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1. INTRODUCTION 

Since the appearance of the classical papers on stellar nucleosynthesis in the 
1950's most of the observational tests have been through indirect sources of information. 
Even though this has been rather successful (cf. various contributions in this volume), it 
represents only an average over all sources, yielding little information about specific stars. 
The most direct evidence comes from observations of young galactic supernova remnants 
(age less than ~103 years). Unfortunately, the analysis of X-ray data are hampered by a lack of 
understanding of the detailed physics, eg. non-equilibrium and plasma effects, as well as by 
observational problems (Itoh and Nomoto, 1987). Optical observations (cf. Raymond, 1984) 
have given some valuable insight of eg. the oxygen-rich remnants. The analysis of these 
are, however, suffering from the fact that only a small fraction of the mass is seen in the 
optical. 

Although being the most direct approach, comparatively little attention has been 
paid to direct observations of the nucleosynthesis in supernovae during the first years after 
the explosion. The main exception has been the modelling of the late Fe/Co spectra of Type 
I supernovae (Meyerott, 1980; Axelrod ,1980; this volume), and the early phases of Type I's 
by Branch et al. (1985). Both for Type I's and II's the early stages (before ~200 days) are 
complicated by NLTE effects, and the non-transparent nature of the envelope. Therefore, 
the phase most suitable for analysis is the epoch after which the envelope is transparent, 
and the density low enough to make NLTE effects tractable. The most important condition 
is that the continua of the excited levels should be optically thin, so that a nebular 
approximation for the radiative transfer can be used. In this paper I will sketch the basic 
physics involved in this type of models, and then discuss some applications to Type lb and 
Type II supernovae. For a more detailed account see Fransson and Chevalier (1987, 1988; in 
the following FC87 and FC88) and Fransson (1987). 

2. RADIOACTIVE EXCITATION 

Both from observations (Barbon et al. 1984) and from theory (eg. Woosley, this 
volume) there is strong evidence for the formation of ~ 0.05-0.3 M© of 56Ni in the explosion 
of a massive star. This decays first to 56Co on a time scale of 8.6 days and then to ̂ Fe on 114 
days, emitting 94% of the energy as 0.5-3 MeV y-rays and 4% in positrons. The trapping and 
thermalization of these are determined mainly by the density and -y-ray optical depth of the 
oxygen core. By the oxygen core I mean all mass inside the oxygen shell, and similarly with 
the helium core. The important parameters are thus the mass, Mc, and expansion velocity, 
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Vc, of this. The mass of the oxygen core is relatively well determined, for a 15 M© star ~ 1.1 
Mo, increasing to ~ 3.8 M© for 25 M© (Woosley and Weaver, 1987). The expansion velocity 
is less certain and depends on the deceleration of the core expansion by the hydrogen 
envelope. The total mass loss of the progenitor is therefore crucial. For stars more massive 
than ~20 M© mass loss may change the star from a red supergiant with an extended 
envelope, to a naked WR star (eg. Maeder, this volume). Calculations show that for a 15 Mo 
star without mass loss the core velocity is ~ 900 km/s (Weaver and Woosley, 1980). For the 
same core mass, but without a H-envelope, the velocity increases to ~ 2500 km/s (Woosley 
and Weaver, 1987). Loss of part of the He-mantle may increase this further. The average 
density in the oxygen core is ~5.7xl08 (Mc/1 M© ) (Vc/103 km/s)-3 tyr"3 cm-3, and the energy 
averaged y-ray optical depth Ty-2 (Mc/1 M© ) (Vc/103 km/s)"2 tyr~

2. Hydrodynamical 
calculations show, however, that the density structure is highly non-uniform due to 
radioactive heating, which creates a bubble in the center, with most of the mass in a thin 
shell (Woosley and Weaver, 1987; Nomoto et al., 1987). The shell is likely to be subject to 
the Rayleigh-Taylor instability, smoothing the density distribution and causing a mixing of 
the elements. 

