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ABSTRACT

Two alternative models for the origin of the broad and intermediate-width lines in the
spectrum of the peculiar supernova SN 1988Z are proposed. Both suggest that the
optical emission is a result of the dynamical interaction of the ejecta with a two-
component wind; the broad lines are identified with emission from shocked super-
nova material expanding in a relatively rarefied wind, while the intermediate-width
lines originate from a shocked dense wind component. The latter may be associated
either with dense wind clumps or with a dense equatorial wind. The clumpy-wind
model is more attractive since it requires a lower mass loss. The optical emission of
SN 1986J at =4 yr, which in many respects is similar to the intermediate component
of SN 1988Z, is probably also produced by shocked dense clumps in the circum-
stellar wind component. Dynamical properties and the luminosity of the broad lines
imply that the mass of the SN 1988Z ejecta is unexpectedly low, M <1 M,
suggesting that SN 1988Z may have originated from a star with a main-sequence mass

of about 8-10 M.
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1 INTRODUCTION

Type II supernovae (SNell) display a great variety of photo-
metric and spectral characteristics, which are manifested in
the existence of the two photometric classes, II-P and II-L
(Barbon, Ciatti & Rosino 1979), and of a recently selected
group of spectroscopically peculiar SNell called SNelln
(Schlegel 1990). However, two recently observed SNell,
namely SN 1987F (Filippenko 1989) and SN 1988Z (Filip-
penko 1991; Stathakis & Sadler 1991; Turatto et al. 1993),
are exceptionally peculiar in their spectroscopic and photo-
metric properties. Both SNe belong to the family of SNelln
in which the profile of Ha emission lacks a P Cyg absorption
component; both are characterized by an extremely slow
decay of luminosity after maximum light, which makes them
at day 600 approximately 5 mag brighter in B and V' com-
pared to SNell-P or SNell-L; and both have strong Ha emis-
sion with the luminosity exceeding 10*! erg s~ ! at £~ 200 d.
In SN 1988Z the Ha luminosity is particularly prodigious,
exceeding that of SN 1987A at = 3 yr by 5 orders of magni-
tude.

The enormous Ha and bolometric luminosities of
SN 1987F and SN 1988Z have been interpreted as a result
of the collision of the supernova ejecta with a very dense cir-
cumstellar wind (Chugai 1990, 1991, 1992; Turatto et al.
1993). In the model of the spherically symmetric wind the
required wind density parameter w=M/u, has a value
~2%x10'-10"7 g cm~!. SN1988Z is very similar to
SN 1987F in these respects, but shows a particularly

extraordinary spectral development, which is not yet
properly understood. The straightforward spherically
symmetric model of ejecta-wind interaction predicts only
two spectral components: broad lines from shocked (or
photoionized) ejecta and narrow lines from the undisturbed
photoionized wind. In contrast to this expectation,
SN 1988Z revealed a so-called intermediate component with
FWHM = 2000 km s~ ! which developed between days 50
and 100 (cf. Filippenko 1991; Stathakis & Sadler 1991;
Turatto et al. 1993). At later times the intermediate com-
ponent becomes dominant.

Here we formulate two alternative working models in an
attempt to understand the coexistence of the broad and
intermediate components in the spectrum of SN 1988Z. The
crucial point is the assumption that the wind has a two-com-
ponent structure comprising rarefied and dense components.
The dynamics and luminosity of SN 1988Z are used to
derive parameters of the wind and the ejecta. We also analyse
the case of the unusually powerful radio supernova
SN 19867J and argue that its optical emission is of the same
origin as the intermediate component in SN 1988Z.

2 THE ORIGIN OF THE BROAD AND
INTERMEDIATE LINES IN SN 1988Z

2.1 Phenomenological model

One of the most spectacular and unique properties of
SN 1988Z is the presence of three different spectral com-
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ponents, namely broad, narrow and intermediate, during the
interval from 1 month to 3 yr after explosion (Filippenko
1991; Stathakis & Sadler 1991; Turatto et al. 1993). The
broad component, with FWHM evolving from 2 x 10* to 10*
km s~!, was observed in Ha, the Can IR triplet and the O1
8446-A line, and in the wide Fe 1 bumps between 4200 and
5500 A. The narrow unresolved component, undoubtedly
related to the undisturbed photoionized wind, is apparent in
the nebular lines. The intermediate component, a new
phenomenon for SNell (although it might have been present
in SN 1984e), was observed in hydrogen, He1 and O1 8446
A, and in Fen lines. Its FWHM decreased from 2500 to
1500 km s~ ! between 2 month and 3 yr after explosion.

