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ABSTRACT

The observed feature of the light curve of SN 1993J, which has two maxima, are shown to be well repro-
duced by the explosion of red supergiant if its H/He envelope mass has been decreased below ~0.9 M. The
first maximum of the light curve is due to shock heating of the thin.envelope, while the second maximum is
due to the radioactive decay of *®Co. From the date of the second maximum, the progenitor’s main-sequence
mass is estimated to be ~12-15 M. The thin envelope is likely to be the result of a close binary evolution.
The mass of **Ni synthesized in SN 1993J is ~0.08 M. The light curve properties, in particular, the date of
the minimum, and the decline rate of the tail suggest that substantial 5°Ni was mixed into helium layers as
has been predicted for Type Ib/Ic supernovae. We also calculate the light curves of line y-rays as well as the
spectral evolution of hard X-rays resulting from the 5°Ni-3%Co decays and discuss the possibility of observing
hard radiation with the Compton Gamma-Ray Observatory. We show that hard X-rays from the pulsar can be
observed with ASCA in ~ 3 years if the pulsar luminosity is as high as the Crab Nebula.

Subject headings: binaries: general — nuclear reactions, nucleosynthesis, abundances — stars: evoluticn —
stars: interiors — supernovae: general — supernovae: individual (SN 1993])

1. INTRODUCTION

SN 1993J in M81 (NGC 3031) was discovered in the very
early rising phase (Garcia 1993) and its detailed light curve has
been constructed from extensive photometric observations
(e.g., van Driel et al. 1993; Schmidt et al. 1993). SN 1993] was
identified as a Type II supernova (SN II) (Filippenko 1993a;
Garnavich & Ann 1993; Taniguchi et al. 1993). Previously SNe
IT have been subclassified into a plateau type (SN II-P) and a
linear decline type (SN II-L) according to the light curve shape
(e.g., Dogget & Brnach 1985). The light curve of SN 1993]
shows a distinct difference from those of previously known
SNe II, as it shows neither a clear plateau nor a monotonic
decline. In fact, SN 1993J quickly reached the first maximum,
declined in ~5 days, rose to a second maximum in ~10-15
days depending on the wavelength, and then declined again.

To identify the energy source of such an unusual light curve,
the best way is to compare the observed and theoretical bolo-
metric light curves. The bolometric light curve of SN 1993J has
been constructed by Schmidt et al. (1993) using BVI photo-
metry and bolometric corrections derived from models and SN
1987A; the distance to SN 1993J and the extinction are
assumed to be 3.3 Mpc and 4, = 0.4 mag, respectively.

Nomoto et al. (1993) have pointed out that the bolometric
light curve of SN 1993J around the second maximum is in
striking agreement with that of the Type Ib supernova (SN Ib)
1983N as well as its helium star models (Shigeyama et al. 1990).
This implies that the light curve of SN 1993J has been powered
by the decay of *°Co after the first minimum. From the width
of the second peak which is approximately given as At,,,, oc
kK!2MZ*E~'Y* by equating the diffusion timescale to the
dynamical timescale of the ejecta (Arnett 1982), the total ejecta
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mass of SN 1993] is estimated to be as small as M,; ~4 M
(here k¥ and E denote the mean opacity and kinetic energy of
explosion, respectively). The observed spectral features have
changed from SN II to SN Ib (Filippenko & Matheson 1993),
so that SN 1993]J can be classfied as a Type II-b supernova (SN
II-b) (Woosley, Pinto, & Ensman 1988; Filippenko 1988;
Woosley 1991). From the date of the second maximum
Nomoto et al. (1993) have also suggested that the progenitor
lost most of its envelope by a binary interaction. Podsiad-
lowski et al. (1993) and Woosley (1993) have reached similar
conclusions.

Here we present detailed hydrodynamical models of SNe
II-b, ie., explosions of stars that have low-mass H/He
envelopes. Hydrodynamics of explosion is discussed in § 2 and
the theoretical optical light curves are presented in § 3. We
demonstrate that mixing of *Ni within the helium core has an
important effect on the light curve, and suggest that SN 1993J
has actuvally undergone such mixing. We then calculate the
light curves of line y-rays and hard X-rays from SN 1993J and
discuss the possibility of those lines being observed (§ 4). We
also calculate the emergent X-ray spectra from the pulsar and
discuss the observability with ASCA (§ 5).