The thermalization of the y-rays proceeds in several steps: First the y-rays loose 
their energy by Compton scattering off the bound and free electrons, producing fast non­
thermal electrons with energies of 0.1-1 MeV. These loose their energy by ionizations, 
excitations and heating of the thermal, free electrons. In most cases direct excitations are 
unimportant. The ionizations are balanced by recombinations, and the heating by 
collisional excitations of low energy levels, mainly in the optical and near-IR. Each absorbed 
y-ray photon thus produces ~ 106 photons in the optical. The thermalization is treated in 
detail in FC 88, and for an Fe/Co plasma by Axelrod (1980). In this paper I will mainly 
discuss the application of these models to Type lb and Type II supernovae, and will 
therefore only summarize the main ingredients. 

The y-ray and electron thermalization is modelled by Monte Carlo technique, 
giving the heating and ionization rates for a given composition and ionization state. This is 
done iteratively. The recombination and cooling include all important atomic processes. 
Most of the cooling is done by forbidden and semi-forbidden lines of neutral and singly 
ionized elements. For the line transfer we use the Sobolev approximation, and for the 
diffuse continuum a lambda iteration. For O I, and Ca II we take 9 and 4 levels into account. 
The elements included are He, C, N, O, Ne, Na, Mg, Si, S, Ar, Ca, and Fe. In contrast to 
Axelrod (1980; these proceedings), who include only Fe, Co and O, we do not calculate the 
line emission of Fe and Co in detail. This is reasonable for massive stars, where most of the 
emission is dominated by the lighter elements, but of course insufficient for Type la's. 
Neither do we include hydrogen, since we are primarily interested in the emission from the 
region where nuclear processing has taken place. 

3. GENERAL CONSIDERATIONS 

The most interesting question is the correspondence between the abundance 
structure of the supernova ejecta and the resulting optical emission observed (FC87). To 
illustrate this we show in Fig. 1 the emission per unit mass in the various lines as a 
function of the mass from the center for the Woosley and Weaver (1987) 8 M© He-core 
(main sequence mass 25 M© ), 300 days after the explosion. The expansion velocity of the 
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Fig 1. Luminosity per unit mass, d L / d m , of the most important lines 300 days after the 
explosion, for the Woosley and Weaver (1987) 8B model (ZAMS 25 MQ )• The spectrum 
from this model is shown in Fig. 3. 

core was 5200 k m / s , and the total energy 3x1051 ergs. This model is discussed further in Sect. 
4. Comparing the figure with the abundance structure (Woosley and Weaver, 1987), we see 
that there is a rough overall correspondence between the nuclear burning shells and the 
emission from the various zones. However, a closer examination shows that it is extremely 
important to take the detailed atomic physics into account. This is evident for the He-
mantle, where He does is not contribute much to the emission, which is instead dominated 
by the trace elements, mainly C I and O I. The same thing can be seen in the inner part of 
the oxygen shell, where Mg I, Mg II and Na I lines are comparable to O I, even though the 
total abundances are down by factors of -25 and -200, respectively. Therefore, including the 
low abundance elements is necessary for a realistic comparison with observations. Neglect 
of this may severely overestimate the emission from the dominant elements.lt is important 
to realize that the presence of strong [O I] lines in the spectrum does not mean that the 
density has to be less than the critical density, -10 6 cm"3. While the thermalization cause the 
forbidden lines to radiate less efficiently compared to eg. the semi-forbidden, there are very 
few semi-forbidden or allowed transitions for neutral and singly ionized elements. This 
means that there are few channels other than the forbidden to do the cooling. As shown by 
the figure most of the elements lighter than iron can be studied from observations of optical 
and near-IR lines. The most important exceptions are Ne and Ar, which have no lines in 
this region of the spectrum. There are, however, in the far-IR fine-structure transitions of 
these at 12.81 u ([Ne II]) and at 6.985 n ([Ar II]), which should become prominent especially 
at late epochs (-450 days and later). 

