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ABSTRACT 
We utilize the 20 M0 model published by Nomoto and Hashimoto in 1988 with a 6 M0 He core in order 

to perform explosive nucleosynthesis calculations. The employed explosion energy of 1051 ergs lies within the 
uncertainty range inferred from the bolometric light curve. The nucleosythesis processes and their burning 
products are discussed in detail. The results are compared with abundances from IR observations of SN 
1987A and the average nucleosynthesis expected for Type II supernovae in Galactic chemical evolution. We 
predict the abundances of long-lived radioactive nuclei and their importance for the late light curve and 
gamma-ray observations. The position of the mass cut between the neutron star and the ejecta is deduced 
from the total amount of ejected 56Ni (0.07 ± 0.01 M©). This requires a neutron star with a baryonic mass 
Mb = 1.6 ± 0.045 M0, which corresponds to a gravitational mass Mg = 1.43 ± 0.05 M0 after subtracting the 
binding energy of a nonrotating neutron star. This uncertainty range only covers errors in the observed values 
of 56Ni and the explosion energy; uncertainties of the stellar model could increase this value up to Mb =1.7 
Mq and Mg = 1.52 M0. 
Subject headings: nucleosynthesis — stars: individual (SN 1987A) — stars: neutron — stars: supernovae 

I. INTRODUCTION 

SN 1987A was the first Type II supernova event in which 
one was able to identify the progenitor star, detect neutrinos 
from the core collapse, and measure the amount of 56Ni from 
the light curve and known distance. It therefore is an excellent 
case to make contact between theoretical models and detailed 
observations, which hopefully will lead to a complete under- 
standing of this specific supernova and Type II supernovae in 
general. 

The constraints on the progenitor star of SN 1987A, 
Sk — 69°202, come from optical observations (luminosity, 
color, and known distance) and give the following properties : 
R = (3 ± 1) = 1012 cm and a main-sequence mass Mms =19 
± 3 Mq (Shigeyama, Nomoto, and Hashimoto 1988; Woosley 
1988). This corresponds to a star with a He core mass of 6 ± 1 
Mq after core hydrogen burning (Nomoto and Hashimoto 
1988; Woosley and Weaver 1988). Several attempts have been 
made to explain the evolution of a 20 M© star which explodes 
as a blue supergiant. They include combinations of low metal- 
licities in the LMC, mass loss, and helium enrichment of the 
H-rich envelope (Arnett 1987; Hillebrandt et al. 1987; Truran 
and Weiss 1987; Maeder 1987; Woosley 1988; Barkat and 
Wheeler 1988; Saio, Kato, and Nomoto 1988; Weiss 1989; 
Tuchman and Wheeler 1989). 

Slow-moving nitrogen-rich material, detected in UV obser- 
vations, has been interpreted as mass loss which the star under- 
went in a red giant stage less than 10,000-40,000 yr before its 
explosion (Casatella 1987; Kirshner 1988). Several arguments 
involving the observed light curve (Nomoto, Shigeyama, and 
Hashimoto 1987; Woosley, Pinto, and Ensman 1988; Shigey- 
ama, Nomoto, and Hashimoto 1988; Woosley 1988; Grebenev 
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and Sunyaev 1988; Arnett and Fu 1989), the H-envelope struc- 
ture (Barkat and Wheeler 1988; Saio, Kato, and Nomoto 
1988) , and synthetic spectra (Höflich 1988) suggest a total mass 
loss between 3 and 7 M©. An explosion energy of (0.7- 
1.6) x 1051 ergs is deduced from the early light curve. The late 
light curve, which shows an exponential decline, is powered by 
the decay of 56Co and demands a total amount of 0.07 ± 0.01 
M© of 56Ni to be produced in the explosion (Shigeyama, 
Nomoto, and Hashimoto 1988; Woosley 1988; Arnett and Fu 
1989) . The production of 56Ni has also been identified directly 
from gamma-ray lines with the Solar Maximum Mission satel- 
lite (SMM; Matz et al 1988) and balloon flights (Mahoney et 
al. 1988; Sandie et al. 1988; Cook et al. 1988; Gehreis, 
Leventhal, and MacCallum 1988; Teegarden et al. 1989). 

The most desirable way to perform explosive nucleo- 
synthesis calculations would come from a hydrodynamical cal- 
culation, following the Fe core collapse, the bounce at nuclear 
densities, and the propagating shock wave through the 
envelope which will be ejected. However, there exist still open 
problems with the supernova mechanisms for a massive star 
like Sk — 69°202. Both suggested Type II supernova 
mechanisms—the prompt and the delayed mechanism—have 
either problems to cause a successful explosion or the correct 
supernova energy. In either case, the hydrostatic evolution of a 
massive star ends with the collapse of the Fe core which pro- 
ceeds to central densities in excess of nuclear densities. The 
gravitational binding energy of 2-3 x 1053 ergs, gained during 
the collapse, is released in form of blackbody neutrino radi- 
ation, which was actually observed for the case of SN 1987A by 
the Kamiokande II and IMB detectors (Hirata et al. 1987; 
Biontaei al. 1987). 
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The prompt mechanism relies on the shock wave which 
forms at the edge of the homologously collapsed core, after the 
transformation of nuclei into nucleons at nuclear densities. 
With typical values of the lepton concentration YL = 
Ye + Yv = 0.38 at bounce, this core has mass close to 0.84 M0 

and—somewhat dependent on the equation of state—a shock 
energy of about Es = 6.9(YL/O.4)10/3[1 + (S3/10)] x 1051 ergs 
(Burrows and Lattimer 1983). Here YL is the lepton concentra- 
tion at bounce and Sf is the entropy per baryon in units of kB. 
Due to the dissociation of heavy nuclei into nucleons by the 
propagating shock front (8.7 MeV nucleon-1 = 8 x 1018 ergs 
g - x) in the remainder of the initial Fe core, pure energy conser- 
vation requires Fe cores not larger than about 1.3 M0. 
However, also neutrino transport leaks energy from the shock 
and the most recent calculations, including all three neutrino 
flavors and neutrino-electron scattering, quote maximum Fe 
core masses of 1.1-1.2 M0 in order to ensure a prompt explo- 
sion (Bruenn 1989a b; Cooperstein and Baron 1989; Myra and 
Bludman 1989). The stellar evolution calculations of Nomoto 
and Hashimoto (1988) and Woosley and Weaver (1988) obtain 
an Fe core close to 1.4 M0 for stars of approximately 20 M0 
and would therefore not support a prompt explosion with 
present input physics for SN 1987A. Mönchmeyer (1989) 
explored possible ways to rescue the prompt mechanism by 
including reasonable amounts of rotation (rotational to gravi- 
tational energy «0.01 at the onset of collapse) and could 
demonstrate a 50% increase of the shock energy in two- 
dimensional calculations, in comparison to the spherically 
symmetric case. 