The broad Ha component, which shows a parabolically
shaped purely emission profile without P Cyg absorption and
extended wings, reminds one of SN 1987F. The shape and
width of the Ha profile suggest that this line as well as the
other broad emission originates from the shocked or photo-
ionized high-velocity supernova material as a result of col-
lision of the supernova envelope with the dense circumstellar
wind (Chugai 1991). The intermediate component is also
produced by the relatively dense gas, as is evidenced by the
presence of the O1 8446-A line pumped by Ly radia-
tion. An estimate based on the ratio of the intensities of O1
8446 A and Ha for the intermediate component at 2-3 yr
after explosion implies that the optical depth in Ha is
7(Ha)=10%

Two alternative models for the wind structure that are
relevant to the three-component spectrum of SN 1988Z are
conceivable (Fig. 1). Model A suggests a spherically symmet-
ric wind, which consists of the relatively rarefied substrate
with a large filling factor f= 1, and very dense clumps with a
small filling factor f<<1. The interface between the ejecta
and the rarefied wind is composed of the outer shock wave
(or main shock wave) propagating in the wind, and the inner
shock wave propagating into the SN ejecta (for details, see
Chevalier 1982; Nadyozhin 1981, 1985). In the case of the
dense wind, the shocked ejecta cool quickly compared to the
expansion time and create a cool dense shell, which may
reprocess the X-rays from the inner shock wave into optical
radiation (Chevalier & Fransson 1985). The broad com-
ponent is presumably associated with this cool dense shell.
The high density of the material responsible for the broad
component in SN 1988Z is manifested by the strong fluores-
cent line O18446 A and by the absence of forbidden lines in
the broad spectrum. As an alternative, the broad lines may
be emitted by the unshocked photoionized ejecta inside the
inner shock wave (region 1), the possibility considered by
Fransson (1984) in connection with the interpretation of UV
lines and Ha from SN 1979c.

The intermediate component in model A (Fig. la) is

emitted from the radiative shock wave, which is driven into .

the very dense clumps of wind material by thermal and
dynamical pressures behind the main shock, and/or by the
dynamical pressure of the unshocked ejecta. The cloud
shock wave will be relatively slow if the cloud density

exceeds significantly the density of the fast supernova

material. The shocked cloud gas cools by X-ray emission,
while the optical spectrum is presumably a result of repro-
cessing of X-rays by the cooled dense material behind the
cloud shock wave. Basically, the intermediate component is
analogous to the optical emission of the quasi-stationary fila-

Figure 1. Two models for the intermediate component in
SN 1988Z. (a) In model A, ejecta (1) expanding in the rarefied wind
(4) create inner (2) and outer (3) shock waves, which outline the
shocked wind and the ejecta. A slow shock wave driven into the
dense wind clumps (5) by the dynamical pressure of the ejecta is the
site of the intermediate-component (IM) emission. The broad
component (B) originates from the shocked and/or photoionized
ejecta, while the narrow component (N) is emitted by the undis-
turbed, photoionized, rarefied and clumpy wind. (b) In model B
structures 1, 2, 3 and 4 are as in (a), but the intermediate component
originates from the radiative shock wave propagating in the dense
equatorial wind (5).

ments of Cas A in the model of shocked clouds (McKee &
Cowie 1975).

In model B (Fig. 1b) the dense equatorial wind is super-
imposed on the spherically symmetric rarefied wind. The
radial size of the equatorial component may be relatively
small compared to the radius of the main shock. As in the
previous model, the broad component is produced as a result
of the interaction of the ejecta with a rarefied wind, while the
intermediate component originates from the shocked
material of the dense equatorial wind. It should be empha-
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sized that this model requires a relatively homogeneous
equatorial wind. Otherwise, it is simply a version of model A
with the clumps lying mostly close to the equatorial plane.

The two proposed models of the wind structure seem to
be equally conceivable from the observational point of view.
The concept of the dense equatorial wind is actively ex-
ploited in the context of the interpretation of the structure of
some planetary nebulae (Balick 1987) and of the nebular
ring around SN 1987A (Wampler et al. 1990). On the other
hand, there is observational evidence for the existence of
strong clumpiness in red giant and supergiant winds. Clumpi-
ness of the wind of a red giant at a radius =10'5 cm is indi-
cated by the variability of VLBI maps of SiO maser lines
(Alcock & Ross 1986), while CO maps of carbon stars show
wind clumpiness at a radius of 10" cm (Heske, te Lintel
Hekkert & Maloney 1989). Nevertheless, the data relating to
the structure of winds in red supergiants are still scanty and
permit some freedom in the choice of the structure of a pre-
SNII wind.

2.2 The broad component and the mass of the ejecta

The evolution of the width of the broad spectral lines, if com-
pared with the predictions from the hydrodynamics of the
expansion of the ejecta, can be used to derive some relevant
parameters of the wind and the ejecta. We believe that the
broad component is emitted by the cool (10%-K) thin
(Ar/r<1) outer shell of the shocked supernova envelope.
This shell presumably has a low velocity gradient,
dlnv/dInr<1 (Chevalier 1982). In this case the profile
of the optically thick line (e.g. Ha) has a parabolic shape,
provided that the width of the shell is not extremely small,
Arfr>v,/v=10"3% (where v, is the ion thermal velocity
and v is the expansion velocity). Generally, the red wing of
the emission line may be skewed by continuum absorption
effects in the supernova envelope (cf. SN 1987F, Chugai
1991). The ‘blue’ velocity at zero intensity (BVZI) is
normally expected to coincide with the expansion velocity of
the shell. Values of the BVZI for Ha and O1 8446 A in
SN 1988Z are available between days 45 and 475 (Stathakis
& Sadler 1991). Several caveats must, however, be con-
sidered before using these data.