In general, the total emission from a particular burning zone is proportional to 
the y-ray optical depth through the zone, Axy = Kyl p(r) dr. The density structure is thus 
important for the relative line strengths. Fortunately, both this and the core velocity may be 
obtained directly from observations of the line profiles at late epochs. The velocity field has 
then relaxed to a V«r law, and for an optically thin line the emission per volume, j(r), is 
related to the intensity, 1(e), of the line at the dimensionless frequency e by 

1 dl(e) ,,x 

j(r=eR) = - - r - j 1 CD 
' 2 n e R2 de 

385 

https://doi.org/10.1017/S0252921100094136 Published online by Cambridge University Press

http://elements.lt
https://doi.org/10.1017/S0252921100094136


Here e = (1-v /v0)c/V0, and v and v0 are the frequency and the rest frequency of the line, 
respectively, R the maximum radius of the supernova and V0 the velocity at this point (ie. 
R/V0=t). Therefore from the observed line profile one can determine the emissivity as a 
function of the radius eR, and thus the y-ray input and density. If the energy input is 
dominated by y-rays, the heating per volume is -0.03 p Ly /(4 71 r2), where p is the density 
and r the distance from the center. In the simple, but important, case where all the cooling 
is dominated by a single line we obtain the relation (since r=eR) 

1 m d I ( e ) 

p(r=eR) ~ de 
(2) 

Thus the shape of the line profile directly reflects the density distribution of the ejecta. It is, 
however, important to check whether the lines are really optically thin, since even the 
forbidden can have depths of the order of unity or larger. For [O I] A. 6300 we have t=2 (n(0 
D/109 cm-3) tyr - 1.1 Mc (Vc/ 103 km/s)-3 ty,.-2. 

4. TYPE lb SUPERNOVAE 

The main characteristics of the Type I b supemovae are: 1) Occurrence close to H II 
regions, 2) radio emission, presumably due to circumstellar interaction, 3) underluminous 
compared to Type la's, indicating a smaller mass of ^Ni, 4) after ~ 200 days the spectra are 
dominated by strong [O I] lines (see Panagia (1987) for a review). In Fig. 2 the beautiful 
spectrum of SN 1985f, obtained by Fillipenko and Sargent (1986) in March/April 1985, is 
shown. Unfortunately, for this supernova the exact time since the explosion is not known, 
but from a comparison with similar observations of SN 1983n Gaskell et al. (1986) argue that 
the epoch is -200-300 days. Note the complete absence of any broad Ha line, immediately 
showing that the gas has undergone advanced nuclear processing. Although not yet settled 

NGC 4618: SN 1985f + H II Region 
M a r c h / A p r i l 1 9 8 5 : ~ 1 0 A R e s o l u t i o n 

I • • • • I . . . • I • • • • I . • . . I . . . . I 
5000 6000 7000 8000 

R e s t W a v e l e n g t h (A) 

Fig. 2. Spectrum of SN 1985f in March/April 1985 from Fillipenko and Sargent (1986). Note 
the broad lines, the absence of a broad Ha line and the peaked profiles of the lines. 
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(for a different view see Branch, this volume), most of these properties indicate a massive 
progenitor (Fillipenko and Sargent, 1985; Chevalier, 1986; Wheeler and Levreault, 1986; 
Fransson, 1986). From a nebular analysis of the O I and O II lines, Begelman and Sarazin 
(1986) proposed that SN 1985f was the result of the explosion of a ~ 50 M© Wolf-Rayet star, 
which had undergone a pair-instability collapse. Since the frequency of Ib's is comparable 
with the Type la's (Panagia, 1987), this origin is unlikely to apply for all Ib's. The main 
conclusion of their nebular analysis was that a minimum of - 5 Mo of oxygen was needed 
to explain the observations, making a very massive progenitor necessary. There are, 
however, several loop-holes in their argument. The most obvious are the uncertainties in 
the distance and reddening, which affect the [O I] X 6300-64 flux, and thus also the oxygen 
mass. Taking these into account, as little as ~ 1 MQ of oxygen is possible. Another 
complication is that the O I and O II zones in general do not coincide, meaning that the 
constraints from the O I recombination lines are further relaxed. It is thus difficult to make 
any definite conclusions from this type of analysis, although it is probably difficult to escape 
the conclusion that at least ~ 1 MQ of oxygen is needed. 

