotheses of a radioactive band asymmetry 
and of a simple shape asymmetry are not mutually exclusive. 

Another striking piece of evidence that can support either 
the radioactive band or the shape asymmetry hypotheses is 
provided by the speckle imaging reported by Karovska et al. 
(1988, 1989b). Karovska et al.’s images of SN 1987A taken 
from day 95 to day 411 showed that the supernova was elon- 
gated along the direction 20° ±5° measuring clockwise from 
north; the variation of the elongation direction with wave- 
length was less than 10°. This direction is, of course, shifted 
~90° from the special polarization axis of about 115° dis- 
cussed in § 6.1. The length-width difference of the speckle 
images is between 10% and 40% depending on the wavelength 
of observation. The southwest ends of the elongated images 
were somewhat brighter than the northeast ends. The speckle 
images grew in size at about 3000 km s~1 (Karovska et al. 
1989a, Fig. 8). Both the radioactive band and an elongated 
atmosphere may be able to explain the elongated speckle 
images. In the heuristic and realistic models, the position angle 
of polarization aligns with the long axis of the model. There- 
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fore, the fact that the special polarization axis is aligned 
roughly perpendicular to the long axis of the speckle images 
opposes a simple heuristic or realistic model interpretation of 
the SN 1987A asymmetry. It is, however, probably not difficult 
to construct a simple axisymmetric model which would yield a 
polarization position angle 90° shifted from the model’s elon- 
gation axis. The fact that there are two special SN 1987A axes 
that are separated by roughly 90° does suggest that SN 1987A 
has an axisymmetric component and therefore that axisym- 
metric models are partially viable. It remains to be seen 
whether simple axisymmetric radioactive band models can give 
explanations of both the special polarization axis and the elon- 
gated speckle images. 

6.3. Origin of the SN 1987A Asymmetry 
Although the origin of the SN 1987A asymmetry is not 

known, several possibilities can be considered. The first possi- 
bility is that the asymmetry is due to the clumping of ejecta 
material caused by turbulent mixing. The unexpectedly early 
appearance of X-rays and y-rays from SN 1987A (see, e.g., 
Sutherland 1990 and references therein) has an explanation in 
such turbulent mixing of the helium core ejecta and the hydro- 
gen envelope ejecta. This mixing transports radioactive 56Co 
into the outer supernova ejecta, where X-rays and y-rays from 
the 56Co decay can escape more freely than from the deep 
ejecta (e.g., Itoh et al. 1987). The cause of the mixing is very 
probably Rayleigh-Taylor instability during the supernova 
explosion (e.g., Benz & Thielemann 1990). Calculations of the 
Rayleigh-Taylor mixing (Nomoto et al. 1991) gives clumps that 
have a size scale that may be too small if the clumps are pro- 
duced in a roughly spherically symmetric array to account for 
the polarization, Bochum event, and speckle image observa- 
tions. Such a spherically symmetric array of small clumps 
would give the supernova an overall spherical symmetry. 

Rotation of the SN 1987A progenitor is a plausible source 
for large-scale axisymmetric asymmetry of the supernova 
ejecta. However, what region of the rotating progenitor could 
be the origin of the asymmetry and what the nature of that 
asymmetry would be are still open subjects of study. Chevalier 
& Soker (1989) find that rotation of the envelope of a SN 
1987A progenitor can produce length-width differences in the 
10%-30% range; the density contours in their results have 
prolate asymmetry in the outer ejecta and oblate asymmetry in 
the inner ejecta. However, to produce so large an asymmetry, 
they required so much angular momentum that a binary com- 
panion star to the progenitor would need to be invoked to 
supply angular momentum through tidal interaction. Yamada 
& Sato (1990) invoked a rotating O-Ne-Mg core as the source 
of SN 1987A asymmetry and found that asymmetries of order 
20%-50% could be produced in the ejecta. They found larger 
asymmetry when the initial iron core explosion was made 
asymmetric and also verified that the asymmetry did not damp 
out as the explosion propagated through the hydrogen 
envelope. Yamada & Sato’s asymmetries will probably be of a 
prolate type, but they did not publish final density contour 
plots for the ejecta. Iron core-collapse calculations that include 
rotation have found that significant and complicated asym- 
metries can arise in the collapse event (e.g., Müller & Hille- 
brandt 1981; Symbalisty 1984, 1985). Provided that 
asymmetric core collapses occur, Yamada & Sato’s calcu- 
lations suggest that the asymmetry should propagate to the 
outer ejecta. Chevalier & Soker, however, find that asym- 
metries arising from core explosions tend to be damped out in 

