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ABSTRACT. Model calculations for the interpretations of the (0O bands
in the IR are discussed. Spherical symmetry is assumed. Profiles of
the physical quantities (i.e. temperature, mass, eleotron density,
abundances, etc.) are given by NLTE models which allow for the
representation of observed spectra of supernova 1987A in the optical
end near infrared. C and O have to be chosen overabundant by a factor
of 25 in the helium-rich layers, or a clumpy density distribution
structure of a corresponding factor relative to the mean local value is
needed. However, the comparison between the observed forbidden OI line
at about 6300 A favours the first interpretation. A factor of about 3
has to be taken into account as uncertainty for the overabundance
because of the assumptions of the background model. This implies
evidence for strong mixing of the helium rich region with more central
layers during the stellar evolution and/or the explosion.

1. Imtroduction

Many of the properties of the supernova 1987A in the Large Magellanic
Cloud are known fairly well, e.g., the progenitor star had about a 20-
25 Mo at the main sequence (Arnett, 1987; Hildebrandt et al., 1987;
H6flich, 1987; Woosley et al., 1987).

There are, however, many questions and uncertainties related to the
stellar explosion and possible mixing of different layers. Strong
evidence for mixing of the H and He layers and the imnermost layers of
the progenitor star has been found from the light ocurve as well as the
observed spectra (Nomoto, 1988; Woosley, 1988; H6flich, 1988). There
is also some evidence of mixing of the C and O region with the He shell
during or after the explosion, but there are a number of difficulties
in directly observing C and O because of the lack of unblended atomic
lines and strong NLTE effects. However, the molecule CO is measured in
the infrared (IAU Circulars 4457, 4468, 4484, 4500; Danziger et al.,
1987) which allows good determinations of the enrichment of carbon and
oxygen.
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In order to investigate a possible mixing of the C- and O-rich layers,
we have calculated the (O emission features. In the first section, the
background model is described, followed by a discussion on how the CO
opacities are computed; then its influence on the models for different
abundances are considered and comparisons are made with the observed
spectra.

2. The model construction

NLTE models of scattering-dominated photospheres of type II supernovae
are used as the background models and have been applied to SN 1887A.
They can be characterised by the assumption of radiative equilibrium,
spherical geometry and homologeous expansion of an initial density and
chemical distribution. These models allow for the representation of
the observed spectra including the time dependence in the optical and
nearer IR-wavelength range (see H6flich 1987, 1988 for more details of
the models). The electron temperature, the particle density and chem-
ical profile, the electron density and especially the NLTE ionization
stages of CI and OI have been used in order to calculate the CO abund-
ances and cross gsections (see below) for a given model. We calculated
the formation of (O by the assumption of LTE relative to CI and OI.
This is a reasonable assumption because the particle densities in the
CO-forming regions are quite high (¥1011! cm-9; see H6flich, 1988), and
consequently the (0O formation is very fast. 1In the optically thin
regions, it is assumed that once CO is formed, it will not be destroyed
because of its high dissociation energy of 11 eV. This is a reasonable
assumption because of the decrease of the collisional rates due to the
decreasing density, and because of the gemmetrical dilution of the
radiation field. The retroaction of the CO opacities on the NLTE model
has been neglected, because most of the C and O (<90%) is in CI or OI
in the relevant regions of the envelope. However, a possible cooling
effect of CO on the local electron temperature should be noted.

3. Models for the 00 molecule

As 0O is the most tightly bound diatomic molecule and carbon and oxygen
are relatively abundant, CO is usually the second most abundant mole-
cule in stellar atmospheres and the interstellar medium after Hz. The
IR vibration-rotation spectrum of OO is one of the simplest molecular
spectra, so the monochromatic absorption coeffiocient can be rapidly
computed using approximate techniques that are sufficiently accurate
for our purposes here.

Due to its high dissociation energy, the Morse approximation is
good for many of the vibrational levels. With this method the first
order anharmonic correction to the harmonic oscillator is allowed for,
with higher order corrections being neglected, and an efficient ana-
lytic approximation is used to calculate the vibrational bend strengths
(Sharp, 1988). However, higher order anharmonicity is allowed for in
computing the band frequencies. Fortunately, as the ground electronic
state of 00 is 1%, the rotational fine structure of each band consists
of only a single P-branch (aJ=-1) and R branch (aJx+1). The total line
strength is obtained from the Boltzmann factor for the temperature cor-
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responding to the collisional temperature, partition function, vibra~
tional band strength and the rotational Hénl-London factor. Non-rig-
idity and the coupling of vibration and rotation is allowed for in
calculating the rotational levels and line frequencies, but is neglec-
ted in determining the line strengths. Each rotational line is broad-
ened with a Gaussian profile dependent on the temperature and some
assumed turbulent velocity.