In addition to the oxygen lines, the late spectra of the I b's also display emission 
lines of several other ions, like C I, Na I, Mg I, and Ca II (Fig. 2), from which additional 
constraints can be obtained. For realistic conclusions one must, however, calculate a self-
consistent model, with a density and abundance structure of the ejecta given by 
hydrodynamic calculations (or better, from observations of line profiles). As input models 
we have used the Woosley and Weaver (1987) models of exploding WR stars, without 
hydrogen envelope. Light curves for this type of models have been calculated by Ensman 
and Woosley (1986). Compared to the observed Type lb light curves they, however, give too 
wide a peak. This may constrain the mass and energy severely for a WR origin. However, 
since the density distribution of these models do not reproduce the observed line profiles 
(see below), it is too early to make any definite conclusions. In this connection it should also 
be remembered that current models have difficulty in explaining the observed light curve 
for SN 1987a. 

For a qualitative comparison we have calculated the spectrum of the exploded 
Woosley and Weaver (1987) 8 M© He core (ZAMS mass 25 M©), model 8 B , with a velocity 
of ~ 5200 km/s at the O/He interface. In Fig. 3 the synthetic spectrum of this model is shown 
at 300 days. It should be stressed that there are very few free parameters in these models, 
except for the core mass, the 56Ni mass and the core velocity, both set by the observations. 
Since especially elements with low ionization potentials, like Na I, Mg I and Si I, are 
sensitive to details, such as the photoionization by diffuse emission and the density 
structure, the spectra presented here should be regarded as preliminary results. Given this, 
there is a remarkably good qualitative agreement between the observations in Fig. 2 and Fig. 
3, both in terms of the lines present and their relative strengths. As noted by Fillipenko and 
Sargent, the identifications in Fig. 2 are uncertain due to the widths of the lines, and the 
feature at 4036 A is eg. consistent with [S I] X 4069-76 within the errors. We note that most of 
the emission in the line at -7296 A is due to the Ca II] XX 7291-7324 lines, with only a small 
contribution from [O II] XX 7320-30. Also the wide feature at 8700 A is well modeled by a 
blend of 018446, Ca IIXX 8498-8662, and most important [C I] X 8727. The main discrepancy 
is in the Na I X 5890 strength, which is severely underestimated. This is, however, probably 
the most uncertain line, both in terms of the ionization balance and also in the total Na 
abundance in the models. The forbidden [Si I] lines at 1.099 \i and 1.645 u are not in the 
range observed for this supernova, but the 1.6068-1.6455 \i lines were probably present 
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Fig. 3. Synthetic spectrum for the 25 M© (=8 M© He-core) model 300 days after the explosion. 
The expansion velocity of the O-core was -5200 km/s. Note that several lines, eg [O I] XX 
6300-64 and Ca IIXX 8498-8662 + [C I] X 8727 are blends. The large width of the [CI] X 9823-49 
line is mainly due to the contribution of the high velocity He-mantle. 

in the IR spectra of the Type lb SN 1983n observed ~ 1 year after the explosion by Graham et 
al. (1986). These authors attributed the line to the [Fe II] 1.600-1.644-1.664-1.677 u multiplet, 
but an equally likely interpretation, consistent with the expected strength, is due to the [Si I] 
line (Oliva, (1987); Fransson (1987)). 

We have also tested WR models with smaller core masses, 4 - 6 M© , but find 
considerably worse agreement, both in absolute and relative line strengths. Especially the Ca 
II / [O I] ratio is sensitive to the core mass, and may in fact require a somewhat higher mass 
than 25 M0 (see Sect. 5). Also an extreme white dwarf model, provided by Stan Woosley 
(priv. comm.) has been tested. In this the deflagration wave died out quickly, producing 
only ~0.2 M© of 56Ni, leaving -0.5 M© of unburned O and -0.5 M© of C, and -0.2 M© of 
other elements. The main problems with this is the small absolute strengths of the [O I] XX 
6300-64 lines, the far too large [C I] XX 9823-49 / [O I] XX 6300-64 ratio, and the large strengths 
of the [S I] lines. Most of the emission emerges as Fe emission. We thus find it unlikely that 
the Type Ib's can be explained by even extreme types of exploding white dwarf models. 