propagating through model envelopes devised to represent red 
supergiants, the probable progenitors of most SN IPs. This 
damping-out effect probably becomes smaller as the progeni- 
tor star envelope becomes more compact. The fact that the SN 
1987A progenitor was a blue supergiant and consequently had 
a relatively compact envelope would thus probably aid the 
propagation of core-generated asymmetries. Chevalier & 
Soker also find that envelope compactness enhances the asym- 
metry effects of envelope rotation. 

One can imagine that a radioactive band asymmetry 
described above could be produced by a globally asymmetric 
Rayleigh-Taylor mixing. The seed for this globally asymmetric 
Rayleigh-Taylor mixing might be envelope or core rotational 
asymmetries. Perhaps the combination of the mixing and rota- 
tion effects can lead to sufficiently large asymmetries without 
the necessity of invoking implausible progenitor or explosion 
conditions. 

Another possible origin for asymmetry is mixing that occurs 
after the explosion (Woosley 1988). The energy released slowly 
by the radioactive elements will have dynamic effects on a time 
scale of the order of 100 days. The layers where the radioactive 
elements are deposited are expected to be Rayleigh-Taylor 
unstable, at least in calculations that do not account for asym- 
metries or the explosion epoch Rayleigh-Taylor mixing. 
Whether this postexplosion mixing actually occurs or can 
create large enough asymmetries to account for some of the 
observations is not known. If there were no explosion-epoch 
mixing, then the radioactive elements would probably be 
located in deep ejecta moving at ~1000 km s-1 (Woosley 
1988). Acting by itself, the slow postexplosion mixing of this 
deep ejecta probably cannot explain the days 11-12 polari- 
metric data, since the photosphere in the days 11-12 epoch was 
in matter moving at ~ 5000 km s “1 (see Table 2). 

Asymmetric post-explosion-epoch mixing has been invoked 
to explain the nebular phase redshifts and blueshifts exhibited 
by some of the prominent emission-line features (Spyromilio, 
Meikle, & Allen 1990). However, the explanation for these 
shifts that uses electron scattering and dust formation (see 
§ 6.1) seems to be favored. 

7. CONCLUSIONS AND DISCUSSION 

The analysis of this paper can be summarized with several 
conclusions. (1) The SN 1987A continuum polarization and 
line polarization features are mostly due to the polarizing effect 
of electron scattering. The intrinsic line polarizing effect may 
be operative, but it can only be of secondary importance and 
probably can only contribute to the polarization of the net flux 
in the photospheric phase. (2) The asymmetry of SN 1987A 
cannot be purely axisymmetric. Two special axes do, however, 
exist that are separated by roughly 90°. This fact suggests that 
SN 1987A may have an axisymmetric component. (3) In agree- 
ment with other researchers, an interpretation of the SN 1987A 
polarimetric data in terms of simple shape asymmetry requires 
that SN 1987A have a length-width difference of order 10% or 
more. This order of asymmetry is consistent with the speckle 
image observations. (4) There is evidence from the line polar- 
ization position-angle features and the Bochum event for an 
excitation asymmetry. Such an excitation asymmetry has a 
possible explanation in a radioactive band. A radioactive band 
asymmetry does not exclude the possibility that a simple shape 
asymmetry exists also. 

In future work, a complete analysis of all the SN 1987A 
polarimetry should be carried out using more plausible models 
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than those used for this paper. These new models could be 
made to incorporate the asymmetries suggested by the asym- 
metric hydrodynamic supernova calculations and radioactive 
band asymmetries. They could also be made to include features 
of the SN 1987A atmosphere predicted by the NLTE calcu- 
lations (e.g., Höflich 1988; Eastman & Kirshner 1989). An 
analysis using such models may lead to an identification of a 
most probable sort of asymmetry and to an estimate of this 
asymmetry’s size. Further constraints on the SN 1987A asym- 
metry that would help in analyzing the polarization data may 
be provided by the HST imaging of the SN 1987A ejecta that 
the SINS (Supernova INtensive Study) collaboration hopes to 
perform (Kirshner et al. 1988). 

