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ABSTRACT
Rayleigh-Taylor (R-T) instabilities in the explosion of SN 1993J are investigated by means of two-

dimensional hydrodynamical simulations. It is found that the extent of mixing is sensitive to the progeni-
torÏs core mass and the envelope mass. Because the helium core mass (3È4 is smaller than that ofM

_
)

SN 1987A, R-T instabilities at the He/C]O interface develop to induce a large-scale mixing in the
helium core, while the instability is relatively weak at the H/He interface as a result of the small
envelope mass. The predicted abundance distributions, in particular the extent of the 56Ni mixing, are
compared with those required in modeling the bolometric light curve and the late-time optical spectra.
These comparisons provide signiÐcant constraints on the masses of the helium core and the envelope of
the progenitor of SN 1993J.
Subject headings : hydrodynamics È instabilities È stars : interiors È supernovae : individual (SN 1993J)

1. INTRODUCTION

SN 1993J has been identiÐed as a Type IIb supernova
(SN IIb) from the spectral changes that show growing fea-
tures of helium and oxygen, and from the optical light curve
that shows double peaks & Filippenko(Wheeler 1995 ;

Hauschildt, & Young for reviews and refer-Baron, 1995
ences therein). These features are distinct from those of pre-
viously known Type II supernovae (SNe II). It was obvious
that the peculiar light curve of SN 1993J cannot be
accounted for by an explosion of an ordinary red supergiant
with a massive hydrogen-rich envelope, which produces a
light curve of a SN II-P ; instead, it can be well reproduced
as the explosion of a red supergiant for which the hydrogen-
rich envelope is less than 1 et al.M

_
(Nomoto 1993 ;

et al. et al.Podsiadlowski 1993 ; Shigeyama 1994 ; Bartunov
et al. et al.1994 ; Utrobin 1994 ; Woosley 1994 ; Young,
Baron, & Branch The progenitor of SN 1993J is1995).
likely to have lost most of its H-rich envelope in a binary
system, although a detailed evolutionary path to reach the
presupernova conÐguration of SNe IIb is controversial ;
conservative mass transfer et al.(Podsiadlowski 1993 ; Ray,
Singh, & Sutaria et al. and noncon-1993 ; Woosley 1994)
servative transfer, i.e., merging with a small-mass compan-
ion star through common envelope evolution (Nomoto,
Iwamoto, & Suzuki et al. have been1995 ; Nomoto 1996)
proposed.

Another important feature of SN 1993J is the mixing of
the ejected material as inferred from observed spectra and
photometry. Spectroscopically, the asymmetric proÐles of
the [O I] and [Mg I] emission lines at late times indicate
mixing in the ejecta & Hu(Spyromilio 1994 ; Wang 1994).

et al. Ðrst examined two extreme cases ofShigeyama (1994)
mixing in their light curve modeling (i.e., with complete
homogeneous mixing inside the helium layers and without
mixing) and favored mixing of 56Ni in SN 1993J. Woosley

et al. also favored mixing of 56Ni in their light curve(1994)
modeling.

The occurrence of mixing and clumpiness in the super-
nova ejecta was Ðrst conÐrmed in SN 1987A. One clear
conÐrmation is the early detection of hard X-rays and
gamma-rays from the decays of 56Ni and 56Co (e.g.,

et al. which is well modeled by mixing ofKumagai 1989),
56Ni into the outer envelope. Stimulated by these obser-
vations and theory, a number of multidimensional simula-
tions have been performed to show that the
Rayleigh-Taylor (R-T) instability indeed develops in the
ejecta of SN 1987A et al. et al.(Arnett 1989 ; Hachisu 1990,

et al. Yoshida, & Yamada1992 ; Mu� ller 1991 ; Den, 1990 ;
& Benz It was found that the instability isHerant 1993).

weak at the He/C]O and Ni/O interfaces but strong at the
H/He interface, which can be expected from the large
helium core mass D6 and the massive hydrogen-richM

_envelope D10 In other words, the penetration of 56NiM
_

.
into the hydrogen-rich envelope (and vice versa) occurs
because the core materials are strongly decelerated by the
massive hydrogen-rich envelope.