While all these phenomena occur on time scales of 30-50 ms, 
the delayed mechanism works on longer time scales. The gravi- 
tational binding energy of the collapsed proto-neutron star 
(2-3) x 1053 ergs is released in neutrinos, which have the short- 
est diffusion time scales of the order 0.5 to several seconds, 
depending on the neutrino energy. If neutrino heating converts 
less than 1 % of the totally available energy into kinetic energy 
of the baryonic matter via neutrino captures and scattering, the 
typical supernova energy of (1-2) x 1051 ergs can still emerge. 
Delayed explosions have been modeled by Wilson (1986), 
Bethe and Wilson (1985), Wilson et al (1986), Wilson and 
Mayle (1988), and Mayle and Wilson (1988). When these calcu- 
lations are performed without convection, only explosion ener- 
gies of a few times 1050 ergs are attained. However, the region 
of the stalled shock, with a gradient in electron concentration 
Ye, is unstable with respect to the Saltfinger instability, causing 
convection which can enhance the explosion energy (Wilson 
and Mayle 1988; Mayle and Wilson 1988). 

From the previous discussion it follows that at present the 
explosion mechanism is uncertain for 18-20 M0 stars. The 
statistics of the observed neutrinos from SN 1987A is also not 
sufficient to distinguish between the two mechanisms men- 
tioned here (Burrows 1988). Under these conditions, given the 
fact that an energy of (0.7-1.6) x 1051 ergs has been observed, 
several groups (Arnett 1987; Shigeyama et al. 1987; Woosley, 
Pinto, and Ensman 1988) modeled light curve calculations 
with an artificially induced shock wave of an intermediate 
energy. We follow the same approach for calculating the explo- 
sive nucleosythesis and employed the results of the spherical 
hydrocalculation by Shigeyama, Nomoto, and Hashimoto 
(1988) with a shock energy of 1051 ergs. This is actually the 
only method which has been used in the past for nucleo- 
synthesis studies of Type II supernovae (see Woosley and 
Weaver 1986). 

II. SHOCK PROPAGATION AND EXPLOSIVE PROCESSING 

A shock wave which is strong enough to eject the outer mass 
zones and leaves a neutron star in the center increases tem- 
peratures and densities when passing through the Si, O, Ne, C, 
He, and H zones. Due to this temperature enhancement in the 
different burning shells during the passage of the shock wave, 
reactions which proceed already on long (evolutionary) time 
scales are accelerated by orders of magnitude and additional 
reactions become possible. The types of explosive nucleo- 
synthesis processes are already discussed in great detail by 
Woosley, Arnett, and Clayton (1973). For similar processes in 
Type I super novae, see Thielemann, Nomoto, and Yokoi 
(1986), and for a general overview of research carried out until 
1986, see Woosley and Weaver (1986). 

With the lack of self-consistent collapse and explosion calcu- 
lations for 18-20 Mö stars, which reproduce the observed 
explosion energies of (0.7-1.6) x 1051 ergs, we employed an 
artificially induced shock wave of intermediate energy and 
used the results of the spherical hydrocalculation by Shige- 
yama, Nomoto, and Hashimoto (1988) for the final kinetic 
energy of 1 x 1051 ergs. The only assumption, made implicitly 
by running a shock wave through the initial model, is that 
matter which is finally ejected did not experience significant 
changes between the onset of the collapse of the inner core and 
the arrival of the shock wave. The assumption that these layers 
did not experience any significant compression is well justified 
for the outer part of the Si shell by collapse calculations (E. 
Baron and M. Aufderheide, private communication). 

Then the explosive nucleosynthesis can be performed easily. 
We take the stellar model with a 6 M0 He core by Nomoto 
and Hashimoto (1988), which corresponds to an 17-20 M0 
star. Figure 1 shows the maximum temperatures and densities 
obtained for a shock energy of 1051 ergs in the calculations by 
Shigeyama, Nomoto, and Hashimoto (1988). For each mass 
zone we solve the coupled system of differential equations, 
governing the change of nuclear abundances Yt = n^pN^ 
with rii being the number density of nucleus i and NA Avo- 
gadro’s number : 

t = l c) ^ + I c‘u YjYk+Z c},M Y, Yk y, . (1) 
j j,k j,k,l 

The coefficients cl in the three terms are related to different 
types of reaction rates: (1) decays, photodisintegrations, and 
electron captures 2,-; (2) two-particle reactions <j, k>; and 
(3) three particle reactions {j, k, /) like the triple-alpha pro- 
cess, which can be interpreted as successive captures with an 
intermediate unstable target. The individual cps are given 
by Cj = NiXj, c),k = NJiNjlN^ipN^a k\ and c‘,M = 
NJiNjlN^.N^pNp)2(j, k, />. The A/s can be positive or nega- 
tive numbers and specify how many particles of species i are 
created or destroyed in a reaction and the denominators, 
including factorials, avoid double counting of the number of 
reactions when identical particles react with each other (for 
example, in the 12C + 12C or the triple-alpha reaction). The 
present nucleosynthesis calculation employs reaction rates on 
light nuclei which are based on experimental information from 
Caughlan and Fowler (1988), Bao and Käppeler (1987), Wies- 
cher et al. (1986, 1987, 1989), Wiescher, Görres, and Thiele- 
mann (1988), Wiescher (1989), and also from Wagoner (1969), 
and Wagoner, Fowler, and Hoyle (1967), if otherwise not avail- 
able. For medium and heavy nuclei with higher nuclear level 
densities, the new statistical model rates by Thielemann, 
Arnould, and Truran (1987) are used. Weak interaction rates 
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Fig. 1.—Maximum temperatures and densities attained in the inner part of the ejecta(1.6 < M/M© < 4), during the passage of a shock front with E = 1051 ergs. 
Note that only matter inside 2 M© experiences temperatures in excess of 2 x 109 K. 

are taken from Fuller, Fowler, and Newman (1980,1982,1985). 
Electron screening in the strong screening regime has been 
treated according to Itoh et al. (1979) and Alastuey and Janco- 
vici (1978). In the weak and intermediate screening regime, the 
description of Graboske et al. (1973) was applied. 