The main problem with the WR models is that the line profiles in Fig. 3 are too 
flat, compared to the peaked profiles in Fig. 2. This is due to the shell structure of the core, 
due to the 56Ni heating, with nearly all the oxygen at one velocity. To estimate the required 
distribution of the ejecta, we have applied Eq. (2) to the blue wing of the [O I] X 6300 line in 
the spectrum of SN 1985f (Fillipenko and Sargent, 1985), where the emission indeed was 
dominated by the [O I] XX 6300-64 line. In Fig. 4 we show the density in dimensionless units 
as a function of the velocity, and thus radius (V°=r ), indicating a much wider distribution in 
velocity than the models give. A possible explanation is that hydrodynamic instabilities 
during the first days may lead to mixing between different burning shells, and a smoothing 
of the distribution. Also, if clumps of the dense core material penetrate into the He-mantle 
and H-envelope, the line profiles of the metal lines will extend to higher velocities. 
Observations of Cas A (Chevalier and Kirshner, 1979) show evidence for this type of mixing. 
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Fig. 4. Density as a function of expansion velocity ( V(r)«r ) for the Type lb SN 1985f, derived 
from the [O I] U 6300 line profile. 

5. TYPE II SUPERNOVAE AND SN 1987a 

Type II supernovae are thought to arise as the result of the explosion of stars 
more massive than -10 M©. As we have already discussed the main difference between 
Type II's and the explosion of a WR star is the presence of a massive hydrogen envelope for 
the former. For the late spectrum of Type II's this results in a very strong Ha line, 
dominating the spectrum (see eg. the spectrum of SN 1979c by Branch et al., 1981). Uomoto 
and Kirshner (1986) have shown that for SN 1980k the luminosity of this line decayed with 
a rate close to the 56Co decay time, as well as the total luminosity evolution observed by 
Barbon et al. (1982). This implies a y-ray optical depth larger than unity. In that case one, 
however, expects the excited region to grow with the falling density, and the maximum 
velocity of the Ha line should increase. Since this is not observed, direct y-ray excitation of 
the line is unlikely. The exact excitation is uncertain, but probably involves a combination 
of collisional excitation and ionizations by the Balmer continuum, followed by 
recombination. If the Balmer continuum flux follows the y-ray input, as is likely, this may 
be reflected in the strength of Ha. The large Ha/ HP ratio indicates a large optical depth in 
HfJ, transforming these photons into Ha and Pa. 

For the understanding of the nucleosynthesis the Ha emission is of moderate 
importance. The expansion of the core is, however, sensitive to the presence of a hydrogen 
envelope. Because of the deceleration, the O-core velocity is only -1000 km/s and that of the 
He-core -2500 km/s (Woosley 1987). The lines are thus expected to be narrower and the y-
ray optical depth higher compared to Type Ib's, Zy <*= V<f2. Therefore, the y-ray trapping is 
expected to be efficient for a longer time, and the light curves of both SN 1979c and SN 
1980k showed no deviation from a pure exponential, more than a year after the explosion. 
Except for the Ha emission surprisingly little is known about the spectra of these at late 
phases. Recent observations by Fillipenko (1987) of SN 1986i, -9 months after the explosion, 
however, show a number of strong emission lines of O I, Ca II and Na I. The widths of these 
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lines indicate an origin in the core. As was seen in Fig. 1, there may, however, also be a 
strong contribution to these lines from the He-mantle. This supernova is also interesting, 
since its early spectrum resembles that of SN 1987a. 