Such mixing can occur in other types of supernovae and
provide interesting diagnostics of the internal structure of
the progenitors. The extent of mixing and clumpiness a†ects
the light curve and spectra. A number of hydrodynamical
simulations have shown that the R-T instabilities arise in
the Type II-P explosions of red supergiants &(Herant
Woosley et al. as in SN 1987A and1994 ; Shigeyama 1996)
the helium star models of Type Ib supernovae et(Hachisu
al. 1991, 1994).

These studies indicate the importance of multidimen-
sional simulations of instabilities in supernova ejecta. This
is particularly interesting for SN 1993J because its presuper-
nova structure is thought to be quite di†erent from other
supernovae. Conversely, we may strongly constrain the
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mass and structure of the progenitor because the R-T insta-
bilities are sensitive to the density structure of the progeni-
tor.

Despite the importance of these simulations, no such
simulation has been conducted before. Therefore, we have
carried out two-dimensional hydrodynamical simulations
for the R-T instability in the ejecta of SN 1993J to examine
the extent of mixing and the resultant abundance distribu-
tions quantitatively. In parallel, we have calculated bolo-
metric light curves for several explosion models with
various extents of mixing and compared them with the
observations. These results enable us to constrain the
masses of the helium core and the envelope of the progeni-
tor.

If we can obtain a good estimate of the progenitorÏs
main-sequence mass, it will be useful in understanding the
still debated presupernova evolution and in providing
nucleosynthesis yields as a function of stellar mass in com-
bination with SN 1987A and possibly SN 1994I. The latter
is possible because the Cepheid distance to SN 1993J has
been measured as 3.63 Mpc with the HST et al.(Freedman

with which good estimates of the masses of nucleo-1993),
synthesis products such as Fe and O have been obtained
(see ° 3).

In the next section, the presupernova models for SN
1993J are described. Results of the linear stability analysis
and the two-dimensional hydrodynamical simulations are
shown in °° 3 and 4, respectively. The e†ects of 56Ni mixing
on the optical light curve are discussed in ° 5. Finally, we
summarize some constraints on the explosion models.

2. HYDRODYNAMICAL MODELS

2.1. Presupernova Models of the Progenitor
The progenitor models are constructed following

et al. We use the presupernova heliumShigeyama (1994).
cores of masses and 4 & Hash-Ma \ 3.3 M

_
M

_
(Nomoto

imoto which are evolved from the main-sequence1988),
stars of and 15 respectively. TheMms \ 13 M

_
M

_
,

adopted main-sequence masses are consistent with the
inferred progenitorÏs luminosity & Filippenko(Wheeler

Iwamoto, & Nomoto For the1995 ; Hashimoto, 1993).
H-rich envelope, we adopt several values of its mass ranging
from 0.1 to 0.5 If the mass loss is due to a spiral-inM

_
M

_
.

of a small-mass companion star et al. then(Nomoto 1995),
the remaining envelope mass depends on the companionÏs
orbital energy available to eject the envelope material. The
hydrostatic and thermal equilibrium H/He envelope models
are constructed for various masses radii and theMenv, R

i
,

helium abundance Y to smoothly Ðt to the helium core. The
model parameters are summarized in The densityTable 1.
distributions for 3H11, 3H41, 4H13, and 4H47 are shown in
Figure 1.

FIG. 1.ÈDensity structures of the progenitor models at the onset of
collapse.

These models have large helium abundances in the
envelope. Such an enhancement of helium is expected from
the gradient of helium abundance in the deepest layers of
the envelope (see, e.g., Nomoto, & Kato If mostSaio, 1988).
of the hydrogen-rich envelope is removed, the helium-rich
layer is exposed, as seen in & Nomoto andYamaoka (1991)

Kumagai, & Shigeyama they have calcu-Nomoto, (1991) ;
lated mass loss from the initially 13 star, which reducesM

_the envelope mass down to 0.3 and enhances theM
_average helium mass fraction up to D0.5 at the termination

of Roche lobe overÑow (see also Woosley et al. 1994).

2.2. Hydrodynamics of Explosion
We simulate the core collapse-induced explosion by

depositing thermal energy at the mass cut (a partition
between neutron star and ejecta) generating a strong
outward shock wave. The deposited energy is set to produce
the kinetic energy of explosion E\ 1 ] 1051 ergs. The mass
cut is chosen to produce 0.1 of 56Ni, consistent withM

_light curve calculations (see ° 5). The propagation of the
shock wave and hydrodynamics of the ejecta are calculated
with a one-dimensional Lagrangian PPM code (Shigeyama
et al. Nucleosynthesis yields behind the shock wave1994).
are nearly the same as obtained in the 3.3 and 4.0M

_
M

_He core models & Nomoto(Shigeyama 1990 ; Iwamoto
Nomoto, & Hashimoto1994 ; Thielemann, 1996).