2. HYDRODYNAMICAL MODELS

To set up the initial model of explosion, we use a presuper-
nova model of the 4 M helium star that has formed from the
main-sequence star of M, =15 Mg (with the solar
metallicity) and evolved from helium burning through collapse
(Nomoto & Hashimoto 1988). The adopted main-sequence
mass is consistent with the inferred progenitor’s luminosity
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TABLE 1
MoDELS FOR SN 1993J

Name M., /My RRy LiLy Tq(®K) Y  E(ergs)
4HB9......... 0.89 300 68 x 10* 5400 080 1.2 x 10°
4H47......... 047 350 68 x 10* 5000 079 1.0 x 10%
4H39......... 039 250 68 x10* 5900 080 1.2 x 10%!

(Hashimoto, Iwamoto, & Nomoto 1993). A hydrostatic and
thermal equilibrium H/He envelope is constructed to fit to the
helium star smoothly in the middle of the helium layer. The
envelope models with various masses M,,, and radii R are
constructed by varying the mass fraction of helium Y in the
envelope of a uniform composition (see, e.g., Saio, Kato, &
Nomoto 1988a). The parameters of three particular models
4H89, 4H47, and 4H39 used here are summarized in Table 1
and the density distributions are shown in Figure 1.

These models have large helium abundances. Such an
enhancement of helium is expected from the gradient of helium
abundance in the deepest layers of the envelope (see, €.g., Saio,
Nomoto, & Kato 1988b); if most of the outer part of the
envelope is removed, the helium-rich layer is exposed. Though
these models are a little bluer than a KO supergiant suggested
for the most likely progenitor, it may be consistent in view of
large uncertainties in the identification of the progenitor
including the possibility that it is not the KO supergiant
(Perelmuter 1993; Filippenko 1993b; Humphreys et al. 1993).

The hydrodynamics of explosion is simulated by depositing
energy to generate a strong shock wave around the outer edge
of the 1.3 M Fe core as in Shigeyama & Nomoto (1990)
except for replacing the hydrodynamical code with the PPM
scheme (Colella & Woodward 1984). Nucleosynthesis results
are nearly the same as described in Shigeyama et al. (1990) and
Thielemann, Nomoto, & Hashimoto (1993). The model param-
eters such as the deposited energy and the mass cut are set to
produce the kinetic energy of explosion given in Table 1 and
0.075 M S5SNi. Other heavy elements synthesized in the
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F1G. 1.—Presupernova density distributions of models 4H89 (solid curve)

and 4H47 (dashed curve) against the enclosed mass.
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helium core include: 0.0033 M, Ca, 0.0040 M, Ar, 0.023 M
S, 0.071 M, Si, 0.046 M, Mg, 0.039 M, Ne, 0433 M O, and
0.063 M C. The determination of oxygen mass from the late-
time spectra would be particularly important to identify the
progenitor’s mass, since the produced oxygen masses are 0.218
and 1.48 M, for the helium cores of 3.3 and 6 M, respec-
tively, and thus sensitive to the core mass (Thielemann et al.
1993).

When the shock wave hits the He/C+ O interface, the
expansion of the Si/O/C core is decelerated to generate a
reverse shock (Shigeyama et al. 1990). This should induce a
certain degree of mixing due to the Rayleigh-Taylor instability
(Hachisu et al. 1991). How much >®Ni is mixed into the helium
layer depends on the pre-mixing of 3°Ni due to neutrino-
induced Rayleigh-Taylor instabilities (Hachisu et al. 1993). In
view of such uncertainties, we explore two extreme cases of
mixing, i.e., with complete mixing interior to the H/He inter-
face and without mixing.

The Rayleigh-Taylor instability at the H/He interface is
weak because the deceleration of the core expansion is smaller
due to the low envelope mass (Hachisu et al. 1991, 1994). For
simplicity, therefore, we assume that there is no mixing
between the H-rich envelope and the core. However, a certain
degree of mixing between the H-rich envelope and the helium
layer would be inevitable because of the large density jump
across the low-density envelope and the core (Hachisu et al.
1994; Hashimoto et al. 1993), which may affect the light curve
shape around the second maximum (Shigeyama & Nomoto
1990, 1991).