Obviously the late spectrum of SN 1987a is of great interest for the understanding 
of the nucleosynthesis, and I will here discuss some results, which attempt to show what 
kind of observations are relevant, as well as to indicate the kind of information one can 
obtain from this type of analysis (FC87; Fransson 1987). In FC87 we studied two different 
models, one 15 M© model with a core velocity of -1200 km/s, and one 25 M© model with 
core velocity of 2600 km/s. One interesting result was the increase in the [O I] X 6300-64 / Ca 
II] X 7300 ratio with increasing mass. Since both O I and Ca II are the dominant ionization 
stages, this ratio is probably fairly independent of the details of the ionization, in contrast to 
the Mg I and Na I lines, and should mainly reflect the nucleosynthesis. The ratio does, 
however, depend on the amount of mixing of Ca and O, which is uncertain in the 
explosion models. A mixing should also show up in the widths of the lines. Observations 
of these lines are therefore a useful probe of the nucleosynthesis. 

As an example of this type of models, a calculation of a 20 M© (ZAMS) explosion 
model, specifically designed for SN 1987a (Woosley, 1987) has been done. Due to the 56Ni 
heating during the first days, most of the core mass is piled up in the high density peak 
outside the central 56Ni bubble. This density distribution will give rise to a flat profile, 
similar to those in Fig. 3, but with a half width of -1000 km/s. High resolution observations 
can thus provide a badly needed test of the hydrodynamic calculations, as well as on the 
distribution of the individual elements. In Fig. 5 we show the spectrum in the optical and 
near-IR wavelength range one year after the explosion, and in Table 1 we give the line 
luminosities. This model is at the border line between the Ca II] dominated and [O I] 
dominated models, with [O I] XX 6300-64 / Ca II] X 7300 ~ 0.9 

Table 1. 

Luminosities after one year relative to [O I] XX 6300-64 of the strongest lines for the 20 M© 
model BF7 from Woosley (1987). L(6300-64) is the absolute luminosity of the [O I] XX 6300-64 
line, Vc is the O-core velocity, and M^Ni) the 56Ni mass. 

M(56Ni) (M0) 0.075 Vc (km/s) 1200 
L (6300-64) (erg/s) 2.1x1039 

[CI] 
[CI] 
O I 
[OI] 
[OI] 
O I 

[OI] 

[Nell] 
N a l 
Mgl] 

8727 
9823-49 
1356 
5577 
6300-64 

7774 

63.15 \i 

12.81 u 
5890-96 
4571 

0.64 
0.12 
0.04 
0.25 
1.00 
0.21 
0.04 

0.006 
0.76 
0.43 

Mgl l 
[Si I] 
[Si I] 
[SII] 
[SII] 
[SI] 
[Aril] 

Cal l 
Can] 
Cal l 

2800 
10991 
16455 
4069-76 

10286-10371 

25.25 u 

6.985 u 

3934-68 
7291-7332 
8498-8662 

0.74 
0.49 
0.24 
0.07 
0.05 
0.10 

0.014 

0.17 
0.91 
0.49 
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Fig. 5. Synthetic spectrum one year after the explosion of model BF7 from Woosley (1987), 
The ZAMS mass was 20 M© and the oxygen core velocity -1200 km/s. 

Although the He-mantle was included in the calculations, there is very little trace of He in 
the spectrum, which is due to the low cooling efficiency of this element. Most of the 
absorbed energy is emitted as [C I] XX 8727, 9824-50 lines. Also the [O I] and Ca II] lines may 
contribute to the cooling of the He-mantle, depending on the relative abundances of C, O 
and Ca in the envelope. Lines from this region are expected to show a larger velocity width 
than lines coming solely from the core. Unless mixing is substantial, the iron lines are 
expected to come from the inner core. The emission from this region has not been 
calculated in detail, but the total Fe I-II emission is for both models less than -20% of the 
total. Mixing of the iron throughout the core may, however, increase this substantially. 

When comparing these results with observations it should be kept in mind that 
the line strengths in some cases are sensitive to, for example, the density distribution of the 
ejecta. This is especially true for the Na I, Mg I], and [Si I] lines, for which the ionization is 
dominated by photoionization by diffuse UV emission, mainly from O I recombination 
lines. This is sensitive to both the density and to resonance line blocking in the UV. At 
epochs less than -450 days the density in the core can be so high that forbidden lines like 
the [O I] and [Si I] lines are optically thick, resulting in P-Cygni type absorptions also for 
these lines. 