Figures and show the evolution of the density and2a 2b
pressure proÐles in the ejecta of 4H13 and 3H11, respec-

TABLE 1

PARAMETERS FOR PROGENITOR MODELS OF SN 1993J

EexpName Menv/M_
Mej/M_

MNi/M_
R

i
/R

_
L /L

_
Y (1051 ergs)

3H11 . . . . . . 0.11 2.06 0.1 450 4.1] 104 0.54 1.0
3H41 . . . . . . 0.41 2.36 0.1 450 4.1] 104 0.54 1.0
4H13 . . . . . . 0.13 2.78 0.1 580 6.8] 104 0.56 1.0
4H47 . . . . . . 0.47 3.12 0.1 350 6.8] 104 0.79 1.0

envelope mass ; total ejecta mass ; 56Ni mass. are the initial radii, L is theNOTE.ÈMenv, Mej, MNi, R
ipresupernova luminosity, and Y is the helium mass fraction in the envelope.
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FIG. 2a FIG. 2b

FIG. 2.ÈDensity and pressure proÐles for (a) 4H13 and (b) 3H11 after the explosion, at (from top to bottom) 0, 10, 100, 1000, and 10,000 s

tively. When the shock wave passes through the He/C]O
interface, the ejecta behind the shock front undergoes a
strong deceleration, which forms an inwardly propagating
reverse shock. This stage corresponds to the proÐles at
t \ 10 s in Figures 2a and 2b. Between the two shock waves,
there appears a region with pressure inversion. The R-T
instability is expected to arise at the interface that is due to
the opposite signs of the density and pressure gradients.
When the shock wave arrives at the H/He interface, it is
strongly decelerated again in the same manner as it passed
the He/C]O interface. This is shown in the proÐles at
t \ 1000 s in Figures 2a and 2b.

This complicated behavior of hydrodynamics, the alter-
nate acceleration and deceleration, can be explained by
behavior of the self-similar solutions of the blast shock in
spherically expanding gas with a power-law density dis-
tribution o P r~n In these(Sedov 1959 ; Chevalier 1976).
solutions, the forward shock wave is accelerated for n [ 3,
while the shock is decelerated for n \ 3 et al.(Mu� ller 1989 ;

& Woosley shows or3 against theHerant 1994). Figure 3

enclosed mass for the initial density proÐles of 4H13 andM
r3H11. It is seen that there are two distinct regions where the

shock wave should be decelerated and the R-T instability
would grow.

3. LINEAR STABILITY ANALYSIS

In this section, we present an estimate of the R-T growth
by the linear stability analysis. Our method is basically the
same as that used for SN 1987A by Shigeyama,Ebisuzaki,
& Nomoto & Thielemann and(1989), Benz (1991), Mu� ller
et al. In the classical case in which two homogeneous(1991).
Ñuids are stratiÐed in the gravitational Ðeld, a linear growth
rate is given as (Chandrasekhar 1981)

GRT2 \ o
`

[ o~
o
`

] o~
kg , (1)

where and are the densities in the upper and lowero
`

o~layers, respectively, k is the wavenumber of the pertur-
bation, and g is the acceleration due to the gravity. This
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FIG. 3.ÈPlots of or3 against enclosed mass for 4H13 (upper)M
r
/M

_and 3H11 (lower).

formula can be applied to the shocked ejecta of a supernova
by replacing g with the e†ective gravity deÐned asgeff

geff \ [g [ 1
o

dP
dr

^ [ 1
o

dP
dr

. (2)

The pressure gradient term dominates in the strongly
decelerated blast wave, and the stellar gravity is negligibly
small in the expanding ejecta. and showEquations (1) (2)
that the ejecta becomes R-T unstable if the density and
pressure gradients have opposite signs,

dP
dr

do
dr

\ 0 . (3)