At late times the BVZI value for Ha is systematically
higher than that for O1 8446 A (cf. Stathakis & Sadler
1991). In our opinion this is probably caused by the presence
of the emission band A = 6200-6400 A composed of the Fen
lines of multiplets 74, 40 and 46. This band is clearly seen in
the spectrum of a similar supernova, SN 1987F (cf. Filip-
penko 1989). Fen emission bands at 4600 and 5200 A in
SN 1988Z are strong enough for the Fen 6300-A band to
contribute notably to the blue wing of Ha in accordance with
the observed relative intensity of this feature in SN 1987F.
The BVZI value for O 18446 A therefore reflects the expan-
sion velocity more realistically than does Ha.

In the case of a supernova envelope with a power-law
density distribution p « v~ freely expanding (v =r/t) in the
spherically symmetric wind (o « r~2), a double-shock struc-
ture is formed, which expands in a self-similar fashion, r, « ¢°,
where 0 =(k —3)/(k —2) (Chevalier 1982; Nadyozhin 1985).
We adopt a simple model for the density distribution in the
supernova envelope: p = p,= constant in the central region,
where v < vy, and p < v~ *in the outer region. Such a model
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closely corresponds to results of numerical hydrodynamics
calculations of supernova explosions provided that k> 6. For
k=7 one obtains

v,=9.1 X 108 EL2(M/M,)~ 1/
00=12x10"1E;32(M/My )3

Here M is the mass of the ejecta, E5; = E/10°! erg and ¢, is
time in years. The velocity of the double-shock structure,
according to the self-similar solution by Chevalier and
Nadyozhin in the case k=7, is

v,=7.46 X 108 E$(M/M,) 02w 021,02

where w=M/u, is the wind density parameter and w,; =
w/10'® g cm™!. The radius of the shell is determined by the
relationship r=0"1vt.

When the reverse shock crosses the density kink at velo-
city v,, the above expansion law (equation 3) is no longer
valid. In order to describe the expansion of the swept-up
shell in this case, we may use the equation of energy conser-
vation:

(M +wr)i*=2aE, (4)
where a is the ratio of kinetic energy to total energy. With the

initial condition r= 0 at ¢=0 this equation has a simple solu-
tion:

cms™ !, (1)

gem™3, (2)

cms~ !, (3)

-R, (5)

, (6)

where v, =(2aE[/M)'2, t,=2M/[3wv,), R=(3/2)vt,. As
expected, for 13>, (when the ejecta mass is negligible) the
solution turns into the Sedov self-similar solution for the
blast-wave expansion ro«?3 for a medium with density
o< r~2, (Note that the solution presented by equations 5 and
6 is also self-similar for variable r+R.) In order to dis-
tinguish between the two regimes of the expansion of the
supernova envelope in the dense circumstellar wind we will
refer to the model corresponding to the Chevalier-
Nadyozhin self-similar solution (equation 3) as the free-
expansion (FE) case, and the model described by the equa-
tions (5) and (6) as the blast-wave (BW) case.

The dynamical evolution of the broad component in the
two cases is compared to the BVZI values for the O18446-A
line in Fig. 2. In the FE case the model curve corresponds to
the parameter

n=E3{M/Mg) 2w t?=1.5. (7)

The best-fitting model for the BW case with a ratio of the
internal to the total energy of a =0.5 results in M=0.1E5,
M, for the mass of the SN envelope and a wind density para-
meter of w=18%10%E; g cm™! For E=10% erg we
obtain M=0.1 M, and w=1.8x10%gcm™!.

In order to find an estimate of the ejected mass in the FE
case the value of w is needed. The lower limit of w is deter-
mined by the observed luminosity according to the general
expression for the luminosity of the shock wave

L=ypwol, (8)

where v is the efficiency of the conversion of mechanical
energy into optical energy in the shock wave. For r=0.2 yr
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Figure 2. The evolution of the broad component. Values of the
BVZI for the O1 8446-A line (crosses) are compared to the model
evolution of the velocity of the double-shock layer which is
produced by the dynamical interaction of the ejecta with the spheri-
cally symmetric wind. The solid line shows the self-similar solution
by Chevalier-Nadyozhin for #=1.5 (solid line), while the dashed
line corresponds to the blast-wave model for M=0.1E5, M and
w=18X10"E,, g cm™'. Uncertainties in the velocities are of the
order of 10 per cent.

the velocity of the shell is close to 1.7 X10° cm s~ ! (Fig. 2).
Adopting for this phase the observational value of the optical
luminosity L=4x10*? erg s~! (Stathakis & Sadler 1991)
and y=1, we obtain from equation (8) the lower limit
w=1.6 x10'% g cm™*. For this value of w and E=10°! erg,
equation (8) gives M= 0.4 M.

Both descriptions of the expansion of the supernova enve-
lope in the circumstellar wind, when applied to the evolution
of the broad O1 8446-A line, result in a very low value for
the mass of the ejecta, M ~0.1-0.4 M, provided that the
initial kinetic energy E = 10%! erg. A higher value of E would
increase the mass estimates according to the relations
M« E? for the FE case and M < E for the BW case. Thus a
value of M=1 Mg, in the FE case is feasible, if the value of
the energy E=1.5x10°! erg, It should, however, be empha-
sized that this estimate of M is a very stringent upper limit,
since the efficiency adopted above is i = 1. For the conserva-
tive value of the kinetic energy E = 10°! erg the upper limit of
the ejecta mass M = 0.5 M.