This calculation differs from an earlier one by Hashimoto, 
Nomoto, and Shigeyama (1989, hereafter Paper I; see also 
Nomoto et al. 1988) in two ways. We used a more extended 
network of 300 instead of 242 nuclei ; especially more proton- 
rich nuclei were included in the Fe group. A list of these nuclei 
is given in Table 1A. A qualitative difference is that all sta- 
tistical model reaction rates by Woosley et al. (1979) were 
replaced by new and improved rates (Thielemann, Arnould, 
and Truran 1987). These also include width fluctuation correc- 
tions; realistic optical potentials for neutrons, protons, and 
alpha particles; a macroscopic-microscopic treatment to 
predict resonance energies and widths of the giant dipole res- 
onance (in order to calculate the gamma widths); and an 
improved treatment of the level density of excited states, still 
based on the backshifted Fermi gas model. The aim of the 
present work is to analyze the possible differences, resulting 
from the improved treatment, and to discuss the nucleo- 
synthesis in SN 1987A in more detail. The hydrostatic phases 
of the presupernova evolution have been treated with a smaller 
network, containing 30 nuclei, including neutrons, for the 
burning phases from He- to O-burning and a network of 250 
nuclei for the quasi-equilibrium and equilibrium phases of 
silicon burning (Nomoto and Hashimoto 1988). The members 
of the network of 30 nuclei are listed in Table IB. More details 
will be given in Paper III (Hashimoto and Nomoto 1989), 
which deals mainly with the influence of uncertainties in stellar 
evolution on the presupernova model and the eventual super- 
nova outcome. 

We show a few major abundances resulting from the nucleo- 
synthesis calculations in Figure 2 as a function of radial mass. 
In the innermost part of the ejecta (M < 1.7 M0), where explo- 
sive Si-burning with Si exhaustion takes place, 56Ni is the 
dominant nucleus. The abundance changes by almost a factor 
of 2 at M = 1.63 M0. This coincides exactly with the position 
where the electron concentration Ye = 7; changes from 
0.494 to 0.499 (see Fig. 3). This decrease in Ye has the effect that 

56Ni shares its abundance with more neutron-rich nuclei like 
57’58Ni and 61,62Zn. Contrary to Type I supernovae, where 
high densities cause large electron Fermi energies and lead to 
substantial electron captures during explosive processing, the 
Ye in Figure 3 is identical to that of the precollapse model. In 
the mass zones beyond 1.7 M0 incomplete Si-burning and 
explosive O-burning produce 28Si, 32S, 36Ar, and 40Ca. Explo- 
sive Ne-burning enhances mostly 160 and produces also 24Mg 
and 2 8 Si. Explosive C-burning seems negligible and material 
beyond 2 M0 is ejected essentially unaltered by explosive pro- 
cessing. In order to accommodate the observed 56Ni mass of 
0.07 Mq in the ejecta, one has to place the mass cut between 
the ejecta and the remaining neutron star at 1.6 M©. 

For comparison we also show the composition of the same 
mass zones before core collapse and the outward propagation 
of the shock front in Figure 4. It can be seen that the zones 
beyond 1.6 M0, which will be ejected, contain only products of 
H-, He-, C-, Ne-, and O-burning. The boundary of O-burning 
is located at 1.67 M0. The drop in Ye at 1.63 M0 corre- 
sponds to a change in the neutron excess rj = Yjí (N¿ — Z*)^/ 

TABLE 1A 
Nuclei in Full Network 

n 
7’9_11Be 14—20q 
21-28Mg 29-38£ 
37_49Ca 46-56/^_ 
5^67Ni 
68-78Ge 

1-3H 
8,10—12g 

17-21p 
23—3°AJ 
31-4°ci 
4-0-50cr 

48-58Mn 
57"69Cu 

3,4,6He 10-15ç 
18-25Ne 
25_33Si 

33^4Ar 
42-52JJ 
50-62Fe 
59-72Zn 

6-8 Li 
12-17N 

20-26Na 
27—35p 
35-46K 
44—54y 

5 2-6 3 Co 
61-74Ga 

TABLE IB 
Hydrostatic Network 

n 
14N 

2^26Mg 
31-34s 

40Ca 

16,18q 
26-27ai 

35C1 

4He 
20-22Ne 28-30Si 
36,38^r 

12c 
23Na 30—31p 

39K 
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Fig. 2.—Mass fractions of a few major nuclei, as they result from explosive processing after the passage of the supernova shock front. Matter outside 2 M0 is 
essentially unaltered (see Fig. 4). Zones further in experience explosive Ne, O, and Si-burning. Inside 1.7 M0, Fe group nuclei dominate. The drop in the 56Ni 
abundance at M = 1.63 M0 coincides with a change in Ye, which favors more neturon-rich nuclei in the innermost part of the ejecta. The dashed line indicates the 
position of the mass cut, if only 0.07 M0 of 56Ni should be ejected. 

Yjí AiYi = 1 — 2Ye from 2 x 10“ 3 to 1.2 x 10 ~2. This position 
marks the outer boundary of the O-burning convective shell 
which extends from 1.05 to 1.63 M0 after exhaustion of oxygen 
in the central region. Because of larger abundances of silicon- 
rich products and higher densities, this layer undergoes more 
electron captures than the outer layers during oxygen-shell 
burning and the subsequent contraction of the Si-rich core. 
This layer also contains traces of neutron-rich material which 
was convectively mixed in from the Si-burning shell. The layers 
from 1.63 to 1.67 M0 mark the propagation of the O-burning 
shell, which operated at lower densities than shell burning at 
1.05 Mq and did not experience electron captures. Thus 
r] = 2 x 10“3 has the average value after core He-, C-, and 
Ne-burning (see Fig. 7 in Thielemann and Arnett 1985). The 

Fig. 3.—Electron abundance Ye as a function of radial mass. The drop at 
1.63 M0 reflects the outer boundary of the Si zone which experienced core 
O-buming and admixtures of Si shell burning during hydrostatic evolution. 
The position of the mass cut, with respect to this change in Ye, is crucial for the 
composition of Fe group elements. 

comparison between Figures 2 and 4 makes clear that nuclei 
heavier than Ar, which are ejected in the supernovae explosion, 
are entirely due to explosive processing. In the hydrostatic 
layers beyond 1.6 M0 only products of hydrostatic H-, He-, C-, 
Ne-, and O-burning are existing. As stated before, the position 
of the O-burning shell is at 1.67 M0, the convective C- and 
Ne-burning shell extends out to 3.7 M0. Explosive burning in 
the propagating shock front then creates new positions of the 
burning shells. Si-burning moves out to 1.74 M0, O-burning to 
1.8 M0, and combined Ne-burning and C-burning to 2 M0. 
Material beyond 2 M0 is essentially unaltered by the propa- 
gating shock front. 