We calculate the growth factor of the amplitude at each
layer, by integrating the growth rate at each stage off/f0,spherically symmetric explosion models as

f
f0

\ exp
GP

0

t
Re [GRT(t@)]dt@

H
, (4)

where is the initial amplitude of the perturbation andf0 indicates the real part of the growth rate. As aRe (GRT)linear growth rate, we take that of the fastest growing mode
with the wavelength of about pressure scale height. The
formula of the growth rate for the continuous density dis-
tribution reduces to the following(Chandrasekhar 1981)
expression based on the above assumption :

GRT2 ^ [ 1
c

c
s
2

1 ] n2
1

Ho H
P

. (5)

Here c is the adiabatic index, is the adiabatic sound veloc-c
sity, and and are the density and pressure scaleHo H

Pheights, respectively, which are deÐned as

Ho\ dr
d ln o

, H
P
\ dr

d ln P
. (6)

Note that the linear stability analysis is not valid after the
instability develops into the nonlinear phase. However, it is
still meaningful to see qualitatively which regions of the
ejecta are unstable. We calculate the R-T growth by

in parallel with one-dimensional hydrodynami-equation (4)
cal simulations. shows the amplitude versusFigure 4a f/f0enclosed mass for both 3H41 and 4H47 at t \ 1 day after
the explosion.

There appear three distinct unstable regions : (1) the
He/C]O interface around (3H41) and 2.1M

r
\ 1.8 M

_(4H47) ; (2) the H/He interface aroundM
_

M
r
\ 3.3 M

_(3H41) and 4.0 (4H47) ; (3) the surface region near theM
_density inversion as seen in These regions areFigure 1.

coincident with those expected from the behavior of or3 in
For 3H11 and 4H13, models with a smaller massFigure 3.

envelope, the growth is almost the same as for 3H41 and
4H47, respectively, but is slightly di†erent due to the di†er-
ent envelope structure (Fig. 4b).

and also show that at the He/C]O inter-Figures 4a 4b
face the growth is somewhat larger for 3H models than for
4H models. This is because the mass ratio between the He
layer and the C-Ni core is larger in the 3.3 He core thanM

_in the 4 core, producing a larger deceleration in theM
_C-Ni core et al.(Hachisu 1991).

4. TWO-DIMENSIONAL SIMULATIONS

We carry out two-dimensional hydrodynamical simula-
tions to follow the nonlinear growth of the R-T instabilities
and mixing. The linear stability analysis indicates that the
instability would grow in some particular regions, i.e, at
the He/C]O interface, the H/He interface, and near the
surface. The radius at the He/C]O interface is about D1

for both progenitor models, being 2 orders of magnitudeR
_smaller than that of the H/He interface. When the shock

wave reaches the H/He interface, the instability at the
He/C]O interface has already ceased to grow. For these
reasons, we examine the instabilities in the He core and near
the core/envelope boundary in separate calculations to
avoid a signiÐcant numerical di†usion that is due to
unnecessary rezoning.

Our hydrodynamical code is a standard third-order TVD
(total variation diminishing) scheme with a preprocessing
Ñux limiter using the RoeÏs approximate Riemann solver

et al. It has second-order accuracy in(Hachisu 1992, 1994).
time by using two-step time integration. We make several
improvements in treating the advection of the chemical
composition of the Ñuid. The advection equations of the
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FIG. 4a FIG. 4b

FIG. 4.ÈRayleigh-Taylor growth as a function of enclosed mass (a) for 3H41 (upper) and 4H47 (lower), and (b) for 3H11 (upper) and 4H13 (lower)M
r
/M

_

mass fractions are solved as parts of the extended Roe
matrix, which enables us to treat them consistently with the
Euler equations constraining the sum of the mass fractions
to be unity. This new method is advantageous for accu-
rately calculating the extent of mixing. We use an equation
of state with a constant adiabatic index 4/3, which is a good
approximation since the ejecta remains in the radiation-
dominant phase because of high temperatures. Nuclear
burning during the shock propagation is not included in
our two-dimensional code because the temperatures and
densities of the ejecta are already too low when the two-
dimensional simulations are started at t \ 10 s after the
explosion.