The wind density parameter implied by the FE and BW
cases lies in the range 2x(10'3-10') g cm™!, with the
logarithmic mean 6 X 10'5 g cm™!. We note that this estimate
refers only to the smooth rarefied component of the wind.

2.3 Effect of a leading low-mass shell

The small value of the ejecta mass obtained above provokes
the interesting speculation that the broad-line component
might be produced by a leading low-mass shell with a sub-
stantially higher expansion velocity than the rest of the super-
nova ejecta, which may prove to be massive and slowly
expanding. This possibility at first sight seems to be con-
sistent with the known effect of the sweeping action of the
radiatively damped outbreaking shock wave and its ejection
of the outermost stellar material (Grasberg, Imshennik &
Nadyozhin 1971; Imshennik & Nadyozhin 1988).

The radiative damping of the shock with a velocity D
becomes important at the optical depth 7= ¢/D. Allowing for
the subsequent radiative acceleration of the fast shell (result-
ing in a velocity increase of a factor of roughly 1.6) (Imshen-
nik & Nadyozhin 1988) and adopting a terminal velocity of
20000 km s~ ! we have for the outbreaking shock a velocity
~12000 km s~ !. This gives an estimate of the optical depth
at the damping phase, v=23, and of the mass of the fast
shell,

M,~4rR3tk~'~5x10"4(R,/500 Ry )2 M,, (9)

where x =0.3 cm? g~! is an opacity, and R, is the radius of
the pre-SN. This estimate shows that for R = 500 R, which
is a standard value for the red supergiant, the mass of a fast
shell with a velocity of 20 000 km s~ ! hardly exceeds 1073
M, while the kinetic energy is lower than 4 x 10*8 erg. Even
allowing all this energy to transform into radiation on a time-
scale of 107 s, we find that the characteristic luminosity is one
order of magnitude lower than the observed luminosity of
SN 1988Z, L=4x10* erg s™! at t=75 d (Stathakis &
Sadler 1991). Thus the idea of a leading fast shell as a cause
of the broad-line emission in SN 1988Z seems unpromising.

2.4 The intermediate component
2.4.1 Model A: clumpy wind

Basically, the presence of a clumpy component in the wind
does not affect noticeably the dynamics of the broad-com-
ponent material provided that the covering factor (the frac-
tion of the sphere occupied by clouds) is small. On the other
hand, a particular clump overtaken by the main shock wave
is strongly affected by the thermal and dynamical pressures
in the double-shock layer, and by the dynamical pressure of
the undisturbed supernova ejecta. The radiative shock wave
driven by external pressure into the dense cloud is presum-
ably responsible for the emission of the intermediate com-
ponent in the spectrum of SN 1988Z. We shall determine the
restrictions imposed on the cloud parameters by dynamical
and luminosity requirements at the phase =492 d, when the
intermediate component was at its maximum intensity
(Turatto et al. 1993).

The velocity of the swept-up shell, as indicated by the
broad component, is v,~ 9000 km s~! on day 492 (Section
2.2). For an adopted mass of the ejecta of 0.5 Mg and a
kinetic energy of 10°! erg s™! this value lies significantly
below the characteristic velocity of the SN envelope
v,=13000 km s~!; the maximal dynamical pressure is
therefore attained in the swept-up shell and is of order
~E|V, where V is the volume of the shell. The dynamical
pressure in the cloud shock wave is determined by the pres-
sure equilibrium equation

., 3E
OcUc E 4nr§, ’ (10)

where o, is the cloud density, u, is the cloud shock-wave
velocity, which should coincide with the FWHM of the inter-
mediate component, r,~5X 106 cm is the shell radius on
day 492, and £ is the structure parameter, which we adopt as
unity.
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A lower limit on the size of clumps is provided by the
requirement that the cooling time in the cloud shock wave
must be short compared to the time of fragmentation of the
cloud due to Rayleigh-Taylor and Kelvin-Helmholtz instabi-
lities. Both instabilities develop on the time-scale ¢.~ a/u,,
where a is the cloud radius. 2D computations of the inter-
action of the fast rarefied flow with the dense cloud for a
wide range of density contrasts have demonstrated (Klein,
McKee & Colella 1991) that the cloud lifetime is of the order
of ¢.. Thus the condition that the cloud shock wave cools fast
enough is

3kT,. a
4n.A < u’ (11)
where T, ,=1.36 X 107(u./108 cm s™!)? K is the temperature
at the shock front, n, is the atomic concentration in the
cloud, and A is the cooling function. Obviously, the cooling
time must be also less than the age of the SN.

The luminosity of the intermediate component provides
yet another restriction on the parameters of the clumped
wind. The intermediate component is presumably formed in
the cooled cloud material behind the cloud shock wave. The
cool gas radiates due to reprocessing of X-ray emission from
the hot shocked cloud gas. The luminosity of the ensemble of
N, shocked clouds at about their maximum luminosity is

L=4ina’p ulN,, (12)

where an additional factor of 0.5 is introduced to allow for
geometrical effects.
From equation (10) with E=10%' erg, r,=5x10'¢ cm and
.=1600 km s~! we obtain the density in clumps,
0.~7x10717 g cm™3, which corresponds to the hydrogen
concentration 7, =~2.5%x107 cm™? for an H abundance of
X=0.6. Equation (11) with this density, 7, .=3.5X10" K
and A=2X10"2 ergcm’ s~ ! gives a lower limit to the cloud
radius of a> 10" cm, and a cooling time of #.,, =8 X105 s.
Given the luminosity of the intermediate-width lines
L=2.3%10% erg s~! (Turatto et al. 1993), we find from
equation (12) the number of emitting clouds and their filling
factor:

N,=900a;2, f=N,a/r)?=0.0084a,s, (13)

where a;5=a/10" cm. The requirement N_>>1 results in
a<<2x10'% cm. We adopt a=3 X 10' cm, which is close to
the logarithmic mean between the upper (2 x10'® cm) and
lower (10" cm) limits and is consistent with the charac-
teristic size of density clumps in the Helix planetary nebula at
aradius of 10!7 cm (Meaburn et al. 1992).

