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ABSTRACT

We have used a detailed non-LTE synthetic spectrum code to interpret Royal Greenwich Observatory
archive spectra from the nebular phase of SN 1993J. In general, we obtain good agreement between the
observed optical spectra and synthetic spectra based on the helium star explosion model 4H 47 of Nomoto et
al,, corresponding to a 3.2 My helium core with 0.08 My of **Ni. The fit to the observed spectrum is
improved when some of the iron-rich material is macroscopically mixed outward to a velocity of at least 3000
km s™!, and when some of the oxygen-rich material is mixed inward to ~1000 km s~'. We find that the
observed spectra are consistent with a symmetric explosion in which ~0.5 M of oxygen occupies a spherical
shell between 1000-4000 km s~ !. Observations interpreted earlier as evidence for large asymmetries are better
explained by line blending effects. In particular, scattering of [O 1] 146300, 6364 by Ha in the hydrogen
envelope strongly affects the [O 1] profile. The width of the Ha absorption feature constrains the velocity
thickness of the hydrogen envelope, while the observed time evolution of this feature indicates that Ha became
optically thin in 1993 October, constraining the hydrogen density. From these constraints and the observed
Ha luminosity and line width, we conclude that the H/He envelope mass is 0.2-0.4 M and that the bulk of
this mass lies between 8500-10,000 km s~ *. The envelope is significantly helium enriched. After ~350 days, an
additional power source is necessary to reproduce the observed Ha luminosity. It is likely that X-rays from
the circumstellar interaction provide the necessary energy input.

Subject headings: stars: interiors — supernovae: individual (SN 1993J)

1. INTRODUCTION

SN 1993J was discovered on 1993 March 28 (Garcia 1993),
probably within a day after the explosion, with the epoch of
core collapse close to March 27.8 (Wheeler et al. 1993;
Woosley et al. 1994; Shigeyama et al. 1994). Much of the early
observational and theoretical work on SN 1993] was sum-
marized by Wheeler & Filippenko (1993). Lewis et al. (1994)
discuss the photometric and spectroscopic evolution of the
supernova using observations obtained from La Palma over
the first 125 days. Because the distance to the parent galaxy
(MB81) is accurately known from Cepheid variable measure-
ments, absolute measurements of the energetics of this super-
nova can be much more precise than is usually possible.
Throughout this paper, we adopt 3.5 Mpc as the distance to
the supernova (Freedman et al. 1993). We correct for reddening
using the extinction curve of Cardelli, Clayton, & Mathis
(1989) with E(B— V) = 0.18 (Fransson & Sonneborn 1994) and
Ry = 3.1.

The early rise and rapid decline in bolometric luminosity
have been interpreted by several authors as the release of
shock-deposited energy from the supernova, leading to the
conclusion that the H/He envelope mass was smaller than 0.5
Mg (Podsiadlowski et al. 1993; Shigeyama et al. 1994;
Wheeler et al. 1993; Woosley et al. 1994). Because of the rela-
tively small envelope mass, the expansion velocity was larger
than usual for a Type II supernova. During the first 5 days, the
photosphere expanded at 13,000 km s~ !, while in early April,
the blueward edge of the absorption component of the Ha
profile indicated an expansion velocity of ~19,000 km s~}
(Lewis et al. 1994). Between an age of 9 days and 21 days, the
bolometric luminosity rose to a second peak, associated with
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the escape of thermal energy from the decay of **Ni and 3°Co.
The luminosity at this second peak was well reproduced in
models with ~0.1 My of **Ni (Podsiadlowski et al. 1993;
Shigeyama et al. 1994; Wheeler et al. 1993; Woosley et al.
1994).

From day 21 to day 50, the luminosity declined again. This
second decline has been attributed to the recombination front
reaching the boundary between the H/He envelope and the He
mantle. Because the material in the He mantle had recombined
by the time the recombination front arrived, the photosphere
moved rapidly inward through the mantle, and the observed
spectrum became increasingly nebular. During this phase, the
character of the optical spectrum changed dramatically, from
that of a Type II supernova with strong Ha emission to that of
a Type “IIb” supernova with strong He lines, but with no
obvious hydrogen emission (Filippenko, Matheson, & Ho
1993; Lewis et al. 1994). After day 50, the bolometric lumi-
nosity declined exponentially with an e-folding time of 54 days.
This decay timescale is significantly shorter than the 3¢Co
decay time, probably because of the rapid escape of gamma
rays from radioactive decay; detailed light-curve models fit this
behavior with a **Ni mass of 0.075 M (Podsiadlowski et al.
1993; Shigeyama et al. 1994; Wheeler et al. 1993; Woosley et
al. 1994). Shigeyama et al. (1994) also find that the double-
peaked light curve is best fit by models with some mixing of
>6Ni into the He mantle.

While the early behavior of the SN 19937J light curve and
spectra has been reasonably well fit by spherically symmetric
helium star explosion models, many uncertainties remain. A
better determination of the hydrogen envelope mass would
help to understand the evolutionary history of the progenitor
star and may indicate whether or not mass loss to a binary
companion is necessary to explain the low envelope mass. An
observational determination of the oxygen mass would be par-
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ticularly useful, as this would provide a sensitive indicator of
the core mass of the progenitor star (Nomoto et al. 1993).
Observational evidence on the degree of mixing in the ejecta is
of great interest because this evidence would place valuable
constraints on the hydrodynamic interactions which occur in
the explosion. The polarization of the emission from SN 1993J
is not well understood, although spectropolarimetry indicates
that the supernova is intrinsically asymmetric in some way
(Smith 1993; Trammell, Hines, & Wheeler 1993).

Spyromilio (1994) identifies features of Mg 1] 44571, [O 1]
AS577, and [O 1] 146300, 6364 and interprets their shapes as
evidence for clumping and significant large-scale asymmetry in
the ejecta. He concludes that the bulk of the oxygen emission
comes from a region which is blueshifted by ~2000 km s~ 1.
Instead, Filippenko, Matheson, & Barth (1994) suggested that
the large blueshifts are a consequence of viewing primarily the
near side of the optically thick ejecta. Similarly, Wang & Hu
(1994) suggest that the apparent blueshifts of the oxygen lines
at age ~ 120 days arise because, in the clumpy ejecta, the reced-
ing clumps are hidden by the photosphere, while the approach-
ing (blueshifted) clumps are visible either because
hydrodynamic mixing has driven clumps above the photo-
sphere or because their presence on the near side of the nebula
places them at low optical depth. In keeping with this model,
they predict that the oxygen lines should shift back toward line
center as the supernova evolves and the optical depth
decreases as a result of expansion.

While these apparently blueshifted oxygen lines have
attracted great attention, we would like to point out several
problems with this explanation. First, while concentrating on
the apparently large blueshifts seen in Mg 1] 14571, [O 1]
25577, and [O 1] 146300, 6364, none of these groups explain
the absence of a large blueshifts in the O 117771 and O 1 19264
lines. In explaining the blueshifts as a consequence of viewing
primarily the near side of the optically thick ejecta, it is difficult
to see why this absorption, presumably caused by electron
scattering, should so strongly affect four widely separated lines
(4571, 5577, 6300, and 6364) but have a much weaker effect at
7771 A and 9264 A and no apparent affect on [Ca 1] 47307 or
the Ca 11 IR triplet. The explanation forwarded by Spyromilio
(1994) has a similar flaw; if the oxygen-emitting material is
strongly asymmetric on large scales, this should be apparent in
the lines at 7771 A and 9264 A. Second, despite the factor of
> 60 decrease in mean density between age 100 days and age
400 days, no redward shift of the oxygen lines (as predicted by
Wang & Hu 1994) has been seen. Since the photosphere had
already begun to recede at age 100 days, this absence of a
redward shift (toward line center) effectively rules out this
model. Furthermore, detailed models (Baron et al. 1995;
Woosley et al. 1994), including our own, indicate that the
photosphere had probably receded to the deep interior of the
ejecta by 1993 July (~ 100 days) so that broadband absorption
of the red wing of the oxygen emission lines (see also Fili-
ppenko et al. 1994) is not a viable explanation for the observed
lines. While the ejecta are probably quite clumpy, as mentioned
by Wang & Hu (1994) and Filippenko et al. (1994), the appar-
ent blueshifts are probably a result of line blending rather than
broadband absorption, as we discuss in detail.

Patat, Chugai, & Mazzali (1995) discuss the late-time Ho
emission from SN 1993J. In particular, they find that the
observed emission can be described by a shell of hydrogen
emitting material between 7500-11,400 km s™!, and that
energy deposition by gamma rays from radioactive decay of

Vol. 456

0.075 M, of *°Ni is insufficient to explain the observed Ho flux
after age 150 days. Instead, they suggest that the Hx emission is
powered by X-rays from the circumstellar interaction. Their
computation of the Ha flux up to age 150 days does not include
Balmer continuum photoionization caused by UV photons
from the interior of the nebula, nor does it include the scat-
tering of [O 1] 446300, 6364 photons by Ha in the H/He
envelope. We show that these two effects play an dominant
role in producing the observed Ha emission. As a result, the
decay of 3°Ni in the interior of the nebula indeed provides the
ultimate power source for Ha emission up to about age 250
days, as is consistent with the observed agreement between the
slope of the Ha light curve and the expected **Co decay curve
up to this epoch (Fig. 3). In contrast, it is difficult to see why a
circumstellar power source should so closely mimic the 3*Co
decay curve between 150-250 days. Nevertheless, the emer-
gence of strong Ha emission after age 250 days provides clear
evidence for circumstellar interaction at late times.

As the spectrum evolves further into its nebular phase,
optical depth effects become less severe, and the problem of
extracting information from the observed spectrum is greatly
simplified. Because the ejecta are more transparent, it becomes
possible to extract information on the whole interior structure
of the nebula (Fransson & Chevalier 1989). Using a non-LTE
synthetic spectrum code, we have investigated in detail the
formation of the nebular phase spectrum. We find that the
observed spectra are consistent with a spherically symmetric
distribution of material, and we are able to place limits on the
masses of oxygen and hydrogen which are likely to be present.
The explosion models used in our calculations are described in
§ 2. We describe our synthetic spectrum code in § 3 and discuss
the observed spectra in § 4. Our synthetic spectrum calcu-
lations are discussed in §§ 5-7, and our conclusions are pre-
sented in § 8.

2. EXPLOSION MODELS

The helium star explosion model 4H 47 of Nomoto et al.
(1993) formed the basis for most of our work on the spectrum
of SN 1993J (Fig. 1). This model corresponds to a helium core
of 4.0 M, including the neutron star mass of 1.35 M, and it
produces ~0.5 My of oxygen. Outside the helium core, the
hydrogen envelope contains 0.5 M, resulting in a total ejecta
mass of 3.2 M. Because the °Ni mass produced in this explo-
sion model was too large to be consistent with the light curve
models of Shigeyama et al. (1994), we shifted the mass cut
associated with neutron star formation to reduce the ejected
56Ni mass to 0.08 M. A similar procedure was used by Shi-
geyama et al. (1994). This **Ni mass was sufficient to repro-
duce the overall flux level in the optical spectrum. To agree
better with the narrower line peaks in the observed spectrum,
the velocity at the mass cut was shifted to 1000 km s~ !, slightly
lowering the mean density in the model. With this mass cut, the
region inside 1000 km s~ ! is empty, and most of the ejecta lie
in a shell between 1000 km s~ ! and 10,000 km s~ !, with a
velocity field ¥V oc R. A high-velocity tail of low-density
material extends out to ~40,000 km s~ ! but contains less than
~0.06 M, half of which is below 15,000 km s ~*. Most of the
mass above ~ 15,000 km s~ ! is probably shocked to a high
temperature, = 107 K, by the interaction with the circumstel-
lar medium (Fransson, Lundqvist, & Chevalier 1995) and is
unlikely to contribute directly to the optical spectrum.
However, X-ray emission from the circumstellar interaction
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FiG. 1.—Composition of 4H 47 by number as a function of expansion velocity as computed by Nomoto et al. (1993).

does seem to provide the main power source for the observed
Ho emission after ~ 350 days (Fransson & Houck 1995).

Model 3H 30 of Nomoto et al. (1993) was also considered.
This model, which corresponds to a smaller helium core of 2.4
M, expands ~50% faster than 4H 47 and produces only 0.24
M, of oxygen. As in model 4H 47, the mass cut associated with
neutron star formation was adjusted to make the *°Ni mass
agree with the light-curve models of Shigeyama et al. (1994).
With this mass cut, the bulk of the ejecta occupied a shell
between ~ 1000-15,000 km s~ !. All models assume a velocity
field V oc R, in excellent agreement with the hydrodynamic
models of Shigeyama et al. (1994).

Because the explosion models of Nomoto et al. (1993) were
constructed with much finer spatial resolution than our spec-
trum calculations can attain, we binned the models into ~25
constant density shells. The shell masses were selected so that
the composition structure of the explosion model was well
represented; composition mixing resulting from the binning
procedure was avoided. To investigate the effect of macro-
scopic mixing on the observed spectrum, we altered the basic
models in various ways. Macroscopic mixing was modeled by
rearranging the radial shells, changing the shell volumes as
necessary to produce a uniform mass density inside the mixed
region. Clumping was modeled by moving shell boundaries to
compress selected mass shells, producing a corresponding
expansion in neighboring shells.