This result was obtained by performing the shock wave cal- 
culation for only one energy in the allowed range. A higher 
energy would move the mass cut to slightly larger masses, 
when meeting the requirement that only 0.07 M0 of 56Ni 
should be ejected. This would also reduce the neutron excess of 
matter in the innermost ejected zones. In addition, the sensi- 
tivity to the stellar model has to be explored. One of the major 
free parameters in stellar evolution is the still uncertain 
12C(a, y)160 reaction (see Filippone, Humblet, and Langanke 
1989; Caughlan et al 1985; and Caughlan and Fowler 1988). 
The new measurements by Kremer et al. (1988) agree essen- 
tially with earlier experiments by Kettner et al. (1982) and 
Redder et al. (1987). The open and still unresolved problem lies 
in the extrapolation to low energies ( ä 300 keV), which are of 
importance for hydrostatic helium burning. The present calcu- 
lation was performed with the rate of Caughlan et al. (1985). 
The discussion of the results will show later that this seems to 
be a choice consistent with existing abundance observations of 
SN 1987A. 

III. INDIVIDUAL BURNING PROCESSES 

a) Explosive Si-Burning 
Zones which experience temperatures in excess of 4.0- 

5.0 x 109 K undergo explosive Si-burning. Temperatures 
beyond 5 x 109 K lead to complete Si exhaustion and produce 
only Fe group nuclei. From Figure 1 we notice that this limit is 
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Fig. 4.—Mass fractions of major nuclei, resulting from hydrostatic burning stages prior to core collapse. Displayed are the zones which will later be ejected by the 
propagating shock front. It is seen that no elements heavier than At are contained in these zones. 

located at 1.7 M0, consistent with the results displayed in 
Figure 2. A simplified analytical calculation leads to the same 
outcome. Weaver and Woosley (1980) already recognized that 
matter behind the shock front is strongly radiation dominated. 
Assuming an almost homogeneous density and temperature 
distribution behind the shock (which is approximately correct; 
see Fig. 3 in Shigeyama, Nomoto, and Hashimoto 1988), one 
can equate the supernovae energy with the radiation energy 
inside the radius R of the shock front 

Esn = Y R3aT4 . (2) 

This equation can be solved for R and with T = 5 x 109 K and 
Esn = 1051 ergs, the result is Æ « 3500 km (see Woosley 1988). 
For the evolutionary model by Nomoto and Hashimoto 
(1988), utilized in this calculation, this radius corresponds to 
1.7 M0, in excellent agreement with the exact hydrodynamical 
calculation. 

Explosive Si-burning can be divided into three different 
regimes : incomplete Si-burning and complete Si-burning with 
Si exhaustion, undergoing either a normal or alpha-rich freeze- 
out. Which of the three regimes is encountered depends on the 
peak temperatures and densities attained during the passage of 
the shock front (see Fig. 20 in Woosley, Arnett, and Clayton 
1973, and Fig. 5 in Thielemann, Nomoto, and Yokoi 1986). In 
complete Si-burning the abundances follow a nuclear sta- 
tistical equilibrium (NSE) during explosive processing and they 
are only determined by the nuclear binding energies, partition 
functions, temperatures, and densities. The NSE can also be 
sustained when the expansion leads to decreasing temperatures 
until the freeze-out of charged particle reactions. Then the final 
composition corresponds to the NSE abundances at freeze-out 
conditions. Such a normal freeze-out occurs at high densities, 
when the strongly density dependent triple-alpha reaction can 
burn 4He to heavier nuclei in phase with the temperature 
decrease, which favors heavy nuclei and less free alpha par- 
ticles. At lower densities this cannot be achieved anymore and 
an alpha-rich freeze-out occurs, which distorts the NSE abun- 
dances of heavy nuclei by additional alpha-captures. Figure 5 

shows the position of mass zones which experience explosive 
Si-burning in the peak temperature and density plane. We 
notice that only alpha-rich freeze-out and incomplete Si- 
burning are encountered. Contrary to Type I supernovae (see 
Fig. 5 in Thielemann, Nomoto, and Yokoi 1986), densities in 
excess of 108 g cm-3, which would result in a normal freeze- 
out are not attained in the ejecta. The region which experiences 
incomplete Si-burning starts at 1.69 M0. 

The most abundant nucleus in the normal and alpha-rich 
freeze-out is 56Ni, in case the neutron excess is smaller than 
2 x 10" 2 or Ye is larger than 0.49, which is fulfilled even for the 
innermost ejecta in our calculation. For the less abundant 
nuclei, the final alpha-capture plays a dominant role trans- 
forming nuclei like 56Ni, 57Ni, and 58Ni into 60Zn, 61Zn, and 
62Zn. This is shown in Figure 6 which displays the abundances 

io9 

io8 

io7 

io6 

io5 

3 5 7 10 
T9411BX 

Fig. 5.—Peak temperatures and densities of the innermost mass zones 
ejected in the supernova explosion. Each point marks the conditions for one 
mass zone. The dashed lines divide the areas of normal and alpha-rich freeze 
out and incomplete Si-burning. The innermost mass zones undergo alpha-rich 
freeze-out. 

normal 

incomplete Si-burning / 

1.69M0 /x 

0-burning x x x * ' 

I.6OM0 

alpha-rich freeze-out — 
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Fig. 6.—Mass fractions of the dominant nuclei in zones which experience 
alpha-rich freeze-out. Notice the relatively large amounts of Zn and Cu nuclei, 
which originate from alpha captures on Ni and Co. One can recognize their 
strong decrease beyond 1.66 M0, which goes parallel with the decrease of the 
4He abundance and other alpha-nuclei like 40Ca, 44Ti, 48Cr, and 52Fe. Nuclei 
which would dominate in a nuclear statistical equilibirum like 56,57,58Ni stay 
constant or increase even slightly. The increase of all nuclei with N = Z at 1.63 
M0 and the decrease of nuclei with N > Z is due to the change in Ye (see 
Fig. 3). 

of nuclei for the mass zones of alpha-rich freeze-out. In addi- 
tion, one can verify the fact that a too slow triple-alpha reac- 
tion which still continues to produce 12C, when the NSE 
would already require to concentrate all abundances in heavier 
nuclei, leads to the production of trace abundances of 40Ca, 
44Ti, 48Cr, and 52Fe. It also shows how the abundances of 

these latter nuclei and 60Zn, 61Zn, and 62Zn decrease with a 
declining mass fraction of alpha particles. The 4He mass frac- 
tion in these zones reaches values of 16%-18%. The increase of 
^ at 1.63 M0 favors the less neutron-rich nuclei. 