The parameters of the wind clouds in model A are sum-
marized in Table 1. The density parameter w for the cloudy

Table 1. Parameters of the clumpy wind at
r=5x101cm.

Cloud radius, a ~ 310" cm
Density in clouds, n. 210" cm™3
Mass of a cloud 0.004 Mg

Number of emitting clouds, N, 10?

Filling factor of clouds, f 0.02

Wind density parameter, w 510' g cm™!
Mass loss rate 7107 Mg yr!

component of the wind is one order of magnitude greater
than that for the rarefied wind estimated in Section 2.2. This
means that in model A the bulk of the wind material around
SN 1988Z, at least at a radius = 5% 10!6 ¢m, is confined in
dense clumps. The column density of a clump for the para-
meters in Table 1 is about 102* cm™2. Such clumps could be
optically thick at early times, given a reasonable dust/gas
ratio. For the parameters in Table 1 the covering factor (r/
a)f=0.1, so that the probability of screening of SN 1988Z is
low. In order that the clouds at larger radii do not screen the
supernova, the filling factor must decrease outwards faster
than 1,

2.4.2 Model B: equatorial wind

A simple version of model B (Fig. 1) is a dense equatorial
wind independent of latitude ¢ in the range | ¢|<g,. The
shock wave, which propagates in the equatorial wind, may be
approximated by a spherical belt. The model presumes that
the equatorial wind is homogeneous; otherwise we will have
only a variant of model A with a global axial distribution of
clouds.

The evolution of the shock wave propagating in the equa-
torial wind passes through two phases. In the initial phase the
shock wave is driven into the equatorial wind by the dyna-
mical pressure of the supernova ejecta. This stage lasts
t, = r,[v,, where r, is the inner radius of the dense equatorial
wind. During the subsequent stage the swept-up cylindrical
shell slows down in the radiative regime. The dynamical
evolution of the radius of this shell, r,, at t>¢ can be
described in the approximation of momentum and mass
conservation

M7, =(Q/4n) Mv,, (14)
Mse=M<Q/4n)+we(rse_rl)a (15)

where Q=4 sin ¢ is the solid angle occupied by an equa-
torial wind with a density parameter w,. In terms of para-
meter R=(Q/4m) Mw; !, the solution of equations (14) and
(15) with the initial condition r,(0)=0is

1/2

1R, (16)

rS€=R (1 +_

Iy

-1/2

) (17)

Ve =V (1 +—=

ty

where 1, =R/2v,).

The evolution of the velocity of the shell in the equatorial
wind as determined by equation (17) is compared in Fig. 3 to
the data for the FWHM of the intermediate component of
Ho in SN 1988Z obtained by Turatto et al. (1993). The
model corresponds to the fitting parameter £, =0.03 yr with
adopted parameters for the supernova of E=10%' erg and
M=0.5 M. The parameters of the equatorial wind in this
case are given in Table 2 for two inclination angles (between
the line of sight and the polar axis of the wind), 90° and 60°.
The wind density parameter w, is obtained from the lumi-
nosity of the intermediate component L=(1/2)w,v3 =
2.3x10* erg s~! on day 492, while ¢, is determined by w,
and ¢,. The value of w, in the equatorial wind exceeds by 4-6
times that of the clumpy-wind model (Table 1).
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Figure 3. The evolution of the intermediate component. FWHM
data for Ha (crosses) are compared to the evolution of the velocity
of the radiative shock wave in the dense equatorial wind with a
constant parameter w for £,=0.03 yr, E=10°' erg and M=0.5 M,
(solid line). Uncertainties in the velocities could be as high as 20 per
cent.

Table 2. Parameters of the equatorial
wind at r=10'% cm.

0 we Q/dr ¢ M
(g em™) (Mo yr)

90 210v7 0.48 27° 310°%
60 1.310'" 0.3 18> 21073

At an early phase (¢~100 d) the model predicts an un-
reasonably high velocity (Fig. 3). To save the model, the
initial deceleration of the equatorial shell must be strong,
which suggests that the density of the equatorial wind in the
inner part is significantly higher than assumed. Estimates
based on momentum and mass conservation show that the
required mass of the circumstellar material inside a radius
=10 cm is of the order of 0.5 Mg. The correspond-
ing mass-loss rate must in this case be incredibly high,
M=~1.5%x10"2 M, yr~! at a stage ¢=300 yr prior to the
explosion.

The degrees to which the parameters of models A and B
meet dynamical and energy requirements show that model A
is more realistic, since it suggests a one-order-of-magnitude
lower mass-loss rate. Nevertheless, the ultimate choice
should be postponed until the results of future observations
become available.