The shock wave propagates rather fast through the low-
density envelope and arrives at the stellar surface in 0.16 days
after the core collapse for model 4H89, 0.21 days for 4H47, and
0.11 days for 4H39. Differing from the model for SN 1987A, the
expansion of the helium core does not become homologous
even at day ~40. The density distributions as a function of the
expansion velocity at a homologously expanding stage (day 80)
are shown in Figure 2 for 4H89 (solid line) and 4H47 (dashed
line) where the density scales as ¢t~ 3 with t being the time after
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FIG. 2—Density distributions against the expansion velocity at day 80
since explosion for 4H89 (solid lines) and 4H47 (dashed lines).
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FiG. 3.—Density (upper) and velocity (lower) distributions against the
enclosed mass at day 80 for 4H89 (solid lines) and 4H47 (dashed lines).

the explosion. In the outer layers, the density gradient
n= —dlnp/dinv is as steep as n ~ 20 (4H89) and 25 (4H47).
The density and velocity distributions against the enclosed
mass are shown in Figure 3. The velocity at the bottom of the
H-rich envelope vy i, is 6500 km s~ * (4H89) and 7500 km s !
(4H47).

Comparison with the SN Ib model light curves of bare
helium stars with E =1 x 10°! ergs (Shigeyama et al. 1990;
Nomoto et al. 1993) is useful to understand the effect of the
hydrogen-rich envelope on the hydrodynamics and the light
curve. The kinetic energies of the helium core (and the ratio to
the total energies) in the models 4H89 and 4H47 are 5.6 x 10°°
ergs (0.47) and 5.8 x 10°° ergs (0.58), respectively. They are
significantly smaller than those in the bare helium star models
due to the deceleration of the core expansion by the envelope.

3. OPTICAL LIGHT CURVE

Theoretical light curves after the shock breakout including
radioactive decays of 0.075 M **Ni and 3°Co are calculated
as in Shigeyama & Nomoto (1990). For radiative transfer, we
apply the flux limited diffusion approximation. For Thomson
scattering opacity, the electron mole number is obtained by
solving Saha equations for hydrogen, helium, and oxygen with
their appropriate mixture. For the absorptive opacities we set
the Rosseland mean opacities 0.009Y +0.01Z cm? g~ !, where
Z denotes the mass fraction of heavy elements.

The early light curve through the first minimum at t ~ 7
days can be accounted for by the diffusive release of the inter-
nal energy of the radiation field established by the shock wave.
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The bolometric luminosity reaches the first maximum of
L =46 x 10*° ergs s~ ! at t = 0.16 days in model 4H89 and
L =3.7 x 10* ergss~! at t = 0.2 days in model 4H47. Figures
4a and S5a show that the calculated light curves through the
minimum for models 4H89 and 4H47 are in reasonably good
agreement with SN 1993J. Because of the small envelope mass
and the enhanced helium abundance in the envelope, the
photospheric temperature decreases to ~ 10* K in a week after
the explosion (see Figs. 4b and 5b). At the light curve minimum,
hydrogen ions already started to recombine. For model 4H39
(long dashed line in Fig. 5a), the light curve declines too fast.
For such a small mass envelope, the radius should be larger to
be consistent with SN 1993] (Podsiadlowski et al. 1993;
Woosley 1993).

At the light curve minimum, heating due to radioactive
decays begins to brighten the supernova. The date when this
heating effect appears in the light curve depends on the extent
of 36Ni mixing as shown for the cases with mixing (solid lines)
and without mixing (dashed lines) in Figures 4a and 5a. With
mixing of °°Ni, heating effect starts earlier, so that the
minimum of the light curve is reached at t = 6 days (with
mixing) and t = 10 days (no mixing) in Figure 4a. It is clear
that the light curve with mixing is in much better agreement
with SN 1993J than without mixing for both 4H89 and 4H87.
Even with mixing, the diffusion time for photons in the
hydrogen-rich envelope of 4H89 is too long to brighten the
supernova at the observed minimum luminosity (Fig. 4a), while
model 4H47 with a smaller mass hydrogen-rich envelope can
reproduce the observed minimum luminosity (Fig. 5a). A
similar effect of heating was seen in the light curve of SN 1987A
around day 25 (Shigeyama & Nomoto 1990). In SN 1993], the
envelope is so thin in mass that the effect appears much earlier.