Incomplete Si-burning extends out to 1.74 M0 and is char- 
acterized by peak temperatures of 4-5 x 109 K. Temperatures 
are not high enough for an efficient bridging of the bottleneck 
above the proton magic number Z = 20 by nuclear reactions. 
Therefore no complete NSE is attained. Instead only a partial 
equilibrium (quasi equilibrium = QSE) for the relative abun- 
dances of nuclei in each of the two QSE groups Z < 20 and 
Z > 20 is obtained, while the total ratio between both groups 
is out of equilibrium (Woosley, Arnett, and Clayton 1973; 
Thielemann and Arnett 1985). Besides the dominant fuel nuclei 
28Si and 32S we find the alpha-nuclei 36Ar and 40Ca as most 
abundant members of the lower QSE group. Partial leakage 
into the QSE group around Fe produces 56Ni and 54Fe as 
dominant abundances. Smaller amounts of 52Fe, 58Ni, 55Co, 
and 57Ni are encountered. The detailed composition for the 
zones undergoing incomplete Si-burning in the mass range 
1.69 < M/Mq < 1.74 is displayed in Figure 7, together with 
the products of explosive O-burning. 

b) Explosive Oxygen Burning 
Temperatures in excess of roughly 3.3 x 109 K lead to a 

quasi equilibrium in the lower QSE cluster which extends over 
the range 28 < >1 < 45 in mass number (Woosley, Arnett, and 
Clayton 1973). These conditions are accomplished in explosive 
O-burning in the mass zones up to 1.8 M0. The main burning 
products are 28Si, 32S, 36Ar, 40Ca, 38Ar, and 34S. With mass 
fractions less than 10"2 also, 33S, 39K, 35C1, 42Ca, and 37Ar 
show up. In the innermost zones with temperatures close to 
4 x 109 K, there exists still a contamination by the Fe group 
nuclei 54Fe, 56Ni, 52Fe, 58Ni, 55Co, and 57Ni, as shown in 
Figure 7. The abundaces in the QSE cluster are determined by 
alpha, neutron, and proton abundances. Because electron 
capture during explosive processing is negligible, the original 
neutron excess stays unaltered and fixes the neutron to proton 
ratio. Under those conditions the resulting composition is 

Fig. 7.—Mass fractions of nuclei in the zones of incomplete Si-burning M < 1.74 M© and explosive O-burning M < 1.8 M©. The Si-burning zones are 
characterized by important quantities of Fe group nuclei besides 28Si, 32S, 36Ar, and 40Ca. Explosive O-burning produces mostly the latter, together with more 
neutron-rich nuclei like 30Si, 34S, 38Ar, etc. 
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Fig. 8.—Composition in mass zones of explosive Ne- and C-burning. The dominant products are 160, 24Mg, and 28Si. Besides the major abundances, mentioned 
above, explosive neon burning supplies also substantial amounts of 27A1, 29Si, 32S, 30Si, and 31P. Explosive carbon burning contributes in addition the nuclei 20Ne, 
23Na, 24Mg, and 26Mg. 

dependent only on the alpha to neutron ratio at freeze-out. 
Woosley, Arnett, and Clayton (1973) pointed out already that 
with a neutron excess of 2 x 10“3 the solar ratios of 39K/35C1, 
40Ca/36Ar, 36Ar/32S, 37C1/35C1, 38Ar/34S, 42Ca/38Ar, 41K/ 
39K, and 37C1/33S are attained within a factor of 2 for freeze- 
out temperatures in the range (3.1-3.9) x 109 K. This is the 
typical neutron excess resulting from solar CNO abundances, 
which are first transformed into 14N in H-burning and then 
into 22 Ne in He-burning via 14N(a, y)18F(/?+)180(a, y)22Ne. In 
stars with lower metallicities, these ratios will drop accord- 
ingly. The comparison of these abundances to solar values will 
be discussed in § V. 

c) Explosive Neon and Carbon Burning 
The main burning products of explosive neon burning are 

160, 24Mg, and 28Si, synthesized via the reaction sequences 
20Ne(y, a)160 and 20Ne(a, y)24Mg(a, y)28Si, similar to the 
hydrostatic case. The 160 enhancement over its hydrostatic 
value, caused by this mechanism in the mass zones up to 2 M0, 
can be seen in Figure 8. The mass zones in question have peak 
temperatures in excess of 2.1 x 109 K. They undergo a com- 
bined version of explosive neon and carbon burning. Besides 
the major abundances, mentioned above, explosive neon 
burning supplies also substantial amounts of 27A1, 29Si, 32S, 
30Si, and 31P. Explosive carbon burning contributes in addi- 
tion the nuclei 20Ne, 23Na, 24Mg, 25Mg, and 26Mg. 

d) r-Process Nuclei 
i) Neutron-rich Zones Close to the mass Cut 

The most neutron-rich zones of the ejecta are located at the 
inner boundary around 1.60 M0 with a Ye of 0.494 which 
corresponds to a neutron excess rj = ^ — Z^YJYjí^í = 
1-2 7e of 1.2 x 10“2. These zones which experience tem- 
peratures in excess of 5 x 109 K, produce predominantly 
nuclei in the mass range 50-60. The quoted value of rj therefore 
indicates that each nucleus has about 0.5 more neutrons than 
protons. For that mass region this corresponds to a nucleus 
being about 1.5 mass units more proton-rich than the stability 

line. The operation of an r-process is, however, characterized 
by the fact that, after the freeze-out of charged particle reac- 
tions, 10-100 neutrons per heavy nucleus have to be available 
for the onset of substantial neutron capture. Such conditions 
exist only in matter which was compressed to densities of 1011- 
1012 g cm-3, undergoing electron captures until a beta equi- 
librium is attained (Cameron 1989). This beta equilibrium 
produces nuclei with Q-values for ß~ decay equal to the elec- 
tron Fermi energy (Lattimer et al 1977; Shapiro and Teu- 
kolsky 1983) of about 34 MeV. In our calculation the matter in 
the innermost zones of the ejecta close to 1.6 M0, experienced 
only densities up to 107 gem-3 during the propagation of the 
shock front and therefore cannot meet this requirement. This 
leads to the conclusion that no r-process material is ejected 
from zones close to the mass cut between neutron star and 
ejecta. 