3 POSSIBLE TESTING OF MODELS

The belt-like distribution of emitting material in model B will
result in a central depression on top of the profile for inter-
mediate-component lines, if the inclination angle is large
enough. The most appropriate line for this test is the O1
8446-A line, which must trace the most dense shocked
material of the cylindrical shell. Ha and other lines are not
sensitive to this test since they may originate partially from
other regions. Unfortunately, the available spectra of
SN 1988Z are rather noisy at late times and no definite
conclusions can be drawn concerning the shape of the O1
line.

The clumpiness of the wind, which is characteristic of
model A, should produce an irregular structure of the line
profile since the expected number of clouds is relatively
small, ~ 102 The strong Ha line makes this test very promis-
ing. The required spectral resolution would be A/A4 > 1000.

The radial distribution of the emitting gas is essentially dif-
ferent in the two models. In model A the characteristic radius
of the intermediate-component material is of the order of the
radius of the main shock wave in the rarefied wind, i.e.
ra=v,t. On the other hand, for model B the radius of the
emitting shell for the intermediate component is r53=v,,1,
where v, is the velocity of the intermediate component.
There is a corresponding difference in radii of the order of a
factor of 5-10, which permits an unambiguous choice
between the models provided that the envelope is resolved.
This test could become feasible with the advent of interfero-
metric facilities on the VLT.

In both models the X-rays emitted by the shock wave in
the dense wind component (clumps or equatorial wind)
create a leading Hu region in the undisturbed gas ahead of
the shock. The overall luminosity of the leading H u regions
should be roughly equal to that of the intermediate compon-
ent. The bulk of the energy of the narrow lines is, however,
expected to be emitted in the UV. Calculations of the spec-
trum of the leading H nr region for a shock wave with a velo-
city of 1000 km s~! and a pre-shock density of 107 cm~3
(Daltabuit, MacAlpine & Cox 1978) show that the spectrum
is dominated by Ovi 1035 A, C1v 1549 A, and two-photon
emission of hydrogen. The Ha line and [O m] 5007 A con-
tain respectively 0.01 and 0.02 of the total luminosity. Unfor-
tunately, in SN 1988Z the contribution of the narrow Ha on
day 492 is difficult to estimate. The narrow line [O m1] 5007 A
has a luminosity of 0.025 of the total luminosity of the inter-
mediate component (Turatto et al. 1993), which is consistent
with expectations. This coincidence suggests that the radia-
tive precursor of the cloud shock wave may contribute the
bulk of the emission of the narrow component observed in
SN 1988Z at t~1-2 yr.

4 IS SN 1986J AN OLDER VERSION OF
SN 1988Z?

Stathakis & Sadler (1991) noticed that the extremely lumi-
nous radio supernova SN 1986J discovered in the radio
band in 1986, probably 4 yr after the explosion, had at that
phase an optical spectrum (Rupen et al. 1987) that in many
ways resembled the intermediate component of SN 1988Z.
In both supernovae the dominant line at ¢~ 3-4 yr is the
unusually strong Ha emission with FWHM = 10% km s~ 1.
The Ha luminosity of SN 19867 at 4 yr is L=4X10% erg
s~ ! (Leibundgut et al. 1991), which may be somewhat lower
than the extrapolated Ha luminosity of SN 1988Z, but is
enormously high compared to normal Type II supernovae,
for example =3 X10% erg s™! for Ha in SN 1987A at 4 yr.
Both supernovae are characterized by remarkably steep
Balmer decrements (Ha/HB = 30), and by the presence of
the fluorescent line of O1 8446 A, which is indicative of a
large optical depth in Ha which we estimate as 7= 103,

The physical resemblance of these SNe is supported by
the fact that they are the most powerful radio SNe, with
luminosities L, = 10% erg s™! Hz™! at 6 cm on day 1300 in
SN 19867 (Rupen et al. 1987) and on day 560 in SN 1988Z
(Sramek, Weiler & Panagia 1990).
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The analogy between SN 1986J and SN 1988Z becomes
even more significant if we take into account that, according
to VLBI data (Rupen et al. 1987), the SN 1986J envelope is
in fact expanding with a high average velocity of 15 000 km
s™! (D=10 Mpc). Coexistence of rapidly expanding ejecta
with slow-moving optical material, and the spectral charac-
teristics of the latter, leaves little doubt that SN 19867J at r= 4
yr is just an older example of SN 1988Z, the optical emission
being dominated by the intermediate component and the
broad component having already disappeared. To be
specific, we identify the optical emission of SN 1986J with
the radiation from the shocked dense component of the pre-
SN wind (clumps or equatorial wind).

The radio data for SN 1986J provide some additional
evidence in favour of the model of a clumpy wind. First, the
irregular structure of the radio image of SN 19867 (Bartel,
Rupen & Shapiro 1989) is consistent with a clumpy structure
of the circumstellar wind. Clumpiness of the ejecta is another
possibility. The problem with the latter is that the early opti-
cal spectra of SNell do not provide any evidence for clumpi-
ness in the outer layers of the envelope, which makes the idea
of a clumpy wind more attractive. The second line of evi-
dence for wind clumpiness arises from the results of model-
ling the radio variability. Weiler, Panagia & Sramek (1990)
found that the evolution of the radio flux and of its spectrum
in SN 1986J cannot be reproduced in a model of a purely
external absorber, i.e. for the case of a spherically symmetric
wind. Instead, they proposed that the absorbing plasma
exists in the form of clumps which are partially mixed with
the gas of relativistic electrons. This overall picture, in our
opinion, is consistent with model A (Fig. 1a).