3. SPECTRUM MODEL

After the first few weeks, radioactive decay of 5Co provides
the main power source for the supernova. Roughly 96% of
decays result in emission of gamma rays, with ~4% producing
positrons. The gamma rays and positrons deposit their energy

in the ejecta by ionizing and exciting atoms and ions and by
heating the free electron gas. In our spectrum models, we used
the spatial distribution of 6Co to compute the gamma-ray flux
incident on a given mass element by solving the transfer equa-
tion in a manner similar to that described by Swartz, Suther-
land, & Harkness (1995), where the gamma-ray source function
is determined by the ¢oncentration of 6Co, and the opacity is
determined by the gamma-ray absorption cross section, g, ~
0.06Zm, cm?, where Z is the nuclear charge and m, is the
proton mass. We assumed that the positron energy is deposited
locally, according to the local concentration of °Co. Given the
nonthermal energy input, we solved the Spencer-Fano equa-
tion (Kozma & Fransson 1991) self-consistently with the ion-
ization equilibrium to determine the rates of nonthermal
heating, ionization, and excitation. In computing the ioniza-
tion balance, we also included photoionization by line and
continuum photons emitted both locally and nonlocally. Col-
lisional ionization was included for completeness but was
unimportant. Both radiative and dielectric recombination pro-
cesses were included. Atomic data sources are listed in the
Appendix.

Our statistical equilibrium calculations treated H 1, He 1,
C 111, O 1, Na 1, Mg 111, Si 111, S 1-11, Ca 11, Fe 1-v, and
Co 1-v as multilevel atoms. The three lowest ionization states
of iron and cobalt were modeled with 100-120 energy levels
each, although some calculations used an Fe 11 atom with 191
levels. The other atoms and ions were treated with two to 20
energy levels. In solving the rate equations, we include 992
transitions for Fe 111, 1403 transitions for the smaller 121 level
Fe 11 atom, and 1969 transitions for the larger 191 level Fe 1
atom. The spectra shown in the figures were computed using
the larger Fe 11 model atom. Significantly fewer transitions are
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used for the cobalt ions. Furthermore, we neglect the contribu-
tion from the many weak lines of iron peak ions which are
important in the earlier photospheric phase; for further dis-
cussion of this point, see Baron & Hauschildt (1995). While this
neglect may cause some of the smaller discrepancies between
the observed and modeled spectra, it should not affect the
stronger spectral features on which we base most of our con-
clusions. We feel this simplification is justified because these
many weak lines probably do not dominate the formation of
the optical spectrum in the nebular phase.

For each multilevel atom, we solved the non-LTE statistical
equilibrium equations by multidimensional Newton-Raphson
iteration. Excited states were populated by direct nonthermal
excitation, thermal electron collisions, absorption of line
photons, and recombination and depopulated by thermal elec-
tron collisions, emission of line photons, and photoionization.
Two-photon continuum emission from the 2s'S states of
hydrogen and helium was included as well. Where excited state
recombination coefficients were unavailable, we divided the
total recombination rate between excited terms with most
recombinations occurring via the higher excited states. For
iron and cobalt ions, excited state recombination was
restricted to the highest terms. Excited state photoionization
was included for H 11, He 1, Mg 1, O 1, and Ca 1. To speed the
calculations, direct nonthermal excitation of excited states was
included only in the hydrogen envelope and the helium mantle.
In the other composition zones, <5% of the nonthermal
energy was absorbed in direct excitations. The radiation field
in each line transition was evaluated using the Sobolev approx-
imation, accounting for continuum absorption where neces-
sary, using the prescription discussed by Hummer & Rybicki
(1985). Iterative solution of the linearized statistical equi-
librium equations for all multilevel atoms provided the col-
lisional cooling rates which dominate the cooling.

The balance between nonthermal heating and collisional
cooling determined the electron temperature. Unless otherwise
stated, we will henceforth refer to the electron temperature as
the temperature. Contributions from photoionization heating
and recombination cooling were included for completeness but
were generally small. We solved the ionization, excitation and
thermal equilibrium equations iteratively to determine the
steady state temperature in each mass shell self-consistently.

In each mass shell, the calculation was initialized by estab-
lishing ionization equilibrium at an assumed temperature,
neglecting ionization by line photons. Having established the
electron density, we solved the statistical equilibrium equations
to obtain a first approximation to the excited state popu-
lations, assuming that allowed transitions were optically thick
while all other transitions were optically thin. This provided an
estimate of the rate of photoionization by line photons. With
this photoionization rate, we reevaluated the ionization and
statistical equilibrium.

With these initial values for the ion fractions and excited
state populations, the statistical equilibrium equations were
solved using a multidimensional Newton-Raphson iteration,
computing the line optical depths self-consistently. After com-
puting the total cooling rate, the temperature was corrected to
improve the thermal equilibrium. Ionization equilibrium was
then recomputed at the new temperature. Iteration continued
until the thermal, statistical, and ionization equilibria con-
verged, determining the temperature self-consistently. As long
as the ionization equilibrium was not strongly coupled to the
excitation equilibrium, this procedure converged quickly and
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accurately. The solution was considered to have achieved con-
vergence when the fractional change in all variables was
smaller than 1073. In some cases, usually for a few of the
excited state level populations, this level of convergence could
not be achieved, but in these isolated cases, the fractional
change between iterations was generally smaller than 5%.

Having obtained the local solution for all mass shells, the
nonlocal radiation field incident on each shell was computed
from a formal solution of the transfer equation, using the
Sobolev approximation to determine the mean intensity in
each line transition (Swartz 1990). Aberration and advection
effects are not included in this solution. In keeping with the
Sobolev approximation, we consider only the mean intensity in
a given line and make no reference to the intrinsic line profile
other than to assume that the intrinsic line width is small
compared to the Doppler shift across the nebula and that the
Sobolev length is small compared to the distance over which
physical conditions change. Thermal and statistical equi-
librium was then reestablished in each shell, including the
effects of the nonlocal radiation field. This global iteration
accounted for the nonlocal coupling through the radiation
field. The convergence characteristics of the transfer solution
are described by Swartz (1990); generally speaking, the global
iteration converges within five to 10 iterations. For clarity, we
point out that our spectrum solution has no free parameters in
the sense that they are used in the spectrum models of Baron et
al. (1995). As discussed above, we do alter the structure of the
input explosion model to test the effects of macroscopic mixing
and clumping of the ejecta, but we introduce no other adjust-
able parameters.

Once the physical conditions in the nebula were established,
the spectrum was computed, explicitly including line blending
effects in the integration over the nebular volume. The integra-
tion was simplified by the nonrelativistic Sobolev approx-
imation, in which the contribution to the observed flux at a
particular frequency arises from a finite number of planar slabs
in the nebula (assuming V oc R and neglecting relativistic
effects; see Mihalas 1978, p. 471). When continuum absorption
is unimportant, the flux at a particular frequency is

R Ny(p)
F,=2n | pdp} [1—e ¥="]S(z; p)
0 j=1

J

j—1
X €Xp [_kzltk(zk’ p):l s (1)
where N (p) line transitions contribute at the observed fre-
quency v along a line of sight with impact parameter p. S; and
7; are the source function and Sobolev optical depth for tran-
sition j. Line emission and absorption affecting the flux
observed at frequency v are confined to planes of thickness
equal to the Sobolev length and located at positions z, along
the line of sight, where z, is determined by the Doppler shift.
Features in the computed spectrum can be “de-blended” by a
similar computation in which emission from only a single
species is allowed, but in which all absorption processes are
included.

4. DISCUSSION OF THE OBSERVED SPECTRA

Before discussing our spectrum calculations, we use the
observed spectra directly to constrain the structure and physi-
cal conditions in the supernova. While this approach has
severe limitations, several valuable constraints do emerge. The
confidence with which one can interpret spectral features
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depends on the extent of line blending in the selected features.
Our interpretation is based primarily on the data and does
not reflect particular detailed calculations. However, we have
tried to judge the degree of line blending present based on the
experience we have gained from our synthetic spectrum calcu-
lations.

4.1. 140 Days

In the optical spectrum at age 140 days (1993 August 15)
(Fig. 2), the prominent features at 7771 g and at 9264 A are
recombination lines of O 1. Because these lines are relatively
unblended, they provide information on the range of velocities
occupied by O 1. At 140 days, the centroid of the O 1 17771 line
is blueshifted by ~450 km s, while its red edge is blended
with Fe 1 emission. The flat-topped line profile is consistent
with emission from a shell; the unblended blue edge indicates a
maximum expansion velocity of ~4000 km s~ !, while the half-
width of the flat top indicates an expansion velocity of ~ 1000
km s~ ! at its inner edge. The O 119264 line also shows a slight
blueshift of ~360 km s, while its red edge is blended with
iron and cobalt emission. The blue edge seems unblended and
is consistent with oxygen being confined to velocities below
~4000 km s~ 1, although the velocity deduced from the 9264 A
feature is somewhat lower.

The emission feature centered at 5546 A has been attributed
to [O 1] A5577 by Lewis et al. (1994), Spyromilio (1994), and
others. Because the centroid of the feature is blueshifted by
~1700 km s~ relative to [O 1] 15577, Spyromilio interprets
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this as evidence for a large asymmetry in the nebula. However,
because the O 1 recombination features do not show similar
Doppler shifts, this explanation seems unlikely. Because [O 1]
A5577 lies near the edge of the forest of Fe lines between 4000
5500 A, blending with iron lines presents a more plausible
explanation. Further evidence for line blending comes from
comparison of the shapes of the [O 1] 4116300, 6364, O 1 19264,
and O 1 17771 profiles with the [O 1] A5577 profile. The latter
has a very narrow, <150 km s~ ! wide peak, while the others
have much broader profiles ~1000 km s~ ! wide. At best,
therefore, the 5546 A feature provides only an upper limit to
the brightness of O 115577, so that 1(6300)/1(5577) 2 3.1 at 140
days.

Taking the brightness of the 5546 A feature as an upper limit
to the [O 1] 45577 flux, we can estimate the temperature in the
oxygen-emitting material. If the O 1 lines at 6300 A, 6364 A,
and 5577 A are formed mainly by collisional excitation, the
ratio I1(6300)/1(5577) is

1(6300)

=0.0
1(5577) 3Bs300

-1
x [1 + 1-44T3—0'034<108 2;_3) ]ezs,ss/ra . Q)

where n, is the electron density and Tj is the temperature in
units of 103 K. Here 430 is the Sobolev escape probability of
[O 1] 46300. An upper limit on the temperature follows from
assuming Tg3g0 < 1, 50 that Bgse0 ~ 1. If n, = 10° cm ™3, we
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FiG. 2—Line identifications marked on the computed spectrum at age 140 days (shifted upward by + 1.5 dex for clarity) compared with the observed spectrum
from 1993 August 15 (lower curve). In the computed spectrum, iron emission features are overproduced, contributing to the excessive emission at Ha . Also, the
computed spectrum shows stronger He and HB absorption features than are present in the observed spectrum. The apparent blueshift of the [O 1] 15577 feature in

the computed spectrum is the result of blending with iron and cobalt emission.
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obtain T < 5700 K, whereas n, = 108 cm ™3 yields T < 6700
K. Therefore, the observed limit on the ratio 1(6300)/1(5577)
indicates that the temperature of the O 1-emitting region was
T <6700 K at 140 days, weakly dependent on the electron
density.

While the ejecta likely contain a significant mass of helium, it
contributes few strong spectral features. At 140 days, at least
part of the feature at 5900 A was attributable to He 1 15876,
although the centroid of the feature was shifted ~ 1400 km s ™!
redward. This shift was probably the result of a blend with Na 1
AA5890, 5896 and Fe 1 15958 emission rather than an intrinsic
asymmetry in the nebula. Assuming the nebula was symmetric,
the apparently unblended blue wing of this feature yields an
expansion velocity of only 5000 km s~ 1. In contrast, explosion
models place much of the helium mass at significantly higher
velocities. This indicates that gamma-ray deposition in the
helium mantle above 5000 km s~ ! was inefficient. In this case,
the luminosity of the helium lines yields only a lower limit to
the helium mass.

The broad feature at 8600 A is a blend of [C 1] 8727 and
Ca 1 triplet emission, while the feature at 7200 A is a blend of
[Ca 1] 47307 and He 1 17065. The relatively sharp profiles in
the [Ca 11] A7307 and Ca 11 IR triplet features seen at 140 days
indicate that calcium was present at very low velocities (< 1000
km s~!). In spherically symmetric helium star explosion
models, most of the calcium, a product of explosive nucleo-
synthesis, lies in a thin shell just outside the iron core with
velocity 1000 km s~ !, Therefore, the sharp profiles of the
observed Ca lines are an indication that mixing has occurred
since core collapse. The interpretation of the remaining spec-
tral features between 4000-5000 A is much more uncertain
because of the extensive blending of many absorption and
emission features of Fe, Co, Mg1,and He 1.

4.2. 284 Days

By age 284 days (1994 January 5), the optical emission was
dominated by [O 1] 446300, 6364, [Ca n] 47307, and Mg 1]
A4571. The feature near [O 1] 45577 weakened so that the ratio
1(6300)/1(5577) < 16, indicating that the temperature in the
oxygen-emitting material had decreased to T < 4200-4800 K
depending on the electron density. The O 1 recombination lines
at 9264 i and 7771 A also weakened significantly relative
to [O 1] 446300, 6364, although the ratio I1(9264)/1(7771)
remained constant. This ratio is expected to remain constant
because it is determined mainly by the ratio of the effective
rates of recombination to the 3d °D and 3p 5P excited states
of O 1(§ 6.3). The Ca 11 line ratio 1(7307)/1(8582) increased from
~1to 1(7307)/1(8582) = 3, indicating that the calcium emitting
region was also much cooler at this epoch than at 140 days.