As the heating wave due to the 3Ni—>°Co decays propa-
gates outward, the hydrogen recombination front moves
outward in radius (see Shigeyama & Nomoto 1990, 1991). The
associated expansion of the photosphere leads to the increase
in the luminosity. The light curve reaches the second maximum
when all the hydrogen ions have recombined. The photosphere
enters the helium layer at this moment. With mixing of S°Nij,
the luminosity increases more slowly, reaches the second
maximum earlier, and forms a broader peak, which is in much
better agreement with SN 1993J than the case with no mixing,
Similar dependence of the light curve shape on the mixing was
found for SN 1987A (e.g., Shigeyama & Nomoto 1990).

The bolometric luminosity at the second maximum depends
on the minimum expansion velocity of hydrogen vy ., as
(Shigeyama & Nomoto 1990, 1991)

Lyoy = 410V} min t2ax Tohe, ~ 2.5 x 1042 ergs s 1 .

Here we apply the effective temperature T, ~ 6500 K, the date
of the second maximum t,,, ~ 22 days and vy p;, ~ 7500 km
s~ !, which approximately reproduces the calculated maximum
luminosity in Figure 5a. Figures 4a and 5a show that both
models have too large vy, to be consistent with the observed
luminosity. It is therefore likely that some mixing has taken
place around the H/He interface to lower vy ., in both
models. Alternatively the explosion energy of this supernova
was significantly less than 10°* ergs. Multidimensional hydro-
dynamical calculations for explosion of stars like models 4H89
and 4H47 are necessary to find out to what extent hydrogen is
mixed into the helium layer. Such an effect of hydrogen mixing
on the maximum luminosity has been found for SN 1987A
(Shigeyama & Nomoto 1990).
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F1G. 4—Calculated light curves (a) and effective temperatures (b) for model 4H89 with M,,, = 0.89 M. The solid and the dashed lines show the cases with
mixing inside the He core and without mixing, respectively. The bolometric light curve of SN 1993]J is shown by the filled circles.

The calculated light curve enters the tail of the >*®Co decay at
t ~ 25 days for both models. The decline is faster with mixing
than without mixing because more y-rays escape from the star
before thermalized. The decline rate with mixing is again in
much better agreement with the observation than without
mixing. Figure 6 shows the total energy generation rate of the
56Ni and °%Co decays (thick solid line), X-ray/y-ray light
curves, and the UVOIR bolometric light curves for 4H47 (with
and without 3°Ni mixing shown by the solid and dotted lines,
respectively) and 4H89 (with and without mixing shown by the
dash-dotted and the dashed lines, respectively). The decline
rate of the light curve tail is slower in these SNe II-b models
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than in the SNe Ib models because of slower y-ray escape from
the decelerated helium core (§ 2).

From the date of the second maximum of the light curve
(t ~ 22 days), the helium core mass of the progenitor of SN
1993J can be estimated as M, = 3-6 M, (Nomoto et al. 1993);
the light curve of the 6 M helium star reaches the maximum
at day 20 and 25 with and without mixing, respectively
(Shigeyama et al. 1990), so that more massive star models
cannot be consistent with SN 1993J.

4. y-RAY LIGHT CURVE

SN 1993J provides the Compton Gamma-Ray Observatory
(CGRO) with an interesting possibility of line y-ray observa-
tions. If the lines are detected, it will be another direct confir-
mation of the synthesis of radioactive >*Ni in SNe II as first
made with SN 1987A. Though the distance to SN 19937J is 66
times longer than SN 1987A, the column density of the ejecta
of model 4H47 is 70 g cm ™2 at t = 80 days, which is only ~%
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FiG. 5.—Calculated light curves (a) and effective temperatures (b) for model 4H47 with the envelope mass M.,,, = 047 M. The early part of the light curve of