In contrast to the close similarity between SN 1988Z and
SN 19867 at late times, there is strong evidence that their
early behaviours were different. According to Cappellaro &
Turatto (1986), between 1977 and 1986 this supernova
never appeared above the limit B=18 mag, which, for
D=10Mpc and A,=1.5 mag, gives M> — 14 mag. In spite
of the annual lacuna 7-8 month after explosion in this photo-
metry set (Cappellaro, private communication), the data
completely rule out the possibility that SN 1986J might have
a light curve similar to that of SN 1988Z with a width of 1.8
yr at the level B= — 14 mag. The data for SN 1986]J are con-
sistent with the normal SNII light curve (Weiler, Panagia &
Sramek 1990).

The different optical behaviours of SN 1988Z and
SN 19867 close to light maximum suggest that the wind den-
sity in the immediate proximity of SN 1986J, r<5x10'¢ cm,
was lower than in the case of SN 1988Z, so that the early-
time ejecta—wind interaction did not contribute substantially
to the optical output of the former. An alternative possibility
is strong obscuration of SN 198617 at early times by optically
thick dusty clumps. The question of whether SN 1986J and
SN 1988Z have identical natures is therefore open. How-
ever, they probably had similar mass-loss rates on a time-
scale of (several)x10* yr and similar wind structures
dominated by the clumpy component.

So far, only SN 1987F and SN 1988Z have been recog-
nized as supernovae with high luminosities energized by an
ejecta-wind interaction beginning at maximum light. These

supernovae are observationally distinguished by (i) an
unusually slow decay of the optical flux with a fall of
AB=2.5 mag during the first year; (i) high Ha luminosity,
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exceeding 10*! erg s~ ! at 0.3-1 yr after explosion; and (iii) a
specific Ha profile without a P Cyg absorption component.
We tentatively propose to call SNell having all these proper-
ties SNellsw, with ‘sw’ standing for ‘super-wind’ or ‘shock
wave’ - either is appropriate. We expect all SNellsw to be
strong radio and X-ray emitters. Type II supernovae assigned
by Schlegel (1990) to subclass SNIIn have at least property
(iii) in common with SNellsw. One cannot therefore rule out
the possibility that some (or even all) SNelln may prove to be
SNellsw.

5 PROGENITOR OF SN 1988Z

The dynamics and energetics of the broad component of
SN 1988Z indicate that the mass of the ejected envelope is
surprisingly small, M<1 Mg, and probably close to 0.5 Mg
(Section 2.2). With the reasonable assumption that about 1.5
M,, of the pre-SN formed a neutron star during the explo-
sion, one concludes that the mass of the pre-SN prior to the
explosion was 2-2.5 Mg. Since the ejected supernova
material contains a noticeable amount of hydrogen, the mass
of the helium core in the pre-SN did not exceed 2.5 M.

Theory predicts that an He core of 2-2.5 M, at the final
stage is a result of the evolution of a star with a main-
sequence mass of 8-10 M, (Nomoto 1984). The distinguish-
ing property of these pre-supernovae is the strongly
degenerate O/Ne/Mg core, in contrast to the moderately
degenerate Fe core produced by stars with initial masses
=12 M,,. One may conjecture that strong degeneracy of the
O/Ne/Mg core somehow favours an enormously high mass-
loss rate for these pre-SN at the final stage of their evolution.
In some respects the situation may be similar to that of inter-
mediate-mass stars of 3-8 M, which lose all the massive
envelope during the phase of the growth of a strongly de-
generate C/O core. With the initial mass presumably equal to
=9 My, pre-SN 1988Z had to lose 7 M, i.e. nearly all the
initial mass. For a mass-loss rate of 7x1074 M, yr~! (Table
1) this requires about 10* yr.

If SNellsw originate from 8-10 M, main-sequence stars,
their expected mass-loss rate for an IMFe M ~24is ~0.25 of
the overall rate of SNell (i.e. SNe with M, ;=8 M, including
SNelb/c). This frequency is qualitatively consistent with the
rare occurrence of SNellsw.

6 CONCLUSION

The unusually high optical luminosities of the peculiar Type
II supernovae SN 1988Z and SN 1987F were already recog-
nized as being a result of the dynamical interaction of the
supernova envelope with an extremely dense circumstellar
wind, characterized by the parameter w~ 10'7 g s™!. Now it
is becoming clear that the peculiar spectrum of SN 1988Z,
particularly the coexistence of the broad and intermediate
components, may be explained by the introduction of a two-
component wind structure: dense clumps or a dense equa-
torial wind embedded in a spherically symmetric wind with a
lower density. From the point of view of the minimal require-
ments of the mass-loss rate, the clumpy wind seems to be
more realistic than the equatorial wind, although the ultimate
choice should be postponed until the results of future
observations become available.
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It is not clear whether the clumpiness is a common pheno-
menon of dense winds around SNell. SN 1987F seems to
show no trace of the intermediate component, at least during
the first year after the explosion. On the other hand, the
model of the interaction of the ejecta with the clumpy wind
accounts for the characteristics of SN 1986] at late times
(4-7 yr), because it has a fast-moving radio shell and slow-
moving optically emitting material. The same interpretation
may be appropriate for the recently discovered radio and
X-ray supernova in NGC 1313 (Ryder et al. 1992).