Besides SN 1987A, there are only two other supernovae for 
which spectropolarimetric data exist: SN 1983G, a SN la 
(McCall et al 1984), and SN 1983N, a SN lb (McCall 1985). 
The published polarization spectrum for SN 1983G shows 
apparent polarization maxima associated with some of the P 
Cygni line troughs. The observers, however, thought that the 
statistical uncertainty in the data was too large to attribute any 
significance to the apparent line polarization features. No 
published polarization spectrum has appeared for SN 1983N. 
McCall reports, however, that there was a continuum polariza- 
tion of 1.4% and that the polarization dipped to 0.8% at about 
4600 Â, where the emission peak of a blend of Fe n lines was 
located. The size of this line polarization feature is comparable 
to the size of line polarization features in the SN 1987A data. 
This suggests that SN 1983N had an asymmetry comparable 
to the SN 1987A asymmetry. If the hypothesis is correct that 
SN lb’s are the results of core collapses in massive stars that 

have lost their hydrogen envelopes and thus are compact (e.g., 
Wheeler & Levreault 1985), then there are two asymmetry 
detections out of two attempts to detect asymmetry in the 
supernovae resulting from core collapses of compact progeni- 
tors. Consequently, the conjecture can be made that all 
compact-progenitor core-collapse explosions have significant 
asymmetry. The asymmetry effect may also be present in the 
core collapses of progenitors with extended envelopes. 
However, as discussed in § 6.3, asymmetry probably tends to 
be damped out in such cases. If one supposes that the asym- 
metry effect is present in all core-collapse explosions, then the 
question immediately arises whether the asymmetry effect is 
merely incidental or is fundamentally important to the nature 
of core-collapse explosions. 

Given the great uncertainties about supernova asymmetry, 
further analyses of the existing supernova polarimetry are 
merited, and the acquisition of new polarimetry, especially 
spectropolarimetry, of all sufficiently bright supernovae is 
recommended. 
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APPENDIX 

SCATTERING IN THE SOBOLEV-P METHOD PICTURE 

In order to help understand scattering and scattering’s polarizing effect in the physical picture of the Sobolev-P method, some 
simple analytical expressions can be presented. 

In the Sobolev method, the directional escape probability and the escape probability (short for angle-averaged escape probability) 
for a resonance region are given by 

ßä=^—^ and ß = j^ßd, (Al) 

respectively, where t is the direction-dependent Sobolev optical depth of the resonance region. The quantity ßd can still be 
interpreted as the directional escape probability in the Sobolev-P method, since it is a conditional probability : i.e., given that a line 
emission occurs in the resonance region in a specified direction, ßd evaluated for that direction is the probability that the photon 
escapes the resonance region without interacting with the line again. It is with this conditional probability interpretation that the 
appearance of ßd in Sobolev-P expressions in SPM II and SPM III is to be understood. (The ß quantity also appears in Sobolev-P 
expressions in these papers, but only as a symbol for ßd when ßd is direction-independent.) In general, ß cannot be considered a good 
definition of the Sobolev-P escape probability because it does not include a factor to account for the angle dependence of resonance 
scattering emission. A definition of a mean escape probability appropriate for the Sobolev-P method is 

B = j)dClSßä 

where S is the source function. In the Sobolev-P method, the source function is, of course, not in general isotropic as it is in the 
Sobolev method. The mean escape probability does not apply to any single scattering event. For each scattering event, the escape 
probability will in general depend on the propagation direction and polarization of the incident photon, since the angular variation 
of the scattering phase function depends on these incident-photon properties. The B quantity is only an average over all scatterings 
of all photons. If S is isotropic, B reduces to ß. In this case, B is still in general only a mean escape probability, since an isotropic S 
does not necessarily imply isotropic scattering. For example, a resonance region with a very large optical depth will have a source 
function that approaches isotropy even though there may be an anisotropic scattering probability for individual scattering events 
(see SPM III). If ßd is direction-independent, then B reduces to ßd and does apply to individual scattering events. In this case, the 
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angular integration for the escape probability is only over the scattering phase function, which is normalized to 1. Homologous 
expansion is an example of a case where ßd is direction-independent. 