4.3. 416 Days

The presence of strong Ha emission is the most obvious
change in the spectrum at 416 days (1994 May 17). Figure
3 shows that the Hoa luminosity declines roughly
oc t™2e 11l days oonsistent with radioactive decay as the
primary power source (although see § 6.1.2), but that Ly, is
roughly constant after age 300 days, indicating that energy
input from the circumstellar interaction has become important
in the H/He envelope (Chevalier & Fransson 1994; Fransson
& Houck 1995; Patat et al. 1995; Filippenko et al. 1994). At
this epoch, the optical spectrum is still dominated by [O 1]
226300, 6364, [Ca 1] A7307, and Mg 1] 24571, although
broader features between 4000-5500 A, perhaps attributable to
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iron emission, have become more prominent relative to Mg 1].
The apparent blueshift of the bright Mg 1] 414571 line is dis-
cussed in § 6.4.

Because of extensive blending of emission and absorption
features, line identification in these spectra is quite difficult.
The broad forest of lines between 4000-5500 A is especially
difficult to interpret quantitatively because of the many
blended lines of iron and cobalt. More quantitative analysis of
these spectra requires comparison with detailed spectrum syn-
thesis models.

5. SPECTRUM SYNTHESIS RESULTS

In the following, we summarize the results of our synthetic
spectrum analysis of the SN 1993J spectra. First we examine
the effect on the spectrum of mixing in the ejecta. In this dis-
cussion, we highlight the way in which energy is absorbed and
reemitted in the various composition zones. We then discuss in
some detail the physical conditions present in the best-fit
model and the evolution of this model during the first year.

5.1. Energy Deposition in the Ejecta

The rate of nonthermal energy deposition depends on the
gamma-ray optical depth, the incident gamma-ray intensity,
and the local °Co abundance. Where the **Co abundance is
zero (i.e., outside the iron core), gamma-ray energy deposition
is the primary energy source powering the emission, and the
gamma-ray optical depth determines what fraction of the
decay energy is absorbed. The distribution of the gamma-ray
source determines the intensity of the gamma-ray flux at a
given point. Where *®Co is present, energy deposition from
locally trapped positrons may provide a significant fraction of
the nonthermal energy input. If the gamma-ray optical depth is
small enough that locally trapped positrons dominate, the
energy deposition rate will be insensitive to density changes
resulting from mixing. In model 4H 47, gamma-ray absorption
generally accounts for at least 80% of the nonthermal energy
deposition in material from the iron core, while locally trapped
positrons account for the remainder. Because of the lower
density in model 3H 30, the gamma-ray optical depths are
lower, making energy deposition by locally trapped positrons
relatively more important. Mixing in 3H 30 may lower the
density in the iron core material enough that gamma-ray depo-
sition provides only 50% of the total energy input.

The optical emission from the iron core material is not only
determined by locally absorbed *6Co decay energy, but it also
depends on the absorption of UV line photons from the
oxygen shell and from the helium mantle. In material from the
oxygen shell and helium mantle, the bulk of the nonthermal
energy absorbed produces heating, and most of this heat is
radiated in the ultraviolet by Mg 1 42803 and C 1 12326,
respectively. When oxygen-rich material is mixed into the core,
more gamma rays are absorbed in the oxygen-rich material
and fewer are absorbed in the iron core material. The iron core
material efficiently absorbs the increased UV radiation from
the oxygen-rich material. These UV line photons are then
degraded into optical photons, making the optical emission
from the iron core material appear brighter than would be the
case if positron and gamma-ray energy deposition were its only
energy source. The absorption of this UV line radiation does
not significantly affect the temperature or ionization state of
the iron core material.
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F1G. 3.—Evolution of the observed value of F, at Ha ( filled squares) compared with various semianalytic estimates of the Ho flux. Filled squares represent the
observed flux at 6563 A; no attempt was made to separate out the Hx contribution from the blend of [O 1] 416300, 6364 and Ha. Because the helium line widths

indicate that the the brightest helium emission occurs within ~ 5000 km s~!

of line center, the contribution from He 1 16678 should be small. Similarly, the

contribution from [O 1] 116300, 6364 should be negligible. The constant Ho flux after ~300 days indicates circumstellar energy input. The curves are labeled
according to which Ha production mechanisms contribute to the emission. I'; indicates recombination after nonthermal ionization, P, indicates recombination after
photoionization in the Balmer continuum, and J 5, indicates line scattering as discussed in the text with J;, =4 x 10 8 ergss™! cm ™2 Hz ! sr~* at 140 days. The
factor 3J ;, on the upper curve indicates that, for this curve, J;, = 12 x 10 8ergss™! cm ™2 Hz ™! sr ™! at 140 days.

5.2. Unmixed versus Mixed Models

In Figure 4, we compare the unmixed version of model 4H
47 with the observed spectrum at 140 days. In our computed
spectrum, the O 1 emission lines [O 1] 446300, 6364, [O 1]
A55717, and O 1 A7771 are overproduced, as are Mg 1] 14571,
[Ca 1] 47307, and the Ca 11 IR triplet. Furthermore, the large
computed value of the Ca 11 line ratio 1(7307)/1(8582) indicates
that the temperature in the calcium-emitting region is too low.
Aside from the strongest features, the mean flux level is reason-
ably well reproduced, except that the synthetic spectrum con-
tains a number of narrow, relatively bright emission lines
which are not present in the observed spectrum. Most of these
narrow lines come from Fe 1 and Fe 11 at low velocities <2000
km s~1. Overproduction of these lines indicates that, in the
unmixed model, the iron core material absorbs too much
energy; the absence of narrow iron lines in the observed spec-
trum is consistent with iron core material extending to veloci-
ties 3000 km s~

The unmixed version of model 3H 30 was less successful
than model 4H 47 (Fig. 5). Over much of the observed range,
the mean flux level in the synthetic spectrum was ~40%
fainter than observed. While [Ca 11] 47307 is overproduced by
about a factor of 4, the Ca 1 line ratio 1(7307)/1(8582) is much
too large, and the other prominent lines of O 1 and Mg I are
significantly underproduced. The optical emission was much

fainter because the low-mass, high-velocity ejecta absorbed a
much smaller fraction of the Co decay energy than in 4H 47.
Increasing the **Ni mass will not improve the fit because this
will significantly increase the level of ionization.

To see the differences more clearly, we examine these two
models in more detail. The gamma-ray optical depth of a shell
of iron with uniform density is

Mg, Vpax 2 (1—v
v~ noy AR = 0'2<0.1 ;4®><3000 km s~ 1) t‘°2°<1 — v3> ’

(©)
where v = V;0/Viaxs Vemin @nd V., are the velocities at the
inner and outer edges of the shell, M, is the mass of the shell,
and t,q, is the age in units of 100 days. In obtaining this
expression, we have written the number density in terms of the
mass of iron contained in the shell and the velocity gradient
across the shell. Both 3H 30 and 4H 47 have about the same
mass of iron-rich core material: model 3H 30 has 0.1 M of
iron-rich core material, while model 4H 47 has 0.12 M,
However, model 3H 30 expands more rapidly so that its iron
core extends from V,;, = 1000 km s™* to V., = 2250 km s %,
with gamma-ray optical depth 7, ~ 0.1. In contrast, the iron
core in model 4H 47 lies between V,;, = 1000 km s~ ! and
V,ax = 1500 km s ~! and has a larger gamma-ray optical depth
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FiG. 4.—Synthetic spectrum for model 4H 47 (unmixed) at 140 days, compared with the observed spectrum (points). Without mixing, the O 1 emission lines [O 1]
426300, 6364, [O 1] 45577, and O 147771 are overproduced, as are Mg 1] 44571, [Ca 1] 17307, and the Ca 11 IR triplet. The large computed value of the Ca 1 line ratio
1(7307)/1(8582) indicates that the temperature in the calcium-emitting region is too low. Aside from the strongest features, the mean flux level is reasonably well
reproduced except that the synthetic spectrum contains a number of narrow, relatively bright emission lines which are not present in the observed spectrum.
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F1G. 5.—Synthetic spectrum for model 3H 30 (unmixed) at 140 days, compared with the observed spectrum (points). The optical emission is much fainter. th;m ip
model 4H 47 because the low-mass, high-velocity ejecta in 3H 30 absorbed a much smaller fraction of the 6Co decay energy. In particular, the oxygen emission is
underproduced by a factor of 3.
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1, = 0.22. In 3H 30, the concentration of *°Co is roughly twice
as high as in 4H 47, while the core helium abundance resulting
from the alpha-rich freezeout is much smaller. This means that
positron deposition is proportionally more important in
3H 30, so that the energy absorbed in the core material is less
sensitive to mixing. Because of the lower gamma-ray optical
depth of its core material, the iron emission in 3H 30 is weaker
than in 4H 47 by a factor ~2. Similarly, because of its low
oxygen mass and low helium mass, 3H 30 significantly under-
produces emission lines from these species. The O 1 recombi-
nation lines at 7771 A and 9264 A are underproduced by about
a factor of 3, as are the collisionally excited features at 6300 A
and 5577 A. The helium features He 1 15876 and He 1 A7065 are
underproduced by similar factors.

The overproduction of narrow iron lines in model 4H 47 can
be corrected by reducing the amount of energy absorbed in the
iron core and spreading the iron over a broader velocity range.
Such macroscopic mixing of the core material has been dis-
cussed extensively in relation to SN 1987A and other core
collapse supernovae (Herant & Benz 1991; Fryxell, Arnett, &
Miiller 1991; Shigeyama & Nomoto 1990; Shibazaki & Ebisu-
zaki 1988; and references therein). Light-curve calculations by
Shigeyama et al. (1994) also indicate that outward mixing of
56Ni may have occurred in SN 1993J. Recent two-dimensional
models specifically computed by Iwamoto (1994) are reported
in Nomoto, Iwamoto, & Suzuki (1995). These models display

extensive mixing at the Fe-Ca/O interface with iron mixed out
to ~4000 km s~ ' and oxygen mixed inward to relatively low
velocities. Having a smaller envelope mass than the 4H 47
model, the amount of mixing at the H/He interface is reduced.
Our macroscopic mixing of the ejecta of model 4H 47
involved the inner 0.85 M, of material out to 3000 km s~ *,
including the iron core and most of the oxygen shell. Material
rich in 3°Co was mixed through the inner 0.6 M, of material,
increasing the maximum expansion velocity of the iron core
material from 1500 km s~! to 3000 km s~!. This mixing
reduced the gamma-ray optical depth of the iron core material
by about a factor of 2, from 7, ~ 0.22 to 7, ~ 0.11, reducing the
gamma-ray energy deposited in the core material by a similar
factor (Fig. 6). The total nonthermal energy deposited in the
iron core material fell by 67% as a result of the decrease in
gamma-ray optical depth and the decreased gamma-ray inten-
sity. However, this large decrease in energy input was compen-
sated by a corresponding decrease in the cooling rate at the
lower density, so that the temperature and level of ionization
decreased only slightly. The net decrease in optical brightness
was smaller than might have been expected because absorption
of UV line radiation from the oxygen-rich material helped
offset the decrease in locally powered iron and cobalt optical
emission. With broader line profiles, the iron and cobalt fea-
tures throughout the spectrum were more strongly blended,
improving the fit to the observed spectrum. Some iron lines
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FiG. 6—Synthetic spectrum for model 4H 47 (mixed) at 140 days, compared with the observed spectrum (points). Macroscopic mixing reduced the total
nonthermal energy deposited in the iron core material by 67%. The net decrease in optical brightness is smaller than might have been expected because absorption of
UV line radiation from the oxygen-rich material helped offset the decrease in locally powered iron and cobalt optical emission. With broader line profiles, the iron
and cobalt features throughout the spectrum are more strongly blended, improving the fit to the observed spectrum. The O 1 emission lines are ~30% weaker,
mainly because of a shift toward higher ionization caused by the decrease in density as a result of mixing:
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were still overproduced, however. In particular, the Fe 1 emis-
sion lines near 8000 A and the Fe 1 features at 9000 A and 9571
A were overproduced by about a factor of 2. The O 1 emission
lines were ~30% weaker, mainly owing to a shift toward
higher ionization caused by the decrease in density, from
n=23.7 x 108 cm~3 in the unmixed model, to n = 2.5 x 108
cm ™3 in the mixed model. The increase in ionization also pro-
duces a better fit to the Mg 1] 44571 line (§ 6.4).

Although the unmixed version of model 3H 30 and the
mixed version of 4H 47 contain about the same mass of iron
core material with the same gamma-ray optical depth, the
optical spectrum produced by the mixed version of 4H 47 is
significantly brighter. This is mainly because 4H 47 has a more
massive oxygen shell and a higher mean density. In 4H 47, the
Mg 11 42803 line, responsible for much of the cooling of the
oxygen-rich material, is absorbed in the iron core material
which then reradiates the energy in the optical.