One of the unexpected results of the analysis of the
dynamics and energetics of the formation of the broad com-
ponent in SN 1988Z is the conclusion about the low mass of
the ejecta, <1 Mg, which indicates that this supernova origi-
nates from a main-sequence star with a mass of about 8-10
M. We propose that all SNell with extremely high mass-loss
rates (or SNellsw) arise from the lowest mass stars exploding
as SNell. If this is the case, SNellsw should be oxygen-poor,
in contrast to SNell-P, which originate from more massive
stars.

An alternative view of the origin of SNellsw is that they
originate from the same mass range as normal SNell, but that
the unusually large mass loss from the progenitors of the
former is a result of common-envelope formation in close
binaries at the red supergiant stage of pre-SN. In this case the
low mass of pre-SN 1988Z might be just the accidental reali-
zation of one of numerous possibilities. This alternative has
an obvious implication. If the phenomenon of a high mass-
loss rate among pre-SNell is associated only with the proper-
ties of binary systems, we expect that SNellsw, as well as
SNell-P and SNell-L, could be of both types, oxygen-rich
(Mn>12 Mg) and oxygen-poor (M,,,~8-12 M). Exten-
sion of the sample of spectroscopically studied SNell may
test this conjecture.

REFERENCES

Alcock C.,RossR. P., 1986, ApJ, 310, 838
Balick B., 1987, AJ, 94,671

Barbon R, Ciatti F., Rosino L., 1979, A&A, 72, 287

Bartel N., Rupen M. R,, Shapiro I. I, 1989, ApJ, 377,185

Cappellaro E., Turatto M., 1986, IAU Circ. 4262

Chevalier R. A., 1982, ApJ, 258, 790

Chevalier R. A,, Fransson C., 1985, in Bartel N., ed., Supernovae as
Distance Indicators. Springer, Berlin, p. 123

Chugai N. N., 1990, Sov. Astron. Lett., 16, 457

Chugai N. N, 1991, MNRAS, 250, 513

Chugai N.N,, 1992, SvA, 36, 63

Daltabuit E., MacAlpine G. M., Cox D. P, 1978, ApJ, 219, 372

Filippenko A. V., 1989, AJ, 97, 726

Filippenko A. V. 1991, in Danziger L J, Kjir K., eds, ESO
Workshop and Conf. Proc. No. 37, SN1987A and other
Supernovae. ESO, Garching, p. 343

Fransson C., 1984, A&A, 133,264

Grasberg E. K., Imshennik V. S., Nadyozhin D. K., 1971, Ap&SS,
10,3

Heske A, te Lintel Hekkert P., Maloney P.R., 1989, A&A, 218,L5

Imshennik V. S., Nadyozhin D. K., 1988, Sov. Astron. Lett., 14, 449

Klein R. I, McKee C. F, Colella P., in Woosley S. E., ed., Super-
novae. Springer, New York, p. 696

Leibundgut B., Kirshner R. P., Pinto P. A., Rupen M. P,, Smith R. C,,
Gunn J. E., Schneider D. P,, 1991, ApJ, 372, 531

McKee C. F, Cowie L.L., 1975, ApJ, 195,715

Meaburn J., Walsh J. R,, Clegg R. E. S., Walton N. A,, Taylor D.,
Berry D. C., 1992, MNRAS, 155,177

Nadyozhin D. K., 1981, Preprint ITEP. No. 1

Nadyozhin D. K., 1985, Ap&SS, 112,225

Nomoto K., 1984, in Chiosi C., Renzini A., eds, Stellar Nucleo-
synthesis. Reidel, Dordrecht, p. 205

Rupen M. P, van Gorkom J. H,, Knapp G. R., Gunn J. E., Schneider
D.P,1987,A7,94,61

Ryder S. D., Dopita M. A., Staveley-Smith L., Malin D., Colbert E.,
Petre R., Schlegel E., Campbell-Wilson D., 1992, IAU Circ.
5615

Schlegel E., 1990, MNRAS, 244,269

Sramek R. A., Weiler K. W., Panagia N., 1990, IAU Circ. 5112

Stathakis R. A., Sadler E. M., 1991, MNRAS, 250, 786

Turatto M., Cappellaro E., Danziger I. J., Benetti S., Gouiffes C,,
Della Valle M., 1993, MNRAS, 262, 128

Wampler E. J., Wang L. F, Baade D., Banse K., D’Odorico S.,
Gouiffes C., Tarenghi M., 1990, ApJ, 362,113

Weiler K. W,, Panagia N., Sramek R. A., 1990, ApJ, 364,611

© Royal Astronomical Society * Provided by the NASA Astrophysics Data System

220z 1snbny g1 uo Jasn aonsnp jo Juswpedaq 'S'N A9 €02666/S.1/1/892/2101e/seluw/woo dno ojwapeoe//:sdny woly papeojumoq


http://adsabs.harvard.edu/abs/1994MNRAS.268..173C