The region of the spectrum that is of interest is divided up into
several thousand equally spaced intervals of widths approximately com-
parable to the line widths. Each vibration-rotation band is computed
in a progression starting with the fundamental and its "hot" bands,
i.e.nv=1, then the first overtone and its "hot" bands, i.e. A v=2 etc.
In general each profile will cover several intervals, and using the
error function, the mean absorption in each interval is obtained.

4. Discussion of the synthetic spectra and applications to the SN

An atmospheric model is used as the background which allows for the re-
presentation of the optical and near-infrared spectra observed on 2
October 1987 (Terr = 4800 K; Rysternbers = 7.8 1014 om; particle density
N(Rystosptere) = 1.5 1011cm-3; model IX, see HSflich, 1988). The profiles
of the density, electron temperature and ionization and of the excita-
tion stages of all ions are assumed to be given by this NLTE model.
The typical tempweratures in the (O-forming region are in the order of
4000 to 1500 K.

The influence of the carbon and oxygen abundances on the emitted IR
spectra are investigated (Figure 1). The sensitivity of the band
strength on the abundances should be noted. Below abundance of about
10 times solar, the 1st overtone system of CO can be assumed to be
optically thin. However, note the finite optical thickness for higher
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Figure 1: The synthetic IR spectra labelled
by the assumed over-abundance of C and O
relative to the solar photosphere are given
as calculated for the background model (see
text).
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Figure 2: The optical depths of the —
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abundances. The first overtone bands are formed near the stellar photo-
sphere in the parameter range we are interested in. Therefore, the
temperatures in these layers are not strongly affected by the cooling
due to this molecule.

However, the fundamental system is formed at much larger distances
at which the temperature is influenced by molecular cooling. There-
fore, we restrict our discussion here to the overtone bands. Note, in
addition, that most of the carbon and oxygen are in the atomic states
(curve 2, Figure 2). Therefore, the CO-particle density depends on the
particle density of C and O only. The given abundances may also be
interpreted as a locally higher density, e.g., the overabundance of 25
of CO can also be produced by local density fluctuations of the corre~
sponding order. This would have only small influence on the calculated
gpectra in the optical wavelength range.

A comparison of the observed and calculated spectra (Figure 3) show
good agreement for an overabundance in the order of 25 times solar in
the layers just above the photosphere. This overabundance may either
be interpreted as mixing of these layers with the carbon- and oxygen-—
rich layers that were originally located somewhat deeper in the star,
or this may be due to density fluctuations. However, the observed for-
bidden OI line in the optical wavelength range favours the first expla-
nation as the main effect (Hoflich, 1988).
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Figure 3: IR spectrum as observed by ESO I |
between 1 and 6 Oct. 1987 (upper curve 6.0 7]
shifted by two units) in comparison with 3 4
the reddened, synthetic spectrum (lower 4.0 I -

curve, 25 % solar C and O, Ep-v=0.15). |
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5. Summary and conclusions

We have demonstrated that the CO emission of SN1987A as observed after
about 7 months is well explained by a model which allows for the repre-
sentation of the optical spectra if a higher particle density of carbon
and oxygen by a factor of about 25 is assumed. This may be either due
to an overabundance of C and O in the helium rich 1layers or due to
local temporary density fluctuations. However, the optical spectrum of
the forbidden OI feature favours the first interpretation, and there-
fore indicates some mixing of the helium rich stellar layers with those
below. Additionally, we already know that the H and He layers as well
as the inner layers are mixed (Nomoto, 1988; Woosley, 1988; Hoflich,
1988a). We can conclude that all layers have to undergo some mixing
and a detailed determination of the chemical profiles by the observed
spectra may give important information concerning the typical mixing
scales. However, the observed OI line profiles (Dopita, personal com-
munication, 1988), the Fell and Coll lines indicate some inhomogenei-
ties of the density structure (Ericson, personal communication; Hillde-
brandt et al., 1988). Therefore, some contribution caused by the
clumpiness of the matter of our CO determination has to be expected.

We have also to stress the limitations of our anaylses. The assump-
tion of the negligible retroaction of the cooling of the molecules for
the relevant regions certainly breaks down if the corresponding fea-
tures are formed well above the photosphere, This is true in these
conditions for the fundamental bands. Therefore, a discussion of the
line ratios of the different systems needs consistent models (including
the molecular cooling). Such models will enable us to determine the
chemical profiles of C and O more accurately. This will be discussed
in a forthcoming paper.
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