Figure 7 shows the synthetic spectrum based on the mixed
version of model 3H 30. In this model, mixing involved the iron
core and the oxygen shell, or about 0.45 M of ejecta below
~4000 km s~ !. Because iron core material was mixed to
higher velocities, the iron lines are much broader and, in that
sense, they agree better with the observed spectrum. As
expected, mixing did not increase the optical luminosity, so the
mean flux level remains too low. Despite increased gamma-ray
energy deposition, the O 1 emission in particular remains sig-
nificantly weaker than in the observed spectrum. Because it
was mixed inward, calcium was exposed to a somewhat larger
gamma-ray flux, increasing its temperature from ~ 5000 K, to
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~6000 K and increasing the level of ionization as well. The
temperature increase improved the fit to the observed Ca 11 line
ratio 1(7307)/1(8582), but the increased ionization reduced the
total emitting mass of Ca 11 so that the total Ca 1 emission is
roughly a factor of 2 fainter than observed.

The main conclusion from the mixed models is that, inde-
pendent of the level of mixing, model 3H 30 significantly
underproduces most features in the optical spectrum. In partic-
ular, the oxygen lines are underproduced by about a factor of
3, indicating that the oxygen mass in SN 1993] is considerably
larger than the 0.24 M of oxygen produced in model 3H 30.
In contrast, the observed oxygen features are well represented
by the mixed version of model 4H 47 with ~0.5 M g of oxygen.
Aside from its overproduction of several iron lines, probably
because of poor atomic data, and the poor fit to the Ca 11 line
ratio 1(7307)/1(8582), the mixed version of model 4H 47 pro-
vides a reasonably good fit to the observed optical spectrum.
The latter may be a result of excessive Co 11 cooling caused by
inaccurate atomic data. Experiments in which cobalt cooling
was excluded considerably improved the fit to the Ca 1 line
ratio. This model should therefore closely approximate the
physical conditions in the nebula; in the next few paragraphs
we describe the physical structure of this model in greater
detail.

5.3. Physical Conditions

We begin our discussion of the physical conditions in SN
1993J by contrasting the Type IIb SN 1993J with the well-
studied Type II SN 1987A. The primary differences arise from
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FI1G. 7.—Synthetic spectrum for model 3H 30 (mixed) at 140 days, compared with the observed spectrum (points). As expected, mixing did not increase the optical
luminosity; the mean flux level remains too low. In particular, the O 1and He 1 emission remain significantly weaker than in the observed spectrum.
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the large difference in the ejecta mass in the two cases. SN
1987A had a similar total kinetic energy, but because the ejecta
mass was several times larger, SN 1987A expanded more
slowly and was much denser. In SN 1987A at age 150 days, the
density was n = 10'° cm ~ 3, making the ejecta much cooler and
less highly ionized than in SN 1993J, which had a density
n< S x 108 cm™3 at this epoch (Fransson 1994; Kozma &
Fransson 1991). In the high-density case, a larger fraction of
the energy deposited by Co gamma rays goes into ionization
and direct excitation of resonance transitions, while a smaller
fraction goes into heating the electron gas. With its lower
density, most of the nonthermal energy deposition in SN 1993J
goes into heating, with <15% producing ionizations and,
except in the H/He envelope, a negligible fraction going into
direct excitation.

In our best-fit mixed model for SN 1993J (4H 47), the inner
0.85 M, of ejecta inside ~3000 km s~ ! were mixed, distribut-
ing %6Co through the inner 0.6 M, of ejecta. In addition, the
H/He envelope was shifted into the velocity range 8500-10,000
km s~ ! to improve the fit to the position and width of the
observed Ha absorption feature (§ 6.1.5). The H/He envelope
was displaced outward by adding ~0.1 M of material to the
He mantle.

5.3.1. 140 Days

The physical conditions at age 140 days are summarized in
Table 1. In this mixed model, the mass density in the oxygen
core was uniform, with p ~ 7.3 x 107 !% g cm~3. Oxygen-rich
zones alternated with zones rich in iron and cobalt. Approx-
imately 85% of the nonthermal energy deposited in this
oxygen-rich material produced heating in the free electron gas.
In the iron core material, the composition varied with the
relative concentration of helium from alpha-rich freezeout, and
silicon and sulfur from explosive oxygen burning. The oxygen-
rich material had a smaller gamma-ray absorption cross
section per atom than the iron core material, but the iron core
material cooled more efficiently. As a result, the iron-rich zones
were typically much cooler than the oxygen-rich zones.
Approximately 80% of the nonthermal energy deposition in
the iron core material went into heating. The Fe/Si zones pro-
duced the bulk of the [Ca 11] 17307 and [Ca 11] triplet emission
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from the supernova. Because the [Ca 11] triplet was under-
produced relative to [Ca 1] 47307, we inferred that this tem-
perature was somewhat lower than the actual temperature in
the Fe/Si-rich material.

In the helium mantle, most (~70%) of the gamma-ray
energy absorbed produced heating in the electron gas, while
~25% produced ionization and ~ 5% went into direct excita-
tion. Most of the nonthermal ionization energy ionized He 1,
and ~25% of subsequent recombinations went to He 1 singlet
states, ultimately producing two-photon emission. He 1 two-
photon emission, also powered by direct nonthermal excita-
tion, then ionized most of the trace neutral ions, C I in
particular. Although the carbon abundance was only ~ 1% by
number, C 1] 12326 emission provided more than 80% of the
cooling and, through photoionization of He 1, affected the ion-
ization balance as well. Collisionally excited C 1] 12326 emis-
sion photoionized He 1 from the 2s 3§ state with relatively high
efficiency because the large population of this metastable He 1
state gave it a continuum optical depth 7 ~ 0.2. Because this
mechanism tapped the large fraction of nonthermal energy
going into heat, ionization of helium was dominated by C 1]
A2326, with nonthermal ionization contributing only about
30% of its ionization rate. The overall ionization balance was
somewhat temperature sensitive because the electron tem-
perature was low compared to the excitation temperature of
Cir] 12326.

Approximately 60% of the nonthermal energy deposition in
the H/He envelope produced heating, while 25% went into
tonization and 15% to direct excitation. Excitation of the n = 2
state of H 1 was dominated by recombination and thermal and
nonthermal excitation from n = 1. Interestingly, the most
important mechanism for populating n = 3 and producing the
observed Ha emission between ~ 100-300 days was absorp-
tion of line photons in the Balmer series, in particular, absorp-
tion in Ha of redshifted [O 1] 46364 photons. The contribution
to n =3 from recombination, direct nonthermal excitation
from n = 1, and collisional excitation from n = 2 was more
than an order of magnitude smaller. At ~140 days, Balmer
continuum photoionization of hydrogen was comparable to
the nonthermal ionization rate. Roughly half the Balmer con-
tinuum radiation field came from local Mg 11 12803 and two-

TABLE 1
PHysicAL CONDITIONS AT 140 DAYS

vV n T

Composition (km s™Y) (108 cm™3) K) X, Coolants
Fe/He ......... 1000-4000 1.0-2.5 4000 0.6 Co 1 (45%)

Fe 11 (35%)

Fe 1 (10%)
Fe/Si.......... 1000-4000 1.0 3800 1.0 Ca 11 (40%)

Fe 1 (40%)

Co 11 (15%)
Oxygen ....... 1000-4000 1.0-2.5 6300 0.75 Mg 11 412803 (50%)

Mg 1] 14571 (20%)

[O 1] 246300, 6364 (10%)
C/O ........... 3000-3300 2.0-3.0 5800 034  C1(60%)

Mg 11 142803 (19%)

[O 1] 246300, 6364 (10%)
Helium........ 4000-8500 0.5-3.0 7500-8500 0.2 C 1] 42326 (80%)
Envelope...... 8500-10,000 0.5 8500 0.1 Mg 1 112803 (40%)

H1 11216 (35%)
Fe 11 (25%)
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photon emission and half came from UV photons from the
interior of the nebula, mainly Mg 1 412853, Mg 11 142803, C 1]
72326, and ~ 3000 A emission from the recombination cascade
of neutral and singly ionized iron and cobalt. Trace neutral
elements were strongly photoionized by two-photon emission.

5.3.2. 284 Days

In the oxygen-rich material at this epoch, the lower density
slowed recombination, favoring increased ionization of magne-
sium. As a result, the Mg 1 abundance was lower, with cooling
still dominated by Mg 11 A12803. The temperature decreased to
T = 4600 K, with ~60% of the cooling attributable to Mg 11
and the rest to O 1 (~25 %) and Mg 1 (~5 %). O 1 cooling
increased because the lower temperature favored lower excita-
tion lines. The electron fraction was x, ~ 0.6, so that the non-
thermal energy deposition was distributed in much the same
way as at 140 days. In the C/O region, the temperature
decreased to T = 4750 K, with x, ~ 0.4. At this lower tem-
perature, the balance of cooling shifted toward lines with lower
excitation temperature, so that [O 1] 416300, 6364 cooling
increased at the expense of Mg 11 142803. Most of the cooling
was caused by [C 1] (~50%), with the remainder attributable
to O 1(~34%)and Mg (~ 5%).

Because the cobalt abundance decreased as a result of radio-
active decay, iron cooling became more important in the iron
core. In the Fe/He regions, Fe 11 accounted for ~70 % of the
cooling compared to ~24% for Co 1, while in the Fe/Si
regions, cooling was dominated by Fe 1 (~30%), Ca 1
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(~50%), and Co 11 (~16%). The importance of cobalt as a
coolant may have been overestimated, however, because of
errors in the uncertain atomic data. The lower density favored
higher ionization so that x, = 1.2, while the temperature
decreased to T = 3500 K.

Aside from the decrease in density, the physical conditions in
the He mantle and H/He envelope were much the same as at
140 days. At the lower density, Balmer continuum photoion-
ization of H 1 was much less efficient, as was scattering of [O 1]
46364. Models neglecting circumstellar input tended to under-
produce the observed Ha feature by about a factor of 2 (Fig. 8).
However, interpreting the observed Ho luminosity as a func-
tion of time (Fig. 3) with a simple model in which a constant
fraction of Ho emission was caused by circumstellar input, one
expects that roughly 50% of the observed Ha emission was
caused by the circumstellar interaction at this epoch.

6. DISCUSSION OF INDIVIDUAL ELEMENTS

Line identifications based on a synthetic spectrum calcu-
lation at age 140 days are given in Figure 2. Most agree with
the identifications given by Lewis et al. (1994), although in the
case of the oxygen and magnesium lines, our interpretation is
significantly different. In this section, we discuss constraints on
the masses of hydrogen, helium, and oxygen and outline the
uncertainties associated with the computed strengths of other
prominent spectral features.
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FiG. 8 —Synthetic spectrum for model 4H 47 (mixed) at 284 days, compared with the observed spectrum (points). Ha is underproduced because circumstellar
energy input is an important energy source for the Ha luminosity but was not included in this calculation. Because of the relatively high degree of ionization in the

oxygen-rich material, the Mg 1] 24571 line is underproduced in this calculation.
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6.1. Constraints on the Hydrogen Mass

The total hydrogen mass and its distribution in velocity can
be constrained in several ways. The simplest constraint, based
on energetics, limits the mass of material at high velocity (2
10* km s~ 1Y), for a given explosion kinetic energy. The kinetic
energy of a constant velocity, pure hydrogen shell of mass M.,
solar masses is Ex = 105'M,,, v ergs, where v, is the expan-
sion velocity in units of 10* km s~!. If the total available
kinetic energy is of order 10°!ergs, the mass at high velocity
(=10* km s~ ') must be <1 M. However, this constraint does
not rule out a significant mass of hydrogen at a relatively low
velocity of order a few thousand km s ™1,

More direct constraints come from consideration of the Ha
emissivity and line blending effects. Because hydrogen mixed
into the low-velocity interior of the ejecta is compressed,
increasing its gamma-ray optical depth, and because it is
exposed to a relatively intense gamma-ray and Balmer contin-
uum flux, it produces strong Ho emission. Therefore, the
observed Ha flux constrains the mass of hydrogen at low veloc-
ity (55000 km s~ !). In the intermediate-velocity range, the
hydrogen mass is constrained by the observed line blending
effects as well as the observed Ha luminosity. The bright Ha
emission observed after ~300 days, probably as a result of
energy input from circumstellar X-rays, may provide an addi-
tional constraint on the hydrogen mass (Fransson & Houck
1995). In the next few sections, we discuss these spectrum con-
straints in turn. First we discuss the most important mecha-
nisms for producing the observed Ha emission, then we discuss
the behavior of the Ho luminosity and optical depth as a func-
tion of time.

6.1.1. Mechanisms Producing Ho. Emission

Because the temperature in the H/He envelope is low, T <
9000 K, collisional excitation and collisional ionization are
inefficient compared to recombination. Ha is produced mainly
through recombination after nonthermal ionization and
photoionization from n = 2 and through absorption and scat-
tering of Balmer photons. In the following, we will develop
approximate analytic expressions for the nonthermal and
photoionization rates and for the mean intensity of the inci-
dent radiation field being absorbed in the Balmer series. The
ultimate energy source for the emission is radioactive decay of
56Co; the total rate of energy release from 3°Co decay is L, =
1.27 x 10%3My;e Y111 93¥s ergg s~1 where My; is the soNi
mass in solar masses. We consider a spherically symmetric
model in which the H/He envelope occupies a shell. The core of
material inside this shell has radius R, = V, ¢t and gamma-ray
optical depth 7, , ~ 0.09Zng v, t,00, where v, is the core expan-
sion velocity V, in units of 10* km s~! and ng is the number
density in units of 108 cm ™3,

Direct nonthermal energy deposition in the H/He envelope
produces ionization, heating, and direct excitation. The rate of
nonthermal ionization of neutral hydrogen is expressed in
terms of an effective ionization potential y.; = 13.6 €V/fion,
where f,,,, is the fraction of nonthermal energy ionizing neutral
hydrogen (Kozma & Fransson 1991). The nonthermal ioniza-
tion rate from n = 1 is then

I _L]e“” o,
- 471'Rc2 Xetf

-1
= 1.06 x 10—6e—fv'f<6(’)‘;;‘v> v G e M T (4
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A fraction f; of nonthermal energy deposited in the H/He
envelope produces heating in the free electron gas with an
additional fraction f;; producing direct excitations to n = 3.
The direct nonthermal excitation rates to n = 2 and n = 3 are
then I'y, and I’y 3, respectively. The n = 2 excitation rate may
be written I'y, = I'j(x.e f12/€12), Where f;, is the fraction of
nonthermal energy-producing excitations to n = 2 and €, is
the Lya photon energy. A similar expression can be written
forT,;.