We use cylindrical coordinates with 513 grid points in
each axis, R and Z. Several rezonings, 3 or 4 times for all
runs, are still necessary despite the separate studies of the
inner and outer parts. As the shock wave arrives at nearly
the numerical boundaries, we double the mesh size and
remap all the Ñow variables onto the new grid system. Each
physical quantity q(2i[ 1, 2j [ 1) in the old grid is project-

ed to q(i, j) in one-fourth of the new computational area.
The initial proÐles are inserted in the remaining part. The
early shock propagations are simulated with a spherically
symmetric one-dimensional hydrodynamics code (see ° 2)
until t \ 10 s after the explosion when the Ñow is mapped
onto the two-dimensional code. We apply random pertur-
bations to the velocity Ðeld interior to the shock front

et al. shortly after the shock has passed the(Hachisu 1994)
relevant interface, at t \ 10 s for the He/C]O interface and
at t \ 300È400 s for the H/He interface. The latitudinal
angle is divided into n pieces, and the velocity Ðeld is per-
turbed in each area of n/n angles as

v
r
\ v0s1 ] vM2 rmd[(nh/n)][ 1Nt , vh\ 0 , (7)

where is the spherically symmetric expansion velocity atv0t \ 10 s taken from the one-dimensional calculation. We
take n \ 20 in all cases. The symbol rmd(i ; integer) denotes
a sequence of uniform random numbers ranging from 0 to 1
and [x] denotes the maximum integer that cannot exceed x.
Since the origin and the size of the initial perturbation is
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FIG. 5a FIG. 5b

FIG. 5.ÈDensity contours for (a) 3H41 (174 s) and (b) 4H47 (149 s)

highly uncertain, we take v\ 0.05 in all cases. Such a rela-
tively large perturbation may be realized if the convective
motion during oxygen shell burning is as violent as simu-
lated by & Arnett The extent of mixing wasBazan (1994).
found to be nearly independent of both the mesh resolution
and the size of the perturbations as long as the amplitude is
larger than this value et al.(Hachisu 1992, 1994).

and show the density contour near theFigures 5a 5b
He/C]O interface for 3H41 (at t \ 174 s) and 4H47 (at
t \ 149 s), respectively. Each contour is drawn with a
logarithmically equal interval. It is seen that mushroom-like
Ðngers are developed in the He core. This clearly shows that
the R-T instability has grown to its nonlinear stage and a
large-scale mixing of the elements occurred in the velocity
space within the He core.

and show the density contour in the outerFigures 6a 6b
part near the H/He interface for 3H41 (at t \ 5.34] 104 s)
and 4H47 (at t \ 3.95] 104 s), respectively. The R-T insta-
bility also grows as a result of the steep density gradient
above the interface. However, the Ðnger-like structures near
the bottom of the H-rich envelope do not develop as much
as in the inner core region, and thus the extent of mixing in
the envelope is much smaller than in the core. This is due to
the small hydrogen-rich envelope mass and thus a weak
deceleration.

We calculate averaged radial distributions of the chemi-
cal compositions in the ejecta from the results of the two-
dimensional simulations. and show the resultantFigures 7 8
abundance distributions against for 3H41 and 4H47,M

rrespectively. It is seen that 56Ni is mixed out to M
r
\ 1.0

FIG. 6a FIG. 6b

FIG. 6.ÈDensity contours for (a) 3H41 (5.34] 104 s) and (b) 4H47 (3.95] 104 s)
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FIG. 7.ÈAveraged radial distribution of several elements as a function
of measured from the bottom of the ejecta for 3H41. Shown are theM

rmass fractions of 56Ni (solid), C]O (dotted), He (dashed), and H (long-
dashed).

for 3H41 but only to for 4H47. Mixing ofM
_

M
r
\ 0.5 M

_carbon and oxygen into the He layer is signiÐcant for both
cases. Hydrogen is not signiÐcantly mixed down to the He
core for both cases because of the small envelope mass. If
the mass of the hydrogen-rich envelope is smaller (as in
3H11 and 4H13 in the expanding core undergoesTable 1),
smaller deceleration so that the velocities of H, He, O, and
Fe would be higher. Comparisons of the observed expan-
sion velocities of H, He, O, and Fe with those predicted by
the models will be made in ° 6.

How the degree of mixing depends on the structure of the
progenitors, in particular, the masses of the core and the
envelope, can be understood from the linear stability
analysis in ° 3. In fact, with the two-dimensional hydrody-
namical simulations of the R-T instabilities for SN 1987A
and Type Ib supernovae, et al.Hachisu (1990, 1991, 1994)
have shown that the R-T growth near the He/C]O inter-
face in the core tends to be larger for a smaller mass He
core.