Such a conclusion relies on the assumption that rotation is 
not strong enough to violate spherical symmetry, which could 
cause jet like ejection at the poles (LeBlanc and Wilson 1970; 
Symbalisty, Schramm, and Wilson 1985). For reasonable ratios 
of rotational to gravitational energy of 1% before collapse, 
Mönchmeyer (1989) finds small jetlike circulations at the poles 
when the shock front is still close to the collapsed core but 
obtains an almost spherical symmetry when the shock front 
reaches the Si zone. 

ii) Explosive HQ-burning 
A different situation surfaces when the maximum tem- 

peratures are below freeze-out conditions for charged particle 
reactions with Fe group nuclei. Then reactions among light 
nuclei which release neutrons, like (a, n) reactions on 13C and 
22Ne, can sustain a neutron flux. Existing heavy nuclei, with 
neutron cross sections which are much larger than for light and 
intermediate nuclei, will be the preferred targets for a neutron 
capture process. The constraint of having 10-100 neutrons per 
heavy nucleus, in order to attain r-process conditions, can then 
be met by small abundances of Fe group nuclei. Such condi- 
tions were expected when the shock front passes the He- 
burning shell and enhances the 22Ne(a, n) reaction by orders of 
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magnitude (Truran, Cowan, and Cameron 1978; Thielemann, 
Arnould, and Hillebrandt 1979). Shorter beta-decay half-lives 
(Klapdor et al 1981) seemed to make this scenario even more 
likely (Hillebrandt et al 1981). Finally, however, Blake et al 
(1981) and Cowan, Cameron, and Truran (1983) could show 
that this neutron source is not strong enough for an r-process 
in realistic stellar models. We do find the same result in our 
present calculations. Recent research based on additional 
neutron release via inelastic neutrino scattering (Epstein, 
Colgate, and Haxton 1988) can also not produce neutron den- 
sities of 1019-102° cm-3, which are required for such a process 
to operate (see also Woosley et al 1990). 

This leads to the conclusion that a 20 M© star does not eject 
r-process nuclei in its final supernova explosion. Although 
Type II supernovae are strongly expected to be the dominant 
r-process source, this conclusion is in agreement with recent 
galactic chemical evolution studies based on observations of 
the Eu/Fe ratio in very metal-poor stars. A drop is found at 
[Fe/H] below —2.7 dex and interpreted in such a way that 
only Type II supernovae with masses less than 11 M© contrib- 
ute to the observed r-process abundances (Mathews and 
Cowan 1989). These stars have longer lifetimes than more 
massive stars and would therefore only contribute to Galactic 
chemical evolution after a certain delay time, which corre- 
sponds to a metallicity of [Fe/H] of —2.7. 

IV. QUANTITATIVE COMPOSITION OF THE EJECTA 

a) Results 
Tables 2 and 3 summarize the abundances in the ejecta of a 6 

M© He core in units of M©. The inner 1.59 M© (baryonic) of 
the neutron star are excluded and also the H-rich envelope. 
The exclusion of the latter has two reasons. First, the total 
envelope mass is known only within the limits of 7-11 M©, 
from comparisons of the observed light curve with hydrody- 
namical calculations, including radiation transport 
(Shigeyama, Nomoto, and Hashimoto 1988; Woosley 1988; 
Arnett and Fu 1989). Second, the exact envelope composition 
is not known, but He enrichment is observed in metal-poor 
blue supergiants (Kudritzki et al 1987) and utilized to explain 
the blue-red-blue transition (Saio, Kato, and Nomoto 1988; 
Barkat and Wheeler 1988). As a first test we want to compare 
Table 3 with the results of Hashimoto, Nomoto, and Shigey- 
ama (1989, Paper I). They performed essentially the same cal- 
culation, using the same stellar model, explosion energy, and 
mass cut. There are only two differences with respect to the 
present work. The shock propagation and explosive processing 
was followed further out while it was neglected beyond 2.5 M© 
in Paper I. This should have no major effect on explosive 
nucleosynthesis as we showed that conditions for explosive C-, 
Ne-, O-, Si-burning are not met outside 2 M© and matter is 
ejected essentially unaltered. However, explosive He-burning 
can still affect light nuclei, predominantly nuclei lighter than 
Ne. We also made use of an updated data base of nuclear 
reactions, mainly by replacing the reaction rates for medium 
and heavy nuclei by Woosley et al (1979) with the improved 
statistical model rates by Thielemann, Arnould, and Truran 
(1987). Nuclei with abundances which differ by less than a 
factor of 1.3 from Table 1 of Paper I are marked by a 0, nuclei 
different by more than a factor of 1.3 are marked by a 1, and 
nuclei different by more than a factor of 2 are identified by a 3. 
Among light nuclei we see a few major differences for 13C, 15N, 
170, and 19F. The reason for these discrepancies lies in the 
further propagation of the shock wave and our usage of 

updated reaction rates for proton-rich light nuclei by Wiescher 
et al (1986, 1987), Wiescher, Görres, and Thielemann (1988), 
Wiescher et al (1989), and Wiescher (1989). 