The photoionizing radiation field in the Balmer continuum
originates both from local emission in the H/He envelope and
as a result of gamma-ray energy deposition in the interior of
the nebula depends. A fraction, f,., of the nonthermal energy
deposited in the interior of the nebula is converted into
photons capable of ionizing hydrogen from n = 2. The Balmer
continuum ionization rate per atom attributable to these
photons is approximately

L1 —e ™F) oy
= n —° )%

P 2= f 2¢ 471: Rf Y8

hy -2.9
=28 x 10%3.(1 - e‘”'P)(x_> viidye M s
B.

G

where o = 1.5 x 107 17(hv/xg) " %° cm? is the photoionization
cross section from n = 2, yy is the Balmer ionization threshold,
and hv is the ionizing photon energy. The gamma-ray optical
depth 1, p refers to the size of the region which contributes to
this Balmer continuum radiation field; for a H/He shell at low
velocity, this region may include material outside the shell
itself. Kozma & Fransson (1991) found f,, = 0.2-0.3.

While the ionization balance is determined by these two
ionization processes, most of the observed Ha flux up to age
300 days is produced as a result of line blending effects. Line
blending is especially important because of the large velocity
gradient in the expanding nebula; the redshift between two
widely separated points in the nebula may be comparable to
the separation between two spectral lines, enabling one line to
shift into resonance with another. A particularly important
case is that in which redshifted [O 1] 4146300, 6364 photons can
come into resonance with Ha (Fig. 9). Absorption of [O 1]
46364 by Ha is essentially a scattering process which produces
an Ho emission feature. Absorption of line photons by other
Balmer series transitions should also lead to the emission of an
Hoa photon plus one or more infrared photons.

Assuming that [O 1] 16364 is the primary source of photons,
we can use the observed spectrum to estimate J3,, the mean
intensity incident in Ha. At 140 days, the unabsorbed intensity
of [O1] 16364 is F, ~ 10" * ergss ! cm ™2 Hz ! sr™!; in the
H/He envelope, the mean intensity resulting from this line is
then

J32 = (A*/c)dm) " (D/R)’F,

~10 %ergss 'cm 2 Hz !sr-

1 6)

A similar intensity from various iron lines is incident at HB, so
that the corresponding quantity J,, ~ 0.6 x 1078 ergs s *
cm~2 Hz ™ !sr!. Using an effective value of J;, to account for
the flux incident in all Balmer lines, we estimate that J;, 2 2
x 1078 at 140 days. In the simplest approximation, this quan-
tity has the same time dependence as P, since both arise from
nonthermal energy deposition in the interior of the nebula.
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Ha Absorption Line Formation

Ha Absorption
[0 I] A 6302,6364
Emission
\ Blue Edge (6340)
q / Red Edge (6390)
H envelope
(Taa>1)
—+—> To Observer
ll_ll;lllllll l LLJIIIIIIIJ
15 1 5 0 -5 -1 -15

Velocity (10* km s™)

F1G. 9—Geometry of the Ha —[O 1] 446300, 6364 blend showing the loca-
tion of the oxygen shell (1000-4000 km s~') and the H/He envelope (8500—
10,000 km s~ ) with a velocity scale showing relative velocities along the line of
sight. [O 1] 416300, 6364 emission along the solid vertical line crossing the
oxygen shell is Doppler-shifted into resonance with Ha along the solid vertical
line crossing the H/He envelope. Scattering of [O 1] 146300, 6364 by Ha
produces the redward edge of the observed Ha absorption feature at 6390 A.
Similarly, the vertical dotted lines indicate the resonance planes which produce
the blueward edge of the absorption feature at 6340 A. It is apparent from the
figure that scattering by Ha produces an absorption feature ~ 1000 km s~ !
wide, roughly centered on the [O 1] 16364 line.

Therefore, we will use the expression
J32 - JO(I _ e—ty.t)v;ltl—-OZO e—t/lll days
ergss ‘em 2 Hz 'sr7!, (7)

with the constant coefficient J, fixing the scale of Jj,.
Although the [O 1] 46302 brightness decays somewhat more
slowly between 140-250 days, this expression provides a rough
estimate of the incident intensity.

6.1.2. Simplified Model for Ha Emission

To estimate the Ha optical depth and the Ha luminosity as a
function of time, we treat hydrogen as a three-level atom plus
continuum. We include contributions from photon absorption
in Balmer lines, direct nonthermal excitation of n =2 and
n = 3, recombination, photoionization from n = 2, and non-
thermal ionization from n = 1. We neglect thermal electron
collisions. The effective recombination rate to n =3 is o =
Y% 3 o, while the total effective recombination rate is o, =
oc + o, e "B, where tg is the optical depth in the Balmer con-
tinuum. Depending on the optical depth in the Balmer contin-
uum, ac < a,. With these definitions, the equations governing
statistical equilibrium, ionization balance, and particle number
conservation in a pure hydrogen gas may be written

J
n3As, ﬂaz(l - S_az

32

>="1r13+"en+ %c , (8a)

ny(Ay, + Az Bry + P))=n Ty +n.nia,

J
+n3A4;, Bsz(l - §£> , (8b)

32
(80)
(8d)

nn.a,=nI;+n,P,,

n=n;+n,+ny+n,,
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where J 3, is the mean intensity absorbed in Ha and S5, is the
Ha source function. The two-photon transition probability
is A,,, A, is the Lya transition probability, and f,, =
(1 — e™™)/z,, is the Sobolev escape probability for Lya.

6.1.3. Ho Emission from Low-Velocity Hydrogen

Hydrogen envelope material may be mixed to low velocities,
similar to SN 1987A (Fryxell et al. 1991; Herant & Benz 1992).
Here we discuss constraints on this mass from the Ha line. In
hydrogen at low velocity, scattering of redshifted [O 1] 16364
emission is unimportant because the velocity relative to the
oxygen-emitting material is insufficient to shift the two lines
into resonance. Instead, low-velocity hydrogen produces Ha
emission primarily through recombination after nonthermal
ionization from n = 1 and photoionization in the Balmer con-
tinuum. Because the intensity of the ionizing radiation field
increases roughly oc V ~2, the Balmer continuum photoioniza-
tion rate is more than an order of magnitude larger for hydro-
gen at low velocities (52000 km s~ ') than for the hydrogen
envelope at ~9000 kms™?,

Solving equations (8a)—(8d) for the case of a 0.1 M pure
hydrogen shell between 2000-4400 km s~ ! and with J;, =0
(no scattering of [O 1]), we find that the ionization balance is
dominated by photoionization in the Balmer continuum. At
140 days, this analytic model gives x,=0.7 and F,; ~ 1.8
x 10~ * ergs s™! cm~2 A~*, about a factor of 2 larger than
the observed flux at Ha . This indicates that 20.1 My of
hydrogen at <5000 km s~ ! should be clearly detectable.

Detailed synthetic spectrum calculations are consistent with
this result, indicating that the presence of 0.1 M, hydrogen
below 3000 km s~ ! results in a bright, relatively narrow Ha
emission line which was not observed. A model with 0.1 M of
hydrogen envelope material between 1900-2400 km s~ ! with
density 1.5 x 10° cm ™3 produced a bright Ha emission line
4800 km s~ ! wide, with peak flux F, = 1.4 x 107 ' ergs s !
cm~2 A~!, significantly larger than the observed flux at Ha
this epoch. About 50% of the input to n = 3 was collisional
excitation from n = 2, and 45% was caused by recombination.
At threshold, the Balmer continuum optical depth across the
zone was 7y = 4.2; ionization of hydrogen was dominated by
photoionization from n = 2. Direct nonthermal excitation and
recombinations after nonthermal ionization contributed only
~10% of the population of n =3. We conclude that the
hydrogen mass at low velocities is strongly constrained to
<0.1 Mg by the observational limits on the Ha luminosity
between 100-250 days.

6.1.4. Ho Emission from High-Velocity Hydrogen

Pure recombination is unlikely to explain the observed Ha
luminosity. If every recombination to n > 3 produces an Ha
photon, the Hx luminosity should be

M
Ly, = x2achv,, n(Tn—H)

14

M
=24 x 10%%n (ﬁ) ( o )ergs s™1, )
80.1)\03 Mg

where My is the mass of hydrogen. For an envelope density
ng = 0.5 and x, = 0.1, this corresponds to a flux of only F, =
2 x 10" "% ergss~' cm 2 A~ !, much smaller than the observed
value at 140 days. At 225 days, the discrepancy is even larger;
with ng =0.12 and x,=0.1, the flux would be F, ~ 4.8
x 10717 ergs s ™' cm 2 A1, much smaller than the observed
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value ~3.6 x 10" % ergs s~ cm~2 A1, As long as the ioniza-
tion arises from nonthermal energy deposition and photoion-
ization by UV photons from the interior of the nebula, the
electron fraction is unlikely to be large enough to produce the
observed Ha flux. Because of the observed time evolution of
the Ha flux, it seems clear that ionization by circumstellar
X-rays is relatively unimportant until age 300 days.

Our synthetic spectrum calculations indicate that, at 140
days, the observed flux at Ho (F, ~ 10 ' ergss ' cm 2 A1)
is a blend of Ha and several weaker lines of Fe 1 and Fe 11, with
Ha providing about 30% of the flux. This is produced in 0.3
M, of envelope material with hydrogen and helium mass frac-
tions X =042 and Y = 0.57, respectively, and density
n=>5.7 x 107 cm™3, temperature T = 8500 K, and electron
fraction x, = 0.1. The level populations in H 1 are x, = 3.5
x 1078 and x; = 1.6 x 107 *2, These values are well repro-
duced by numerical solution of equations (8a)—(8d) when an
Ho pumping intensity J;, =4 x 1078 ergs s cm™2 Hz™!
sr~! is included. This is somewhat larger than the value esti-
mated from the observed spectrum, but still in line with expec-
tations. Figure 3 shows the time evolution of the observed
value of the flux at Ha compared with various semianalytic
estimates of the Ha flux. The curves are labeled according to
which Ha production mechanisms contribute to the emission.
Each of the analytic models includes a constant emission com-
ponent, attributed to the circumstellar interaction contribu-
tion, equal to the mean observed Ha flux after age 350 days
(Fransson & Houck 1995). From this figure, it is clear that
recombination alone is insufficient to produce the observed Ho
emission at 140 days and that the rate of decrease of the Ha
luminosity is much too rapid in this case. In contrast, the
observed slow decline in Ha is much better reproduced by
models which include line scattering. We emphasize that our
detailed spectrum calculation indicates that the observed
feature at Ha contains an important contribution from
blended iron lines, so that the observed flux at Hu is signifi-
cantly larger than the actual Ha intensity. The figure shows
that this simplified model agrees closely with the more detailed
calculation, and that scattering of oxygen photons at a level
consistent with the observed line intensity explains the
observed behavior of Ha.

6.1.5. Ho Absorption in High-V elocity Hydrogen
When Ha is optically thick, scattering of the redshifted [O 1]

- 446300, 6364 photons produces a strong absorption feature in

the [O 1] 146300, 6364 line profile. Because the width of this
absorption feature corresponds to the velocity thickness of the
optically thick part of the hydrogen envelope, this feature pro-
vides a way of directly measuring the thickness of the hydrogen
envelope. The location of the blue edge of the Ha scattering
feature determines the highest velocity at which Ha is optically
thick, while the location of the red edge determines the velocity
at the corresponding position at the base of the hydrogen
envelope. The width of this absorption feature and its behavior
over time constrain the mass of the H/He envelope and its
extent in velocity.