With these studies, the di†erences between SN 1993J and
SN 1987A can be summarized as follows. For SN 1987A,
the large-scale mixing is induced mostly by the R-T insta-

FIG. 8.ÈSame as Fig. 7, but for 4H47

bility near the H/He interface, while the mixing around the
He/C]O interface is not signiÐcant. For SN 1993J, in con-
trast, the R-T instability at the H/He interface is much
weaker than in SN 1987A because of the smaller envelope
mass, while the He/C]O interface is the most unstable
region and a large-scale mixing is induced in the He core.

5. OPTICAL LIGHT CURVE AND MIXING

As described in ° 1, the optical light curve of SN 1993J
showed a unique behavior, with neither a clear plateau nor
a monotonic decline. It rapidly declined after the Ðrst
maximum, then rose to the second peak in 10È15 days, and
Ðnally followed by a gradually declining tail. The basic
feature of this peculiar light curve can be accounted for with
the Type IIb model, namely, the explosion of a red super-
giant for which the hydrogen-rich envelope is quite thin.

The light curve analysis of SN1993J has shown that the
progenitor radius and mass are the main parameters that
determine the shape of the light curve (see, e.g., Shigeyama
et al. et al. Baron, & Branch1994 ; Woosley 1994 ; Young,

These studies have also noted some e†ects of 56Ni1995).
mixing on the light curve shape. In the earlier sections, we
have shown that 56Ni is indeed mixed into the He layer but
that the degree of mixing depends on the progenitorÏs mass.
Here we present a more detailed study of the optical light
curve in order to determine the amount of mixing of 56Ni
and examine whether the plausible model for SN 1993J can
be identiÐed. More details, as well as the dependence on
other parameters, will be presented in et al.Young (1996).

We calculate bolometric light curves for 3H11, 3H41, and
4H47 with several changes in the 56Ni distribution. The
light curve code is the same as used in et al.Young (1995),
which is the Ñux-limited radiative transfer code assuming
LTE. Figures compare the theoretical light curves of9È11
these models with the observed bolometric light curve

et al. et al. with a distance to(Richmond 1994 ; Lewis 1994)
M81 of 3.63 Mpc et al. In each of the(Freedman 1994).
Ðgures, three degrees of mixing are used ; for example, ““Mix
0.2 implies that 56Ni is uniformly mixed from theM

_
ÏÏ

center to The explosion energy and 56NiM
r
\ 0.2 M

_
.

masses are held at E\ 1 ] 1051 ergs and 0.1 respec-M
_

,
tively, for all the models.

The Ðrst peak in the light curve is produced by the radi-
ation Ðeld established in the shock-heated H/He envelope,
while the second peak is formed by di†usive leak of the
deposited energy that is due to the radioactive decay of 56Ni
and 56Co. Finally, the light curve enters an exponential
declining tail that is due to the 56Co decay.

The most obvious feature that the mixing a†ects is the
tail of the light curve. The declining rate of the tail is faster
for more extensive mixing and for a smaller mass He core,
since the ejecta is more transparent to c-rays. The no-
mixing case for 3H11 has a brighter tail and a shallower
slope than the observations. On the contrary, mixing to
1.0È1.5 for 3H41 gives a tail that is too steep to beM

_compatible with observations.
The e†ects of mixing on the light curve shape around the

dip at day 20 and the second peak are also seen. With more
extensive mixing, the heating e†ect of radioactive decays
starts to appear earlier so that the dip is shallower and the
second peak is reached earlier. These e†ects are relatively
small for 3H11 but are much more important for 3H41 and
4H47 because of the thicker envelope. For 3H41 a critical
mixing mass is found to extend to at which theM

r
\ 1 M

_
,
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FIG. 9.ÈCalculated bolometric light curves for 3H11 as compared with the observations of SN 1993J. From top to bottom, the dotted line shows the total
energy deposition rate from the Ni-Co decay. Other three lines show the results with di†erent degrees of mixing : no mixing (long-dashed), mix 0.2 (solid),M

_and mix 0.6 (short-dashed). Here ““ mix 0.2 for example, means that 56Ni is uniformly mixed from the center to The solid line (mix 0.2M
_

M
_

,ÏÏ M
r
\ 0.2 M

_
.

gives the best Ðt to the observations by et al. (diamond) and et al. (cross).M
_
) Lewis (1994) Richmond (1995)

FIG. 10.ÈSame as but for 3H41 with three diferrent degrees of mixing : mix 0.5 (solid), mix 1 (long-dashed), and mix 1.5Fig. 9, M
_

M
_
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FIG. 11.ÈSame as but for 4H47 with three di†erent degrees of mixing : mix 0.5 (short-dashed), mix 1.8 (long-dashed), and mix 2.2 (solid)Fig. 9, M
_

M
_

M
_from high- to low-luminosity tail.