Heavier nuclei are only affected by the change to the sta- 
tistical model rates of Thielemann, Arnould, and Truran 
(1987). For the majority of nuclei the difference is small. Only 
the abundances of two nuclei (48Ca and 64Ni) differ by more 
than a factor of 3. Almost all nuclei which show changes by 
more than a factor of 1.3 (36S, 40Ar, 39’41K, 42-44,46,48^ 
45SC, 46,47,49,50Ti? Sly^ 54^ 59^ 64^ 63,65^ and 68^ 
are located within two units of the magic numbers N = 20, 
Z = 20, N = 28, and Z = 28. This is expected because one of 
the major improvements in Thielemann, Arnould, and Truran 
(1987) was the treatment of level densities at magic numbers. 
They found that capture cross sections could be predicted 
within a factor of 2, while the rates by Woosley et al (1979) 
could deviate up to a factor of 3-5, when the theoretical level 
densities were used for nuclei at magic numbers. Woosley et al 
(1979) used experimental level densities whenever available, 
which assured a better agreement for reactions on stable 
nuclei. But explosive nucleosynthesis encounters a large 
number of unstable nuclei where this information is lacking. 
Therefore deviations for these nuclei by a factor of 2-3 are 
expected and consistent with the utilization of the improved 
reaction rates. Only three of the deviating nuclei (69Ga, 
72,73Ge) are located further than two units from closed shells, 
but they are products of alpha-capture reactions from nuclei 
within these boundaries, during the alpha-rich freeze-out. Thus 
their abundances are consistent with the previous conclusions. 
Having these differences in mind, the comparison shows 
actually an excellent agreement between Paper I and this cal- 
culation and presents an important test for the accuracy 
involved. The comparison shows also that in applications of 
explosive nucleosynthesis the uncertainties of reaction rates are 
reflected in similar uncertainties of nuclear abundances. The 
results are much less sensitive to individual rates as en- 
countered for major reactions in hydrostatic burning [e.g., 
12C(a, y)160], where the fuel composition of subsequent 
burning stages can be altered drastically. 

Before comparing the predicted abundances to observations 
of SN 1987A and other calculations of similar nature 
(Woosley, Pinto, and Weaver 1988), we want to point out the 
following. The postprocessing with a large network of 300 
nuclei was performed only for the phases of explosive nucleo- 
synthesis, i.e., during the passage of the supernova shock front. 
The hydrostatic phases of the presupernova evolution were 
covered by Nomoto and Hashimoto (1988) with a smaller 
network, containing 30 nuclei, for the phases from He-burning 
through O-burning and a quasi-equilibrium network contain- 
ing 250 nuclei for Si-burning. The initial abundance of 26A1 
was set to zero due to its short half-life at temperatures 
>6 x 108 K. The previous discussion also explains why nuclei 
which were produced in small amounts during hydrostatic 
burning stages and not included in the network of 30 nuclei are 
not treated correctly. This does not have any importance for 
the mass zones with M < 2 M©, where explosive processing 
leaves the dominant signature. However, the mass zones 
beyond 2 M© are altered by the shock front in a minor way 
and the abundances are almost entirely due to hydrostatic 
burning. Mostly affected by this shortening are light nuclei 
with small abundances (13C, 15N, 170, and 19F) and (neutron- 
rich) s-process nuclei between Ne and the Fe group (e.g., 36S, 
37C1, 40Ar, 40K, 46,48Ca, 50Ti, 54Cr, 58Fe, and 64Ni; see Arnett 
and Thielemann 1985). 
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TABLE 2 
Composition of Ejecta after Explosive Processing, Mass Cut at 1.59 M0 

M/Mq M/Mg M/Mq  M/Mp M/Mq 
d 3.40E-17 t 1.08E-20 he3 

li7 4.42E-20 be7 7.39E-22 be9 
bll 6.35E-16 b!2 4.86E-24 ell 
cl4 7.39E-09 cl5 1.52E-14 n!3 
n!6 4.49E-13 n!7 1.04E-18 o!4 
o!7 3.73E-09 o!8 8.68E-03 o!9 
f18 2.41E-08 f19 1.54E-10 f20 

nel9 5.30E-16 ne20 2.28E-01 ne21 
ne24 1.52E-12 ne25 2.55E-18 na21 
na24 2.01E-08 na25 3.21E-12 na26 
mg24 1.47E-01 mg25 1.84E-02 mg26 
al24 2.69E-22 al25 1.73E-10 al26 
al29 1.47E-08 al30 4.81E-14 si26 
si29 9.70E-03 si30 7.25E-03 si31 
p28 2.14E-23 p29 2.66E-10 p30 
p33 3.68E-07 p34 1.20E-11 p35 
s32 2.49E-02 s33 1.14E-04 s34 
s37 1.54E-16 s38 6.04E-18 cl32 

cl35 5.13E-05 cl36 5.42E-07 cl37 
cl40 4.48E-18 ar34 6.96E-15 ar35 
ar38 3.08E-04 ar39 1.59E-09 ar40 
ar43 1.79E-19 ar44 1.11E-21 k36 
k39 2.90E-05 k40 7.00E-09 k41 
k44 2.29E-15 k45 6.72E-17 k46 

ca40 3.31E-03 ca41 2.28E-06 ca42 
ca45 3.51E-12 ca46 2.93E-12 ca47 
sc40 8.86E-23 sc41 6.56E-15 sc42 
sc45 5.05E-09 sc46 3.49E-11 sc47 
sc50 4.06E-22 ti42 1.33E-25 ti43 
ti46 3.66E-06 ti47 8.14E-08 ti48 
ti51 2.88E-17 ti52 6.33E-21 v44 

v47 6.92E-06 v48 3.79E-08 v49 
v52 2.56E-14 v53 4.03E-17 v54 

cr48 2.49E-04 cr49 3.79E-06 cr50 
cr53 8.24E-10 cr54 2.11E-11 cr55 
mn49 2.60E-14 mn50 1.50E-13 mn51 
mn54 1.02E-08 mn55 3.33E-09 mn56 
fe52 9.49E-04 fe53 7.98E-05 fe54 
fe57 2.74E-09 fe58 1.25E-10 fe59 
co54 5.80E-14 co55 2.65E-04 co56 
co59 1.18E-09 co60 1.59E-14 co61 
ni56 7.57E-02 ni57 4.17E-03 ni58 
ni61 6.88E-09 ni62 2.07E-08 ni63 
cu57 9.55E-13 cu58 8.59E-08 cu59 
cu62 2.03E-06 cu63 5.16E-08 cu64 
cu67 2.08E-23 zn59 1.06E-20 zn60 
zn63 1.14E-05 zn64 2.78E-07 zn65 
zn68 4.44E-16 zn69 2.65E-22 ga61 
ga64 2.41E-06 ga65 7.17E-07 ga66 
ga69 6.89E~14 ga70 3.53E-18 ga71 
ge65 2.62E-06 ge66 7.96E-05 ge67 
ge70 1.79E-12 ge71 5.32E-16 ge72 