model 4H39 with M., = 0.39 M, is shown by the long dashed curve.
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F1G. 6—Total energy generation rate of the *Ni and ¢Co decays (thick
solid line), X-ray/y-ray light curves, and UVOIR bolometric light curves for
4HA47 (with and without **Ni mixing shown by the solid and dotted lines,
respectively) and 4H89 (with and without mixing shown by the dash-dotted
and dashed lines, respectively). The mass of 3*Ni is 0.075 M.
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F1G. 7.—Line y-ray light curves expected from SN 1993J as compared with
the detection limit of the CGRO/COMPTEL experiment (long-dashed lines).
Two cases with and without 3°Ni mixing are shown. The upper part shows
light curves of 847 keV lines from model 4H47 with mixing (solid curve) and
without mixing (dash-dotted curve). Also shown are the 847 keV light curves
from the explosion of the 4 M, He star with and without mixing. The lower
part is for 1238 keV. The 5°Ni mass is 0.075 M. The assumed distance to SN
19937 is 3.3 Mpc.
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of the model 14E1 for SN 1987A (Nomoto, Kumagai, &
Shigeyama 1991) because of the significantly faster expansion
of SN 1993J than SN 1987A due to the smaller mass envelope.
Earlier calculations have shown that CGRO could detect the
line y-rays from SNe Ia and Ib/Ic but not from ordinary SNe
II-P at the distance of 3.3 Mpc (Kumagai, Shigeyama, &
Nomoto 1991; Nomoto et al. 1991; The, Clayton, & Burrows
1991).

Figure 7 shows the light curves of y-ray lines (847 and 1238
keV) calculated with Monte Carlo simulations (Kumagai et al.
1989) for the model 4H47 with and without mixing of 3°Ni as
well as those for the 4 M helium star. The helium star model
corresponds to the case of extremely small envelope mass. The
flux and the date of maximum depend on the mass of **Ni and
mixing. Mixing of 3°Ni throughout the helium layer makes the
maximum earlier (~130 days) compared with the unmixed
case (~200 days). The maximum fluxes of these models with
0.075 M, 3°Ni are lower than the detection limit of the CGRO/
COMPTEL experiment (the dashed line in Fig. 7; Shonfelder
et al. 1993) by a factor of ~2.

However, the *®Ni mass estimate is subject to uncertainties
involved in the extinction and the bolometric correction. If the
extinction is as large as A, = 1.0 mag (Humphreys et al. 1993)
rather than the adopted value of 0.4 mag, the >°Ni mass is
~0.13 M. The adopted bolometric correction is uncertain
because of the small envelope mass and helium enhancement
(Schmidt et al. 1993). If 3®Ni is mixed as suggested from the
present optical light curve models, therefore, the y-ray lines
from SN 1993J could marginally be observed with the CGRO/
COMPTEL experiment around day 130 days.

CGRO may also be able to observe the Compton-degraded
hard X-rays. Figure 8 shows the evolution of the hard X-ray
spectrum calculated with Monte Carlo simulations (Kumagai
et al. 1989) for 4H47. The X-ray flux reaches maximum around
t ~ 100 days, which is lower than the detection limit of the
OSSE experiment (Johnson et al. 1993) by a factor of 3.
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F1G. 8—Evolution of the hard X-ray spectrum calculated with Monte
Carlo simulations for 4H47. The **Ni mass is 0.075 M. The X-ray flux
reaches maximum around ¢t ~ 100 days. The dates are indicated by numbers.
The detection limits with the ASCA (Inoue et al. 1991) and the OSSE experi-
ment (Schonfelder et al. 1993) are shown.
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5. POSSIBLE SIGNALS FROM A PULSAR

The relatively small mass progenitor as inferred in § 3 is
likely to form a neutron star rather than a black hole. Since the
magnetic field strength and the rotation period of a new-born
neutron star are unknown, it is useful to predict the pos-
sibilities to observe the pulsar activity in optical and X-ray
wavebands.