By inspection, the observed Ha absorption lies (roughly)
between 6340-6390 A, indicating that the bulk of the hydrogen
envelope lies somewhere between 7900-10,000 km s~ !. The
line center of the [O 1] 46364 component of the doublet is
heavily absorbed, while only the red wing of the [O 1] 16300
component is absorbed. Scattering features associated with Hp
and Hy are also present in the observed spectra. Blueshifted
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absorption by Hp is prominent between 4696—4742 A prior to
140 days (1993 August 15), although it is no longer present at
177 days (1993 September 20). The position and width of the
Hp absorption feature correspond to a velocity range of
~7400-10,000 km s~!, consistent with the observed Hu
absorption. Although the Hp feature is relatively close to the
Mg 1] 44571 line, it does not come into resonance with that line
because the required Doppler shift is too large (~ 18,000 km
s™1). In particular, HB absorption is not responsible for the
apparent similarity between the Mg 1] and [O 1] 116300, 6364
profiles interpreted by Spyromilio (1994) as evidence for large-
scale asymmetries. Prior to age 100 days, blueshifted Hy
absorption is clearly present between ~4200-4233 A,
corresponding to a velocity width ~7400-9700 km s~
However, because this feature is weaker and because it coin-
cides with another dip in the spectrum, perhaps an absorption
by the Fe i1 resonance a line at 4234 A corresponding to Fe 1t
3Ps;—2D 5, its precise extent and its behavior over time are
less clear than for HB and Ha. We note that the features that
we identify as absorption by Ha, Hp, and Hy are not all cen-
tered at exactly the same velocity relative to the rest wave-
length, nor are the profiles identical. For example, the Ha
absorption is centered at about 8900 km s !, the Hp feature is
centered at about 8500 km s~ !, and the Hy feature is centered
at about 9000 km s~ !, although the latter is uncertain. The
widths and profiles differ at about the same level and show
similar changes over time. We attribute this variation to differ-
ences in the background of emission and changes in this back-
ground as a function of time. Because the Ha feature is the
most prominent, and because it is in resonance with a strong
feature in a relatively uncomplicated blend, it is the easiest of
these features to analyze. In the following, we use the Ha
absorption feature to constrain the mass and thickness of the
H/He envelope.

While the population of n = 3, and therefore the Ho lumi-
nosity, is strongly dependent on line blending effects, the popu-
lation of n = 2 and thus the Ha optical depth are determined
mainly by the balance between recombination and photon
emission, with some contribution from direct nonthermal exci-
tation. From equations (8a)—(8d), the population of n =2 is
then

r,+TI;
x, ~(1— xe)(—‘i———>. (10)
2 Azy + Az By
The Sobolev optical depth of Ha is
Az, A3t
The = ——22= gan, = hy, tnx, (11

8ng,

while for Lya, the optical depth may be written 1,, =
h, tnx, = hy tn(l — x,), because x, < 1.

Combining equations (10) and (11) and noting that f,, ~
1/7,, because 7,; > 1, we obtain

4 1/2
n=ﬁ[1+<1+ﬁ) ] (12)
2 n,
where
n = AZyTHu
T (Cy2 + Tphs(1 — x )t
A
nb 21

T Ay hy(1—x )t
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To the extent that the hydrogen number density is <2 x 108
cm ~3, two-photon emission is slow compared to Lya emission,
4ny/n, > 1 and n = (n,n,)'/>. We estimate that the hydrogen
envelope density is (3—5) x 107 cm™ at 140 days, so that Lya
emission is ~ 5 times faster than two-photon emission. This is
in contrast to the case of SN 1987A. The Ha optical depth can
then be written

-1
Tae X 49031 — x,)%e " "repy 2(6())(:‘\/)

M(SGNI) —t/111 days
8 [0.08 Mo | > (13
3

where n, is the hydrogen number density in units of 107 cm ™3,

Equation (13) relates the Ha optical depth to the hydrogen
density in the H/He envelope. At 140 days, our detailed model
has 7, . = 0.5 for v, = 0.9. Our calculations also indicate that
the electron fraction is x, ~ 0.1 between 140 days and 300
days. Taking the hydrogen density in the H/He envelope n, =
4.5 at 140 days, the Ha optical depth is 1, = 17. Consistent
with the above discussion, this implies that scattering in the
Balmer lines should be efficient. At 250 days, assuming that
1,.0ct” 2 and n,oct3, the Ha optical depth is 1y, < 0.02.
Therefore, while the scattering absorption feature is strong at
140 days and at earlier times, it should disappear by age 250
days because of the decrease in density and nonthermal energy
deposition. This agrees closely with the observed behavior and
with the results of our synthetic spectrum calculations.

In terms of the Ha optical depth, the Balmer continuum
depthis

V..
75 ~ 0.0131y, v4<l - V—""'l ) , (14)

max

where V,;, and V_,, represent the velocity range of the part of
the hydrogen envelope sampled by the Ha absorption feature.
For hydrogen at high velocities, 75 & 0.02 < 1 at 140 days.
Although 15 < 1, the photoionizing flux in the Balmer contin-
uum is significant. Therefore, Balmer continuum photoioniza-
tion remains important, producing about half of all hydrogen
ionizations.

While the presence of Ha absorption in some wavelength
range within the [O 1] 116300, 6364 blend is a clear indication
that Ha is optically thick in the corresponding velocity range,
the absence of a scattering feature in some nearby wavelength
range (within this O 1 blend) indicates that 7y, < 1 at the corre-
sponding velocity. From equation (13), the hydrogen density at
that corresponding velocity must be smaller than

¥ 1/2
Pax = 1.43 x 10%(1 — xe)_le'“/zv‘t(%%)

M 56N' -1/2
x I:O 0(8 Mlo)] el/222days Cm-—3 . (15)

In contrast to the number density in the nebula, which
decreases as n oc t 3, this upper limit on the number density is
relatively insensitive to the age between ~ 50-300 days. There-
fore, at early times ~ 50 days, this upper limit on the hydrogen
density allows us to constrain the mass of hydrogen at interme-
diate velocities, in the range for which Ha is in resonance with
[O 1] 446300, 6364.

Equation (15) constrains the hydrogen mass outside 8500-
10,000 km s~ !. Observations of SN 1993J indicate that the
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oxygen shell extends out to ~4000 km s~! so that the blue
wing of the [O 1] 146300, 6364 blend extends to ~6220 A,
while the red wing extends to ~6450 A. The Ha absorption
feature is present between 6340-6390 A as early as 50 days
after the explosion and maintains the same width until Ha
becomes optically thin and the feature fades away at age 220
days. Because no strong absorption is present between 6220 A
and 6340 A during this time period, one concludes that the
hydrogen density between (1.02-1.57) x 10* km s~ ! is small
enough so that 1y, < 1 in this wavelength range, even as early
as 50 days after the explosion. At an age of 50 days, with
vy =11,1,,=39 and x, = 0.15, Ha is optically thin only if
the hydrogen density is less than n,, = 1.4 x 10%cm™3. A
uniform shell at this density between (1.0-1.5) x 10*km s !
would contain only 0.06 M of hydrogen. Similarly, because
no strong absorption is present between 6390 A and 6450 A
between 50-220 days, the hydrogen density in the correspond-
ing velocity range 5600—-7900 km s~ ! must be small enough to
ensure that 7,5, < 1, as early as 50 days after the explosion. At
an age of 50 days, with v, = 0.6, 7, . = 2, and x, = 0.15, Ha is
optically thin only if the hydrogen density is less than n,, =

4.7 x 107 ecm 3. A uniform shell of this density between 5600~
7900 km s~ ! would contain <0.01 M of hydrogen. We con-
clude that, because no clearly observable absorption feature is
present in the [O 1] 446300, 6364 blend, only a negligible mass
of neutral hydrogen is present between 5600~7900 km s~ ! or
(1.02-1.57) x 10* km s~ !. Here we have derived these con-
straints from the constant width of the absorption after age 50
days; in general, the earlier the stage at which one can use this
argument to constrain the number density in the hydrogen
envelope, the stronger the constraint one can set. We empha-
size that we have not produced detailed spectrum models valid
at age 50 days. We merely point out that the Ha absorption
feature can be traced from this early epoch and argue on the
basis of continuity; i.e., that the absorption is produced by the
same physical transition, namely, Ha, at both early and late
times.

Deriving the velocity thickness of the H/He envelope
directly by inspection of the observed spectra is a bit uncertain
because the precise extent of the absorption feature is unclear.
Synthetic spectrum models with the observed feature indicate
that the hydrogen envelope should lie between ~ 8000-10,000
km s~ 1. This velocity range is rather well determined; we rule
out the presence of more than 0.02 M of hydrogen above or
below this range because that amount of material would
produce a noticeably broader absorption feature, in disagree-
ment with the observed spectrum.

As expansion decreases the Ha scattering efficiency, the scat-
tering absorption feature becomes less prominent. Because the
density in the hydrogen envelope should decrease outward,
one expects the absorption feature to narrow from the blue
edge with time as Ha becomes optically thin at lower and
lower velocities. The decrease in depth of the absorption
feature is apparent in the observed spectra covering the period
from August 15 (140 days) to November 7 (224 days). On
August 15 (140 days), the Ha absorption is quite deep; on
September 20 (177 days), the depth is significantly reduced, and
by November 7 (224 days) the absorption has disappeared. The
feature also appears to narrow slightly from the blue edge as
expected, although the effect is small. Because the observed
absorption feature disappeared at an age of ~225 days, the
hydrogen density of the envelope material in which this
absorption formed must be n,,,,(225 days) & 2 x 10" cm~3 at
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this epoch. This implies a total hydrogen mass between 8500—
10,000 km s~ ! of only 0.2 M or a H/He envelope mass of
<0.5 M, assuming significant helium enrichment so that the
hydrogen and helium mass fractions are X =042 and
Y = 0.57, respectively. This is necessarily an overestimate of
the envelope mass, probably by at least a factor of 2, because
we have used 7y, = 1 as the optical depth when the absorption
feature disappears; if 73, = 1, an absorption feature would still
be observed because the oxygen emission would be reduced by
a factor of e. Extrapolating back to age 50 days, the hydrogen
density would have been ny < 1.8 x 10° cm ™3, more than an
order of magnitude larger than the limit set above on the
hydrogen density outside 8500-10,000 km s~!. Therefore, the
shape of the observed absorption feature constrains the hydro-
gen envelope to have relatively sharp edges where the hydro-
gen density falls by more than an order of magnitude.

6.2. Helium

The most prominent helium feature in the late optical
spectra is He 1 15876. In our models at 140 days, this feature is
typically a blend of He 1 15876 (~ 50%) and Na 1 115890, 5896
(~30%), with the remainder coming mainly from Fe 11 lines.
He 1 16678 is obscured by Ha emission and, while He 1 17065 is
present, only its blue edge is visible in a blend with [Ca 1]
27307. Other helium lines at 5017 A and 4472 A are so thor-
oughly blended with iron lines that we are unable to extract
quantitative information on the line shapes and intensities.
Our calculations indicate that, at 140 days, He 1 A = 1.083 um
should be reasonably bright (Fig. 10), with F, ~ 0.51 x 1074
ergs s~ ! cm~2 A~! and width comparable to He 1 A5876. The
red wing of He 1 1 = 1.083 um blends with the much weaker
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[Si1] A= 1.1 um line [F([Si 1])/F;(He 1) ~ 0.1], and a still
weaker [Co 11] A = 1.098 um line, but otherwise this feature
appears unblended. The He 1 line fades relative to the [Si 1]
line, so that at 284 days, He 1 1 = 1.083 um has F, ~ 0.039
x 107 ergss 'cm~2 A1, and F,([Si 1])/F(He 1) = 0.25.

Optical depth effects in He 1 43888 and He 1 43187 are
important in determining the helium triplet line ratios, so that
He 1 27065 and He 1 414713 are significantly enhanced relative
to the intensities found in case B recombination. Optical depth
effects are also important in singlet line formation, for He 1
A5017 and He 1 46678. Although the helium lines are produced
mainly as a result of recombination, these optical depth effects
imply that a pure recombination approximation is not justified
for the individual lines, and a more sophisticated calculation
similar to that in this paper is necessary.

While the helium mantle in the explosion model extends out
to ~8600 km s~ !, the bulk of the helium emission in the
observed spectra and in our calculations arises below 5000 km
s~ 1. Because the emission from helium at higher velocities is
relatively weak, the calculated line profiles have broad, weak
tails which blend with nearby emission. The brighter com-
ponent of the profile has a half-width roughly consistent with
the observed line profile. Therefore, the observed line widths
do not give a clear indication of the maximum expansion
velocity of the helium mantle. As a result, neither the optical
nor the infrared spectrum between 100-400 days places inter-
esting direct limits on the total helium mass.

While the optical spectrum provides few clues to the helium
mass, it can be constrained because the oxygen mass is a sensi-
tive function of the helium core mass (e.g., Nomoto et al. 1993).
Given that the 40 M helium core model 4H 47 produced
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F1G. 10.—Synthetic IR spectrum at age 140 days (1993 August 15) with line identifications
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about the right oxygen mass, this model probably gives a good
representation of the helium mass as well. In addition to its
effect on the oxygen mass, significantly increasing the helium
mass in model 4H 47 would require significantly more than
10°! ergs in kinetic energy if the overall expansion velocity is
maintained consistent with the observed line widths. A con-
stant velocity helium shell of M,;, solar masses has kinetic
energy Ex = 4 x 105 My, v3 ergs, so that an additional solar
mass of helium at a velocity of 5000 km s~! would require an
additional 10°* ergs of energy. Furthermore, a large mass of
helium at low velocity would significantly dilute the gamma-
ray flux in the Fe/O core, in conflict with the observed spec-
trum. In this case, the He 1 lines would have been stronger and
narrower than was observed.