Ðt at day 20 is improved. However, mixing to this extent
gives a tail that is too steep, as is seen in Figure 10. For
4H47, the tail is reproduced well with the mixing up to
1.8È2.2 and the mixing out to 2.2 gives a good ÐtM

_
, M

_to the dip at day 20.
To summarize, the observed light curve shape around the

dip, the second peak, and its tail are well reproduced with
the model 4H47 if the mixing of 56Ni extends to M

r
D 2

For 3H11 and 3H41, the mixing produces a better ÐtM
_

.
to the tail (solid line) but tends to form a dip at day 20.
Improvement of the radiative transfer code might improve
the Ðt of the early light curve. However, the luminosity on
the tail depends only on the gamma-ray opacity and is not
expected to change.

6. DISCUSSION

We compare the calculated abundance distributions as a
function of (measured from the bottom of the ejecta)M

rand and the expansion velocity with(Figs. 7 8) (Figs. 12È15)
the degree of mixing required from the light curve modeling
and the spectroscopic observations of SN 1993J.

After the expansion becomes homologous (vP r), the
expansion velocity of each layer remains constant so that it
can be directly compared with the observed velocities of
various elements. In the hydrodynamical models, the
expansion velocity depends on the explosion energyvexpand the total mass of the ejecta asEexp Mej

vexpP Eexp1@2 Mej~1@2 . (8)

We have tried another two-dimensional simulation for
3H41 with a di†erent explosion energy of Eexp\ 0.6] 1051
ergs and found little di†erence in the degree of mixing in the

space compared with the case of ergs.M
r

Eexp\ 1.0 ] 1051
Therefore, we can safely assume that the velocity of each
element in our models scales to the explosion energy as in
equation (8).

& Fransson have analyzed the spectra ofHouck (1996)
SN 1993J and found that the observed spectra are well
reproduced by their synthetic spectra if (1) some iron
extends to at least 3000 km s~1 in the velocity space, (2)
D0.5 oxygen occupies 1000È4000 km s~1, and (3) theM

_bulk of the hydrogen lies between 8500È10,000 km s~1. For
the hydrogen velocity, however, the minimum velocity has
been determined to be km s~1 from the innervHmin

D 7500

FIG. 12.ÈAveraged radial distribution of several elements as a function
of the expansion velocity for 3H11. Shown are the mass fractions of 56Ni
(solid), C]O (dotted), He (dashed), and H (long-dashed).
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FIG. 13.ÈSame as but for 3H41Fig. 12,

edge of the Ha line proÐle at late times Chugai, &(Patat,
Mazzali 1995).

The coexistence of oxygen and iron at 1000È3000 km s~1
implies the mixing of O and Fe in the velocity space, if O

FIG. 14.ÈSame as but for 4H13Fig. 12,

FIG. 15.ÈSame as but for 4H47Fig. 12,

and Fe are separated at Ðrst. Our calculations show that
even the larger mass 3H model, 3H41, has the maximum
velocity of oxygen as high as 6500 km s~1. Thus, consider-
ing the oxygen velocity, the 3H models are not preferable.
The maximum velocity of oxygen in 4H47 is D4300 km
s~1, which is relatively agreeable.

The maximum velocity of 56Ni (decaying eventually to
Fe) is sensitive to the He core mass, i.e., km s~1vNiD 6000
for 3H models and 3000 km s~1 for 4H models. This is
because the He core with a smaller mass expands faster and
undergoes more extensive mixing as discussed in ° 3. Com-
pared with the observations, in 3H models is too fast. InvNi4H models, km s~1 is marginally acceptable butvNi D 3000
a little too low.

The minimum velocity of hydrogen, depends mainlyvHmin
,

on the mass of the H/He envelope, since the e†ect of mixing
at the core/envelope boundary is not signiÐcant. For 3H11
(3H41) and 4H13 (4H47), (7000) km s~1 andvHmin

D 8500
9000 (6300) km s~1, respectively. Thus, if we adopt vHmin

D
km s~1 from the late-time Ha proÐle, the envelope7500

mass of D0.3È0.4 would be more consistent with theM
_observed hydrogen velocities than D0.1 M

_
.