Figure 9 shows the optical light curve of 4H89 which has an
additional energy source of a central pulsar. Three curves are
for various values of pulsar luminosity L, from 2 x 10*! to
3 x 10*%ergss L. If L, 2 1 x 10*! ergs s~ !, its heating effect
could have broadened the second maximum; it would also
slow down the decline in the tail, though the decline is still
faster than the curve for which all y-rays from the decay of
0.075 M, **Co are assumed to be thermalized (thick solid line).
Therefore, the pulsar contribution to the bolometric light
curve may not be easily distinguished from the >®Co decay tail
until t ~ 80 days. However, it is interesting that SN 1993J has
brightened in U band, which might be a signal from the pulsar,
although the luminosites in other bands are still falling
(Tweedy et al. 1993; Wheeler et al. 1993). For a longer term, the
decline rate of the light curve would be significantly slowed
down as compared with the curves in Figure 6 and the effect of
pulsar could be observable. The slow down of the light curve
decline is also expected to occur due to the delayed recombi-
nation (Fransson & Kozma 1993) which would be more signifi-
cant in SN 1993J than SN 1987A because of the faster
expansion.

In X-ray bands, the observation of a pulsar with ASCA
(Tanaka 1993) would be possible. For SN 1987A Kumagai et
al. (1993) have shown that, if the pulsar luminosity in the 1 keV
to 10 MeV range exceeds ~5 x 103° ergs s !, the X-rays from
the pulsar could be detected with ASCA in the 5-10 keV band
2 8 years after the explosion. For SN 1993]J the photoelectric
absorption at 5-10 keV can become small enough for the
pulsar observations at ¢ 2 3 years, within the ASCA life time.
Figure 10 shows the evolution of the emergent hard X-ray
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F1G. 9.—Bolometric light curve of 4H89 with additional energy input from
a central pulsar. The thick solid line shows the case all y-rays from the decay of
the 0.075 M, *¢Co are thermalized.
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F1G. 10.—Evolution of emergent spectra from a radiation source embedded
in the ejecta model 4H47. The age after core collapse is indicated by numbers
(in years). The radiation source has a power-law spectrum with a photon index
2.2 in the 1 keV to 10 MeV range. The luminosity from this source in this
energy range is assumed to be 5 x 1038 ergss™!.

spectrum of the radiation from a pulsar. Here the spectrum of
the pulsar radiation is assumed to be power law with photon
index 2.2 and the luminosity in the 1 keV to 10 MeV range is
5 x 103® ergs s~ 1. If the hard X-ray luminosity of the SN 1993]J
pulsar is similar to the Crab Nebula, therefore, the hard X-rays
can be observed at t 2 3 years. Since most of photons are
unscattered, the determination of the pulsar periodicity is pos-
sible (Kumagai et al. 1993). Even the lower luminosity pulsar
could be observed with future missions such as ASTRO-E.

6. CONCLUSIONS

We have shown that the observed light curve of SN 1993]J,
which has two maxima, can be well reproduced by the explo-
sion of a red supergiant whose H/He envelope mass has been
decreased below ~0.9 M. The first maximum of the light
curve is due to shock heating of the thin envelope, while the
second maximum is due to the radioactive decay of >®Co. Such
a small mass envelope is also suggested from the model for the
X-ray emission from SN 1993J (Suzuki et al. 1993). The mass of
6Ni synthesized in SN 1993J is ~0.08 M, with a factor of ~2
possible uncertainty. The light curve features, in particular, the
date of the minimum and the decline rate of the tail suggest
that substantial >Ni was mixed into helium layers as has been
predicted for SNe Ib/Ic (Shigeyama et al. 1990; Hachisu et al.
1991, 1993). We also calculate the light curves of line y-rays
from °®Ni-*%Co decays and the Compton-degraded hard
X-rays; we then discuss the possibility of those lines being
observed with the Compton Gamma-Ray Observatory.

The progenitor’s main-sequence mass is estimated to be
~12-15 M and cannot exceed ~20 M, to have the second
maximum around day 20. This suggests that the progenitor
was a member of a binary system and lost its envelope to the
companion star in a more-or-less conservative mass transfer
phase. Constraints on the mass, radius and the abundance of
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the thin envelope from the light curve modeling would be
useful to chart the evolution of the binary progenitor.

The relatively small mass progenitor implies that the col-
lapsed object is likely a neutron star rather than a black hole. If
the pulsar luminosity in the 1 keV to 10 MeV range exceeds
3 x 1038 ergs s 7!, the emitted X-rays could be observed with
ASCA within its lifetime. Observations of the pulsar with
future missions such as ASTRO-E will be more promising.
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