6.3. Oxygen

In principle, the [O 1] 2146300, 6364 doublet line ratio can be
used to infer the density in the oxygen emitting region (e.g.,
Spyromilio & Pinto 1991). Unfortunately, the high degree of
blending of the doublet components and the strong absorption
of [O 1] 46364 by Ha in the H/He envelope makes this diag-
nostic very uncertain. Using the December 17 spectrum, we
estimate that the line ratio is 1(6300)/1(6364) ~ 2, although this
is only an uncertain lower limit. Given the uncertainty
involved, we conclude that the blending is too severe to allow a
meaningful result. Our models fit the observed spectrum
without extensive clumping and with only ~0.5 M, of oxygen.
The oxygen-rich material in these models typically has n ~ 108
cm™3. In contrast, models with extensive clumping in which
the oxygen rich material had a density of n ~ 5 x 10° cm™3
produced strong [O 1] A5577 and O 1] 46726 emission, com-
pletely unlike the observed spectrum. At this epoch, therefore,
we infer that the density in the oxygen-rich material is
<5 x 10° cm ™3, so that [O 1] 416300, 6364 is nearly optically
thin.

Compared with the observed spectra, our models consistent-
ly underestimate the O 1line ratio 1(9264)/1(7771). At 140 days,
the O 147771 transition is optically thick, with Sobolev optical
depth 7,5,; 2 10. O 1 19264 remains optically thin, with
Tg264 & 0.1. Using collision strengths from Carlsson (1993),
computed using the impact parameter approximation of
Seaton (1962), we find that collisional excitation of O 1 47771 is
slow compared to recombination. Because collisional de-
excitation is inefficient and no alternate downward path is
available, the line ratio should be determined by the excited
state recombination rates. Because our computed line ratio is
inconsistent with the observed ratio, we suggest that the rele-
vant quintet recombination rates taken from Escalante &
Victor (1992) are inaccurate. Based on the observed value of
the O 1 line ratio 1(9264)/1(7771) ~ 0.8, the bulk of the O 1
quintet‘recombinations seem to enter the 3d °D state, produc-
ing the 7771 A feature in the downward cascade.

6.4. Magnesium

In the optical, the only clear feature attributable to magne-
sium is Mg 1] 44571. In our spectrum model at 140 days, the
strength of this feature is reasonably well represented, although
the detailed line profile is poorly reproduced. The computed
line profile is rather jagged because of overlapping, narrow Fe
absorption lines. While absorption features can be seen in the
observed Mg 1] 14571 profile, they are much smaller, indicat-
ing that we have overestimated the optical depth of the rele-
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vant absorbing line transitions, particularly Fe u D — #F
AA4509-4621.

Aside from the effects of overlapping iron absorption and
emission features in this region of the spectrum, the difficulty in
reproducing the observed Mg 1] 14571 feature is compounded
by uncertainties in the magnesium ionization balance.

First, there are large variations in available recombination
rates. The older rates of Aldrovandi & Péquignot (1973) are a
factor of 3 larger than the more recent rates from Shull & Van
Steenberg (1982). Our calculations, using the newer rates,
reproduce the observed Mg 1] 14571 flux at age 140 days rea-
sonably well but underproduce it by more than a factor of 3 at
284 days. If we use the older rates, the line flux at 140 days is
overproduced by an order of magnitude, although the flux at
284 days is better fit. Because we are unable to fit the line
strength at both epochs with a single set of recombination
rates, it appears that we do not accurately model the time
evolution of the ionization balance. This is most likely coupled
with the sensitivity of the Mg 1 abundance to the radiation
field.

With its low ionization threshold, Mg 1 is quite sensitive to
the photoionizing radiation field. Because the 3p3P excited
state is metastable, its population is relatively large, and photo-
ionization from this excited state by photons above ~5 eV is
important. The line strength is therefore sensitive to the
detailed UV radiation field below 2518 A, in particular, the
C 11] 42326 line. Photoionization from the ground state is com-
plicated by the unusual energy dependence of the ground state
photoionization cross section near 9.4 eV (Butler, Mendoza, &
Zeippen 1993). The most plentiful source of photons for ion-
izing Mg 1 from the ground state is O 1] 11355, corresponding
to a photon energy of 9.2 eV. Because the ground state photo-
ionization cross section has a deep minimum near this energy,
ionization of Mg 1 by O 1] 41355 photons is inefficient. Instead,
the O 1] photons strongly ionize Si 1, which has a photoioniza-
tion cross section more than ~ 500 times larger than that of
Mg 1 at this energy. If the position of the minimum in the
(theoretical) cross section were in error by as much as 0.5 eV,
the photoionization cross section at 1355 A, and the corre-
sponding Mg I photoionization rate, could increase by a factor
2 10, reducing the Mg 1 abundance by a similar factor. Because
Butler et al. claim that their calculated cross section is in good
agreement with experiments, such a large discrepancy may be
unlikely.

Finally, the magnesium abundance may be a factor of ~2
lower than in the model, perhaps as a result of the uncertain
12C(a, y)*O rate. While important for producing the observed
spectrum, the uncertainty in the Mg 1 abundance has little
effect on the energy balance or electron fraction in the oxygen-
rich material, since cooling is dominated by Mg 11 and O 1 and
since the magnesium abundance is <8% by number.

6.5. Iron and Cobalt

Emission between 4000-5500 A is dominated by emission
from [Fe 1] and [Fe 11]. At a temperature ~4500 K, the optical
lines (4000-5000 A) associated with the ground term of Fe 11
are mainly collisionally excited, while the corresponding
ground term UV lines (2000-2500 A), which indirectly feed
other optical lines between 4000-5500 A, are excited both by
thermal electron collisions and recombination. Absorption of
UV line photons from other parts of the ejecta and subsequent
reemission of optical photons is also important (§ 5.2). Much of
the remaining optical emission between 4000-5500 A arises
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from the recombination cascade of Fe 11 after nonthermal ion-
ization, and from collisional excitation of optical lines of Fe 111
While the strength of individual features is somewhat uncer-
tain because of the relatively uncertain atomic data (the recom-
bination rates in particular), the integrated iron emission in
this wavelength region provides an indication of the non-
thermal energy deposition in the iron core material.

The presence of narrow emission lines of iron and cobalt,
which provided a diagnostic in support of mixing, depends
somewhat sensitively on the velocity at the mass cut associated
with neutron star formation. Current explosion models do not
self-consistently determine this velocity. Nevertheless, the pres-
ence of narrow peaks on the Ca 11 emission lines indicates that
Ca-Fe-rich material must be present at low velocities (~ 1000
km s~ !). Because calcium is produced just outside the iron core
in the explosion models, consistency with explosion models
would imply that, in the absence of mixing, the bulk of the iron
core material must occupy lower velocities. We have shown
that such a low-velocity iron core leads to the production of
bright, narrow Fe 1 and Co 1 emission lines, inconsistent with
the observed spectra. Thus, while the narrow calcium emission
line peaks indicate that some calcium-emitting material must
lie at low velocities <1000 km s~ ! (the observed line widths
also indicate that Ca 1 emission extends out to ~4000 km
s~ 1), consistency with the observed spectrum leads to the con-
clusion that the iron core material must be mixed outward to
velocities =3000 km s~ 1.

Most of the optical emission from the iron core material
comes from Fe 11 and Fe m1. Although the Fe 1 abundance is
relatively low [n(Fe 1)/n(Fe) ~ 0.001-0.02], many of its optical
resonance transitions have large optical depths 7 2 10 even at
284 days; a number of metastable Fe 11 optical transitions have
7 ~ 1-10 as well. A typical example of line blending is Fe 11
4D — #F 1A4509-4621, which absorbs Mg 1] 14571. The Fe 1t
D, - 3Fo;, A4585 transition has Sobolev optical depth
© &~ 17 at 140 days, decreasing to T &~ 0.5 at 284 days. Because
many transitions between 4000-5500 A remain optically thick
even at late times ~250 days, line blending effects must be
included in detailed models. However, given the relative inac-
curacy of the available atomic data on iron ions, line blending
further increases the uncertainty involved in calculating the
strength of individual features in this complex.

During the first year after the explosion, the far-infrared,
fine-structure lines of iron and cobalt are relatively weak, pri-
marily because of the high temperature. In units of 1078 ergs
s !cm~2 A™!, typical [Fe 1] line strengths at 140 days are 1.8
(17.9 pm) and 0.7 (26 um). The near-infrared lines are much
brighter (Fig. 10), having intensities of 410 (1.26 um), 230 (1.66
um), and 16.2 (2.1 um). While the temperature is above ~ 3000
K, collisional cooling caused by iron peak elements is domi-
nated by optical emission. When the temperature in the iron
core material falls below ~ 3000 K, fine-structure cooling grad-
ually dominates, leading to an “infrared catastrophe ” in which
the iron core material rapidly cools down to ~250 K within
~200 days (Axelrod 1980; Fransson & Chevalier 1989;
Fransson, Houck, & Kozma 1994). At 327 days, the tem-
perature in the iron core material is ~3500 K, so that fine-
structure cooling is becoming stronger. The far-infrared [Fe 11]
lines are significantly stronger compared to age 140 days, with
line strengths 7.2 (17.9 um) and 2.1 (26 um), while the near-
infrared lines are weaker, having line strengths 244 (1.26 um),
137 (1.64 um), and 2.8 (2.1 um). While optical emission still
dominates at an age of about a year, fine-structure cooling is
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becoming more important and is likely to dominate by age
550-600 days.

The recombination cascade of neutral and singly ionized
iron and cobalt in the iron core provides an important source
of ionizing photons in the supernova. Photons with energies in
the Balmer continuum (> 3.4 eV) but below the Fe 1 ionization
potential (7.87 eV) are particularly important for photoioniza-
tion of hydrogen in the H/He envelope as well as excited state
photoionization of Mg 1. If the Fe 1 continuum is optically thin,
the more energetic photons with energies above ~ 8 eV escape
the iron core and contribute to the photoionization of species
with low ionization potentials, Mg 1in particular (§ 6.4). At age
140 days, the Fe 1 ground state continuum optical depth near
threshold is T, = 10, while the continua from excited states are
thin. At lower densities, the Fe 1 fraction decreases enough to
make the ground-state continuum optically thin.

We briefly mention two problematic aspects of multilevel
solutions for iron and cobalt ions. First, accurate rates for
recombination to excited states of Fe 11 and Co 11 do not exist;
excited state recombination rates must be estimated (see
Appendix). Therefore, special care must be taken in modeling
the recombination cascade in spectrum calculations which
model neutral or singly ionized iron and cobalt with relatively
few, low-lying excited states. In particular, if all recombinations
go to the ground state, producing photons well above the
Balmer continuum threshold, these energetic continuum
photons ionize hydrogen only inefficiently, resulting in a sig-
nificant underestimate of the Balmer continuum ionizing flux.
At present, even if large model atoms are used, the recombi-
nation cascade is poorly determined because of the lack of
excited state recombination rates. Collisional contributions to
these high states are, however, unimportant. We feel that this is
the main uncertainty of our calculation.

Second, our synthetic spectra tend to overproduce cobalt
emission features, probably because of inaccuracies in the
atomic data, especially the collision strengths, for cobalt ions.
For example, at 140 days, Co 11 provides more than 60% of the
collisional cooling in the iron core material, while iron emis-
sion contributes only ~10%. In the optical spectra, the most
obvious result of this is the relatively bright [Co 11] emission
line at 9569 A which is clearly not present in the observed
spectra. The largest uncertainties in the atomic data for cobalt
ions lie in the collision strengths, so that the worst errors occur
in collisionally excited lines in the optical and infrared. Because
of coupling between atomic levels, the computed emissivities of
transitions with better determined collision strengths may also
be affected. We tested the influence of cobalt on the synthetic
spectrum by computing a model spectrum at age 140 days in
which cobalt emission was neglected. The deficit in cooling was
made up by Fe 11 emission, causing the temperature in the iron
core material to increase slightly to ~4900 K. The largest
change in the optical spectrum was a factor ~2 brightening in
the Fe 11 emission at 5300 A. Other iron features brightened to
a lesser degree. The rest of the optical spectrum was relatively
unchanged. Therefore, while the computed strength of espe-
cially the 5300 A feature is uncertain, the temperature determi-
nation in the iron core material is relatively insensitive to this
uncertainty. Nevertheless, this may be a significant problem for
temperature-sensitive line ratios such as Ca 11 I(7307)/1(8582).

We also tested the sensitivity of our results to the number of
levels included in our Fe 1 model atom. At 140 days and 284
days, we compared models with two different Fe 11 model
atoms, one with 121 energy levels and one with 191 energy
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levels. In the larger atom, a number of the transition probabil-
ities were updated using newer values from Nahar (1995). At
each epoch, the spectra computed with the larger model atom
were little different from the spectra computed using the
smaller model atom. Furthermore, the physical conditions in
the iron-rich material were essentially the same. Baron &
Hauschildt (1995) have discussed the importance of including
the many weak transitions in iron peak ions. That our results
are insensitive to the addition of 70 further energy levels to the
Fe 11 atom indicates that spectrum formation under these con-
ditions is not strongly affected by interactions involving highly
excited states of Fe 1. This is mainly attributable to the rela-
tively low temperatures involved, $10* K, and to the low
opacity of these additional transitions.

6.6. Other Elements

The most prominent spectral feature associated with carbon
is [C 1] A8727, heavily blended with the Ca 1 triplet. Most
of the [C 1] emission arises from the C/O zone at velocities
<3900 km s !, although about 20% is produced in the denser
parts of the helium envelope, out to ~ 5300 km s~ *. Our syn-
thetic spectrum indicates that the redward edge of the [Ca n]-
[C1] blend is dominated by [C 1] emission, allowing an
estimate of the expansion velocity of the C/O material. Consis-
tent with the shape of the observed blend at 140 days, our
synthetic spectrum places the red edge of this blend at 8836 A.
This calculation also indicates that the red edge of the [Ca 11]
emission lies well inside the observed blend, close to 8780 A.
Therefore, the estimate of the velocity range of [C 1] emission is
not confused by redshifted emission from the 8662 A com-
ponent of the Ca 1 triplet. We conclude that most of the
carbon is confined to velocities <3900 km s~ ! and that the
total mass of carbon is probably close to that produced in
model 4H 47, about 0.1 M.