The time dependence of the emission line luminosities is set by the decaying y-ray 
input, proportional to Ty Ly~ t-2 e_t/114 d . As discussed in detail in FC87 and Fransson (1987), 
this may lead to a thermal instability at -700 days, due to a transition from cooling by optical 
and near-IR transitions to cooling by far-IR fine structure lines. Most of the emission then 
emerges as far-IR lines, like [O I] 63.15 u, [Ne II] 12.81 u, [Si I] 1.645 u, [Si I] 68.49 u, [S I] 25.25 u, 
and [Ar II] 6.985 u. These may be strong also at earlier epochs, and are thus important to 
monitor. They also have the advantage of being easy to model and should thus yield 

The thermal instability results in a sudden drop of the temperature from -3500 K 
to less than 1000 K. In the case of a clumpy density distribution the instability may set in 
earlier, and may also trigger the formation of dust in this metal rich environment. In this 
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connection it is interesting that recent observations of SN 1987a have shown evidence of 
CO in the ejecta (McGregor and Hyland, 1987). Preliminary calculations show that this 
requires the temperature to be less than ~4000 K, and the electron fraction to be less than 
-0.1. Since the lines are fairly broad, they are, however, likely to be formed in the hydrogen 
envelope. At later stages molecule formation may also occur in the core regions, and be the 
first sign of dust condensation. 

Finally, the presence of a pulsar may be important after about two years, when the 
radioactivity has decayed. A pulsar will be surrounded by a synchrotron nebula (a plerion), 
emitting ionizing radiation. The ejecta will thus be gradually ionized, as they expand. In 
contrast to the y-ray heated case most of the absorbed energy is expected to be emitted as 
lines of highly ionized elements in the UV. The ionization of the envelope will also cause 
free-free absorption of the radio emission from the plerion, making a detection of this 
difficult during the first few years. For more details I refer to FC87 and Fransson (1987). 
Chevalier (1987) has proposed that the optical emission from SN 1986j (Rupen et. al., 1987) 
may be the result of pulsar excitation. Although the age of the supernova is not known, 
Chevalier argues from the evolution of the radio emission that it is - 4 years. The fact that 
the optical spectrum shows a number of strong He I lines with high excitation potentials 
may be consistent with photoionization by a central hard continuum source. Also the low 
velocities, FWHM-1000 km/s, argues for emission from the core. The modelling of this is, 
however, very sensitive to mixing, filamentation etc., known to be important for the Crab. 

6. CONCLUSIONS 

The discussion in this paper shows that we in the future can expect the 
understanding of the stellar nucleosynthesis from observations of supernovae to be 
considerably improved. Most of the physics in connection with the thermalization of the y-
rays is well understood, as well as most of the atomic data going into the calculations. There 
are, however, in this area some uncertain processes, most importantly the charge transfer 
reactions between the various ions, like O II + Na 1 ^ 0 1 + Na II. Also the ionization of the 
trace elements, Na I, Mg I and Si I, may be sensitive to the treatment of the UV radiation 
field. However, these problems are likely to be solved in the near future. Therefore, from a 
given explosion model of the density and abundance structure one can predict what the 
late spectrum should be, and compare this with the observations. Especially the line profiles 
are important, since they provide a test of the probably most uncertain part of the explosion 
calculations. 

If the late spectra of SN 1987a do not correspond to the model predictions this is 
hardly surprising. However, using these observations I think that with our current 
knowledge of the spectral formation we can learn a lot about the structure of the supernova 
and of nucleosynthesis. It should also be remembered that SN 1987a is only one single 
event, and that it is necessary to test the models for a wide range of progenitors. It is thus 
important to get good spectral information about other more distant supernovae. In this 
respect we can expect much from the future, since the observational requirements are 
already within our capabilities. 
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