We Ðnd in ° 4 that the calculated light curves give the best
Ðt to the observations if 56Ni is mixed up to M

r
D 2.2 M

_for 4H47 and to 0.5È1.5 for 3H41 and 3H11. However,M
_in our simulations of the R-T instabilities, 56Ni is mixed up

to for 4H models and to 1.0 for 3HM
r
D 0.5 M

_
M

_models. Thus, the calculated degree of 56Ni mixing is too
small in 4H models, while it is consistent with the light
curve modeling in 3H models. We should note, however,
that the agreement between the calculated and observed
light curves is better for 4H47 than for 3H41.

The determination of oxygen mass from the late-time
spectra would be another way to determine the progenitorÏs
mass. & Fransson estimated that the oxygenHouck (1996)
mass is D0.5 In the explosion models, the producedM

_
.

oxygen masses are 0.21, 0.42, and 1.5 for the He cores ofM
_3.3, 4, and 6 respectively et al. ThusM

_
, (Thielemann 1996).

the 4 core model gives the more consistent oxygenM
_mass.

The inconsistencies of the mixing in the 3H and 4H
models with the spectroscopic and photometric obser-
vations can be reconciled as follows.

1. For 3H models, the fast decline of the tail may be
improved if the explosion energy is as low as 0.8] 1051
ergs. This is also suggested from the X-ray light curve
analysis & Nomoto(Suzuki 1995).

2. For 4H models, to be consistent with the observed
light curve, the mixing of 56Ni should be much more exten-
sive than that occurs in the 2D simulation. Such a large
scale mixing would require an extremely large initial pertur-
bations, which might be due to the neutrino-induced R-T
instabilities Benz, & Colgate(Herant, 1992 ; Burrows,
Hayes, & Fryxell & Mu� ller the convec-1995 ; Janka 1996),
tive oxygen shell burning just before the collapse &(Bazan
Arnett or the spiral-in of a companion star in the1994),
common envelope scenario et al.(Nomoto 1995, 1996).

The instabilities in the H-rich envelope might be more
extensive than our models show. An additional pertur-
bation, such as an asymmetric structure that(Ho� Ñich 1995)
is due to the spiral-in of the companion star into the
envelope et al. would cause more(Nomoto 1995, 1996),
mixing. It is important to know whether the density dis-
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tribution in the H-rich envelope is largely changed as a
result of the possible development of the above instabilities
because the X-ray light curves et al.(Zimmermann 1994 ;

et al. has been found to be sensitive to theKohmura 1994)
envelope structure of the ejecta & Nomoto(Suzuki 1995 ;

Lundqvist, & ChevalierFransson, 1996).

7. CONCLUSIONS

We have investigated the Rayleigh-Taylor instabilities in
the ejecta of SN 1993J with a linear analysis of spherically
symmetric explosion models and with a two-dimensional
hydrodynamical simulations. We Ðnd the following conclu-
sions :

1. The instability at the He/C]O interface develops to
induce a large-scale mixing because of the relatively small
He core mass.

2. The instability at the H/He interface is weak because
of the small hydrogen-rich envelope mass.

Features (1) and (2) are in contrast to SN 1987A , which
had the more massive He core and H envelope. The extent
of mixing of heavy elements (Ni and C]O) is sensitive to
the core mass. For the smaller core mass, the R-T instability
is stronger and causes more extensive mixing as a result of
the smaller mass ratio between the core and the He layer.

3. The optical light curves are calculated with a param-
eterized degree of mixing. The observed light curve is well
reproduced if substantial amount of 56Ni mixing occurs.

4. The calculated abundance distributions of the ejecta
against the expansion velocity are compared with the
observed velocities of Ni, O, and H. The model with the 3.3

He core and the hydrogen-rich envelope of 0.3È0.4M
_

M
_can well reproduce the observational feature of SN 1993J if

the explosion energy is as low as D0.8] 1051 ergs. The
model with the 4 He core and the D0.5 envelope isM

_
M

_also a good alternative if 56Ni is more extensively mixed
than our present calculations Ðnd, possibly as a result of
much larger initial perturbations.
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