As discussed by Fransson & Chevalier (1989), the character
of the emission from the oxygen-rich material is sensitive to the
relative abundances of oxygen and calcium. If the calcium to
oxygen abundance ratio is as high as 1073, calcium dominates
the cooling. Because the relative abundance of calcium is sensi-
tive to the degree and character of convective mixing in the
progenitor star, the exact abundance is uncertain, as is appar-
ent from models of SN 1987A (Hashimoto, Nomoto, & Shigey-
ama 1989; Woosley 1988). Increasing the calcium abundance
in the oxygen-rich material to n(Ca)/n(O) = 103 lowered the
temperature to T = 4500-5000 K. This led to relatively broad
profiles for the Ca 1 features at 7300 and 8550 A which clearly
did not fit the narrower, more sharply peaked profiles in the
observed spectrum. Furthermore, the Ca 11 line ratio 1(7300)/
I(8550) > 1, while the observed line ratio 1(7300)/1(8550) was
less than unity. From comparison with the observed spectrum,
therefore, we conclude that the calcium to oxygen abundance
ratic; in the oxygen-rich material of SN 1993J is smaller than
107°.

7. LINE PROFILE ASYMMETRIES

The observational evidence for asymmetries in the ejecta of
SN 1993J has rested on the overall structure of prominent
spectral features such as the [O 1] 2116300, 6364 blend and on
the smaller scale structure of these individual features. Based
on his examination of similarities in the shape and position
of features identified as [O 1] 146300, 6364, [O 1] 45577, and
Mg 1] 44571, Spyromilio (1994) concluded that large-scale
asymmetries must be present. A similar conclusion was reached
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by Lewis et al. (1994) and by Wang et al. (1993). In § 6.1.5 we
showed that Ha scattering is responsible for the apparently
asymmetric position of the [O 1] 4116300, 6364 blend. There-
fore, this feature can be explained in terms of a spherically
symmetric model in which oxygen and hydrogen are confined
to reasonably well defined shells, in contrast to a model in
which the oxygen distribution is highly asymmetric. Similarly,
the [O 1] 45577 and Mg 1] 44571 profiles discussed as evidence
for asymmetries by Spyromilio (1994) can also be understood
as the result of line blending and overlapping absorption
features.

The feature identified as [O 1] 15577 is likely to be a blend of
[O 1] A5577, [Fe n] 45536, and [Co 11] A5526. Because the Fe
and Co lines are comparable in strength to the [O 1] A5577 line
and overlap its blue wing, a blend of these flat-topped lines
produces a relatively sharp peak just blueward of [O 1] 15577,
consistent with the blueshifted, narrow ~150 km s~ ! wide
peak observed at 140 days (Fig. 2). While the oxygen features
can all be understood in terms of a fairly ordered distribution
of oxygen in a spherical shell between 1000-4000 km s, the
O 1 47771 and O 1 419264 lines do appear to be slightly blue-
shifted, although the velocities inferred are less than 500 km
s~!, much smaller than the 1500 km s~ ! asymmetries dis-
cussed by Spyromilio. Because line blending does not seem to
be important here, this apparent blueshift may be indicative of
real asymmetries, possibly related to large-scale mixing.

As discussed in § 6.5, the Mg 1] 14571 feature is strongly
affected by optically thick Fe i1 D — #F and F — #F multi-
plets near 4600 A. This scattering of the Mg 1] 44571 photons,
especially in the red wing of the Mg 1] 14571 line, produces an
absorption feature similar to that produced by Ha in the [O 1]
226300, 6364 blend. While our models do not fit this profile
particularly well, it seems apparent that the profile behavior
can be explained relatively simply in terms of line blending,
entirely analogous to the [O 1] 41416300, 6364 case.

In contrast, the explahation of the Mg 1] profile in terms of
large-scale asymmetries (Spyromilio 1994) poses serious prob-
lems. Standard explosion models imply that magnesium and
oxygen are co-spatial. Interpreting the small bump redward of
Mg 1] 24571 as emission from a blob of Mg 1 with a highly
asymmetric velocity, the velocity inferred from the blue edge of
this bump is ~1400 km s~ '. Interpreting the small bump
redward of the 6300 A feature (which we believe is attributable
to Ha and [O 1] 16364 emission) in the same way, one infers a
velocity of ~2400 km s~ !. The inconsistency in the inferred
velocities between the Mg 1] and the [O 1] profiles does not
rule out a large asymmetry, but it does make it less likely that
these two features come from the same asymmetry in the way
Spyromilio suggests.

While the apparent large-scale asymmetries in the more
prominent observed spectral blends can be understood as a
result of line blending, the origin of the smaller scale features
associated with individual blends is less clear. Perhaps the best
example of this persistent small scale structure is associated
with the [O 1] 116300, 6364 blend (see also Matheson, Filip-
penko, & Ho 1995). The most prominent of these smaller fea-
tures are the ~ 1000 km s~ ! wide dips at 6280 A and 6297 A
which persist in the [O 1] 446300, 6364 profile from at least
~100 days to ~416 days. The most prominent dip, near 6280
A, is clearly present at age 72 days and may be present much
earlier, although rapid changes in the background of emission
at early times make identification uncertain. In the later
spectra, after age 100 days, the O 1 47771 profile seems to have
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similar, although less prominent, dips. However, neither the
1 spacing nor individual velocities relative to O 1 47771 are the
same as in the [O 1] 146300, 6364 profile. The O 1 19264 data
are much noisier but do not obviously show similar features,
nor does the Mg 1] 44571 profile, in which the data are clearer.
Because the dips in the [O 1] 446300, 6364 profile are not
present in the other O 1 lines or in the Mg 1] profile, any
explanation of these small features as a result of large-scale
asymmetry in the oxygen-emitting region seems unlikely.

Another possibility is that the small-scale features in the
[O 1] 216300, 6364 profile are produced by absorption or emis-
sion from material in the ejecta. In the case of the minimum at
6280 A, absorption seems an unlikely explanation because the
depth of this feature has remained essentially unchanged after
more than a year of expansion in which the density and, there-
fore, the optical depth of the absorber, decreased by a factor of
almost 10°. Nevertheless, absorption attributable to Fe 1 lines
or perhaps absorption in the cool shell formed behind the
reverse shock (associated with the circumstellar interaction)
remain possible explanations for these features. We have not
thoroughly explored the possibility that these features are gaps
between narrow emission lines.

8. CONCLUSIONS

From detailed spectrum synthesis calculations, we find good
overall agreement between the predictions of the helium star
explosion model 4H 47 (Nomoto et al. 1993) and the observed
optical spectra of SN 1993J. Model 4H 47 has a helium core
mass of 4.0 M and produces ~0.5 M of oxygen. Using this
model, the observed spectra are best reproduced when the
~0.08 M of *Co is macroscopically mixed throughout the
inner 0.6 M, of ejecta, significantly reducing the nonthermal
energy deposited in the iron core material. Mixing of ®Co into
the helium mantle is not required by the late spectra. On the
contrary, if more than ~20% of the nickel is mixed into the He
mantle, the flux level in the Fe forest 4000-5500 A is poorly
reproduced. Our mixing of iron-rich material out to ~ 3000
km s~ ! is consistent with the two-dimensional hydrodynami-
cal calculations by Nomoto et al. (1995).

Less massive helium cores have lower gamma-ray optical
depths, absorb too little *Co decay energy, and tend to under-
produce prominent spectral features. This situation becomes
more severe when large-scale mixing is included; mixing is
expected to be more extensive in low-mass helium cores
because of the larger mass ratio between the helium layer and
the heavy element layer (Suzuki et al. 1993). Such extensive
mixing acts to further dilute the gamma-ray flux incident on
much of the ejecta mass, further underproducing the observed
optical features.

In particular, helium cores smaller than 4H 47 produce too
little oxygen to fit the O 1 emission lines observed in SN 1993J.
Because 3H 30 produced only 0.24 M of oxygen, the oxygen
lines in its spectrum were much weaker than those observed in
SN 1993], independent of the level of mixing. The good agree-
ment between the oxygen lines produced by 4H 47 and those in
the observed spectra leads us to conclude that the mass of
oxygenin SN 1993Jis ~0.5 M.

The mass of hydrogen is constrained by the following argu-
ments. First, hydrogen at low velocities (<5000 km s~ ') pro-
duces a bright, narrow Ha emission feature which was not
observed. Second, hydrogen between ~ 5000-8500 km s~ ! or
between (1.02-1.57) x 10* km s~ ! produces an [O 1] 446300,
6364 absorption feature which was not observed. Third, the
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mass of hydrogen deduced from the Ha luminosity observed
up to ~350 days is ~0.2 M. Taking all constraints into
account, we estimate that the mass of the helium-enriched,
H/He envelope is between 0.2-0.4 M, and that the bulk of
this material lies between 8500-10,000 km s~ *. This is roughly
consistent with the estimate of the 0.2 M, envelope deduced
by Woosley et al. (1994). We note that Baron, Hauschildt, &
Branch (1994) and Baron et al. (1995) require a significantly
larger helium abundance, Y = 0.8, to fit the earlier photo-
spheric spectra. Swartz et al. (1993) also find a much smaller
hydrogen mass, close to 0.04 M, in an outer layer of ~0.4
Mo .

We cannot determine the helium mass from the luminosity
of the observed helium lines because the bulk of the helium
probably lies at high velocity (25000 km s~'), where it
absorbs little gamma-ray energy and produces only relatively
weak emission. On the other hand, indirect limits on the
helium mass follow from the constraints that sufficient oxygen
must be produced by the progenitor star and that, for ~103!
ergs kinetic energy released in the explosion, the expansion
velocity must be consistent with the observed line widths. The
helium mass of ~2 M produced in model 4H 47 is consistent
with these constraints.

In general, our spectral models are consistent with the
binary progenitor models inferred from light curves of Shige-
yama et al. (1994), Woosley et al. (1994), and others. In con-
trast, the large H/He envelope implied by the single-star model
of Hoflich, Langer, & Duschinger (1993) is inconsistent with
the late spectra. A hydrogen envelope of ~3 M would greatly
overproduce the observed Hoa emission between 140-350 days.

Despite the evidence for macroscopic mixing, we find that
the late spectra show no evidence for large-scale asymmetries
or large blueshifts. Instead, the spectral features previously dis-
cussed as evidence for large-scale asymmetries (Spyromilio
1994) are explained more consistently by line blending effects
in a spherically symmetric nebula. Nevertheless, small-scale
asymmetries, perhaps as a result of inhomogeneity in the
nebula, may be present (Matheson et al. 1995).

Finally, we mention the unfortunate lack of infrared data for
SN 1993]J. SN 1987A clearly demonstrated the potential of the
IR lines for both abundance determinations and for line identi-
fications. Figure 10 shows the near-infrared spectrum produc-
ed by our best-fit model at age 140 days.
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APPENDIX
ATOMIC DATA

Recombination rates were taken from the following sources: H 1, Osterbrock (1989, p. 80); He 1, Almog & Netzer (1989); O 1,
Escalante & Victor (1992). Unless otherwise mentioned, recombination rates came from the tables of Shull & Van Steenberg (1982),
Gould (1978), or Aldrovandi & Péquignot (1973). Recombination rates for Co 1-1v were assumed equal to the corresponding rates
for Fe 1-1v. Accurate data for recombination to excited states of Fe 1 and Co 11 do not exist, and unfortunately, the hydrogenic
approximation is likely to be inaccurate (Pradhan 1993). In the absence of a better approximation, in most of our calculations we
have evenly distributed the excited state recombination among the highest excited terms of Fe 1 and Co 1.

Photoionization cross sections were taken from the following sources: H 1, Hummer & Seaton (1963); He 1, Koester et al. (1985);
O 1, Butler & Zeippen (1993); Mg 1, Butler et al. (1993); Ca 1, Scott, Kingston, & Hibbert (1983); Ca 11, Shine & Linsky (1974).
Photoionization cross sections for Co 1-1v were assumed equal to the corresponding cross sections for Fe 1-1v. All other photoion-
ization cross sections were taken from Reilman & Manson (1979).

Collision strengths were taken from the following sources: H 1, Callaway, Unnikrishnan, & Oza (1987) and Johnson (1972); C 1,
Nussbaumer & Rusca (1979) and Hayes & Nussbaumer (1984); C 11, Lennon et al. (1985); Mg 1, Fabrikant (1974); Si 1, Pindzola,
Bhatia, & Temkin (1977); Fe 11, Pradhan & Zhang (1993). Unless otherwise noted, collision strengths were taken from Mendoza
(1983). Collision strengths for Co 11 involving fine-structure transitions in the 2F and 3P terms and transitions between these two
terms were estimated following the procedure outlined by Osterbrock, Tran, & Veilleux (1992).

Transition probabilities for iron and cobalt ions were taken from Axelrod (1980), Morton (1991), Nahar (1995), and Nussbaumer
& Storey (1988). Probabilities for additional fine-structure transitions were taken from Garstang (1962) (Fe 11) and Garstang (1957)
(Fe m).
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