An expression for the mean number of scatterings that a photon undergoes in a resonance region will be obtained for a simple 
special case. Consider a monochromatic specific intensity beam propagating in some direction. At some point this beam encounters 
the resonance region for its wavelength. In this resonance region, only pure resonance scattering occurs. The ßd quantity is assumed 
to be direction-independent. The probability that a photon from the beam is scattered n times in the resonance region is 

P = [e~X for n = 0 , 
" 1(1 — e~z)ßd(l — ßd)n~l for n > 0 , V ' 

where e-T is the probability that a photon passes through the resonance region without scattering. The mean number of scatterings 
and the standard deviation of the scattering probability distribution are given by 

<n> = i (A4) 

and 

a T + T 
2(1 — ßd) 

1 -<rT - 1 
1/2 

respectively. The limiting cases for a are given by 

for t <0 ; 
for t > 1 . 

(A5) 

(A6) 

From equation (A3), one can see that the scattering probability distribution is rather slowly varying with n for large t. If the further 
assumption is made that the incident beam is unpolarized, then the system is axially symmetric about the incident beam’s 
propagation direction. Let the Stokes /- and r-axes for each beam emergent from the resonance region be taken to be in and 
perpendicular to, respectively, the plane defined by the emergent and incident beams. With this specification, the axial symmetry 
implies that the emergent beam has a zero Stokes U parameter and that, using equations (1) and (2), the emergent beam’s 
polarization is given by 

P = \Il-Ir\/I. (A7) 

(Note that the convention of measuring polarization in percent has been dropped for the discussion in this appendix.) The mean 
polarization that a photon acquires in passing through the resonance region is given by 

P = (l - e'x) (pdQl S (pdQ'S )\(Sl - Sr)/S\ , (A8) 

where 1 — e~x is, of course, the probability that a photon is scattered in the resonance region, and St and Sr are the / and r 
components, respectively, of the source Stokes vector for the resonance region. The first factor in the integrand of equation (A8) is 
the probability distribution for emission from the resonance region, and the second is the polarization of the emitted radiation. 
Using axial symmetry and equations (9), (17), (23), (25), (35), and (Al) of SPM III, one finds that the mean polarization is given by 

P(£i, t) = 
(1 - O2 IE, 

(A9) 

Equation (A9) will be called the polarization function. 
The behavior of the polarization function is of interest in understanding the polarizing power of a resonance region. For t = 0, 

the polarization function is zero. As t increases from zero, there is at first a linear increase of polarization with t; then the rate of 
increase slows, and a polarization maximum is reached at some Tmax. As t increases from Tmax, the polarization function declines and 
asymptotically approaches a 1/t behavior. The behavior of the polarization function is easily interpreted. When t is small, there is 
little scattering and little polarization. On the other hand, when t is very large, photons scatter many times in the resonance region. 
The multiple scattering tends to randomize the directions and polarizations of the photons. Consequently, the emergent radiation 
field tends to be isotropic and unpolarized. One would expect that Tmax would be of order unity, so that photons scatter on average 
only a few times. Because of the exponentials in the polarization function, no analytic expression for Tmax can be given. However, the 
factor (1 — e_t)2/T, which dominates the behavior of the polarization function, has a maximum at t = 1.26. For equal to 1 and 
0.4, the polarization function has maxima at 1.92 and 1.42, respectively. Figure 12 displays the polarization function for E1 equal to 
1 and 0.4, and also displays quantities related to the polarization function. Although the polarization function is the mean 
polarization a photon acquires only in a special case, one expects in general that the polarizing power of a resonance region will 
have the same sort of dependence on t as does the polarization function. In general, however, the absolute size of the polarization of 
the emergent radiation field will also strongly depend on the isotropy of the incident radiation field. The more isotropic the incident 
radiation field is, the more isotropic and unpolarized the emergent radiation field will be. 

In the DCO approximation (see § 2), converged flux and polarization solutions are obtained by decreasing the Sobolev optical 
depths of pseudolines. For this convergence procedure, it is convenient that the polarizing power of a resonance region has no 
rapidly varying dependence on t. The absence of a rapidly varying t dependence means that one does not have to worry about 
dramatic changes in polarization behavior when a solution is approaching convergence. 
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TAU 
Fig. 12—Polarization function t) forequal to 1 and 0.4. Quantities related to the polarization function are also displayed. 
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