1.35E-19 he4 2.10E+00 116 5.10E-19 
7.64E-18 belO 1.46E-21 blO 2.73E-17 
1.17E-17 cl2 1.14E-01 cl3 4.46E-07 
7.90E-11 nl4 2.71E-03 nl5 4.39E-08 
4.08E-18 ol5 1.79E-11 ol6 1.48E+00 
7.09E-10 o20 1.45E-13 fl7 5.24E-15 
4.65E-13 f21 9.55E-16 nel8 3.08E-23 
3.02E-04 ne22 2.93E-02 ne23 1.62E-07 
2.50E-12 na22 1.01E-07 na23 1.17E-03 
1.43E-18 mg22 1.30E-16 mg23 4.33E-07 
1.71E-02 mg27 8.40E-09 mg28 3.16E-12 
6.77E-06 al27 1.59E-02 al28 6.33E-06 
1.09E-14 si27 2.64E-07 si28 8.43E-02 
1.21E-06 si32 1.89E-09 si33 1.24E-17 
5.22E-05 p31 1.13E-03 p32 5.59E-07 
5.54E-14 s30 1.22E-14 s31 2.51E-08 
1.11E-03 s35 2.49E-07 s36 2.41E-07 
3.02E-22 cl33 1.33E-11 cl34 3.81E-09 
5.75E-07 cl38 6.90E-12 cl39 6.09E-14 
3.45E-09 ar36 4.10E-03 ar37 5.66E-06 
1.77E-09 ar41 2.07E-13 ar42 2.43E-15 
1.98E-19 k37 6.23E-13 k38 2.52E-07 
1.98E-09 k42 7.76E-12 k43 2.22E-13 
2.45E-19 ca38 1.07E-17 ca39 1.29E-09 
9.79E-06 ca43 8.09E-09 ca44 4.23E-09 
2.78E-15 ca48 3.97E-17 ca49 2.60E-25 
4.59E-10 sc43 2.80E-06 sc44 2.41E-09 
5.44E-12 sc48 4.90E-14 sc49 9.01E-16 
2.57E-12 ti44 2.09E-04 ti45 r;84E“07 
2.27E-08 ti49 6.48E-11 ti50 4.72E-11 
2.37E-23 v45 2.03E-13 v46 2.68E-15 
3.05E-08 v50 2.26E-10 v51 1.59E-09 
5.42E-25 cr46 1.93E-20 cr47 5.74E-10 
2.93E-05 cr51 4.42E-07 cr52 4.04E-06 
1.33E-18 cr56 8.76E-22 mn48 2.02E-22 
1.26E-05 mn52 4.00E-07 mn53 3.13E-06 
1.03E-14 mn57 7.35E-18 fe51 2.41E-15 
2.66E-03 fe55 9.41E-06 fe56 2.62E-05 
3.11E-17 fe60 6.08E-20 co53 3.88E-18 
9.57E-06 co57 3.92E-06 co58 3.63E-09 
1.10E-16 co62 1.64E-23 ni55 5.96E-18 
1.37E-02 ni59 2.12E-05 ni60 4.36E-06 
1.17E-14 ni64 7.07E-17 ni65 2.07E-23 
1.75E-04 cu60 1.21E-04 cu61 1.79E-05 
6.46E-13 cu65 1.70E-14 cu66 2.45E-19 
2.34E-03 zn61 2.09E-04 zn62 3.36E-03 
4.05E-09 zn66 1.70E-10 zn67 1.25E-13 
6.01E-18 ga62 2.11E-18 ga63 1.06E-06 
1.58E-07 ga67 5.96E-09 ga68 2.72E-13 
4.04E-21 ge63 4.48E-23 ge64 1.40E-05 
6.62E-07 ge68 2.08E-07 ge69 1.97E-10 
1.16E-18 ge73 1.25E-22 
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TABLE 3 
Composition after Decay of Radioactive Species 

M/M(t M/M0 H/M(t M/M( 
[0 

d 
li7 
c!2 
ol6 

ne20 
mg24 
si28 
s32 

cl35 
ar40 
ca42 
ca48 
ti48 

v51 
cr54 
f e57 
ni60 
cu63 
zn67 
ge70 

3.40E-17 
4.50E-20 
1.14E-01 
1.48E+00 
2.28E-01 
1.47E-01 
8.43E-02 
2.49E-02 
6.16E-05 
2.54E-09 
9.79E-06 
3.97E-17 
2.49E-04 
1.30E-05 
1.02E-08 
4.17E-03 
2.46E-03 
1-25E-05 
6.68E-07 
1.79E-12 

he3 
be9 
cl3 
o!7 

ne21 
mg25 
si29 9 
s33 1 

c!37 6 
k39 

ca43 
sc45 
ti49 
cr50 
mn55 
fe58 
ni61 
cu65 
zn68 

2 
2 
1 
3 
2 
2 
3 
2 
3 
2 

ge72 1 

46E-19 
64E-18 
46E-07 
73E-09 
02E-04 
84E-02 
70E-03 
15E-04 
24E-06 
91E-05 
81E-06 
89E-07 
82E-06 
93E-05 
75E-04 
75E-09 
27E-04 
34E-06 
08E-07 
16E-18 

he4 2 
blO 2 
nl4 2 
ol8 8 

ne22 2 
mg26 
si30 
s34 

ar36 
X41 

ca44 
ti46 
tiBO 
crB2 9 
feB4 2 
coB9 
ni62 
zn64 
ga69 
ge73 

.10E+00 

.73E-17 

.71E-03 

.68E-03 

.93E-02 

.71E-02 

.30E-03 

.11E-03 

.10E-03 

.28E-06 

.09E-04 

.66E-06 

.72E-11 

.B3E-04 

.66E-03 

.96E-04 1 

. 36E-03 0 

.67E-05 0 

.97E-10 1 

.2BE-22 2 

1Í6 B 
bll 6 
nlB 4 
f 19 8 

na23 1 
al27 1 
p31 
s36 

ar38 
ca40 
ca46 
ti47 

vBO 
crB3 8 
ieS6 7 
niB8 1 
ni64 8 
zn66 7 
ga71 B 

.10E-19 

.47E-16 

.40E-08 

.63E-10 

.17E-03 

.B9E-02 

.13E-03 

.B1E-07 

.08E-04 

.31E-03 

.78E-11 

.00E-06 

.26E-10 

.30E-0B 

.B7E-02 

.37E-02 

.OlE-13 

.98E-05 

.32E-16 

When comparing our results to Woosley, Pinto, and Weaver 
(1988), we find that all of the latter nuclei show strong devi- 
ations, just for the reasons mentioned above (they performed 
postprocessing with a full network also for the phases of 
hydrostatic nucleosynthesis, therefore avoiding the problems 
discussed here). The only other large deviation occurs for 50V, 
where we suspect proton captures during hydrostatic burning 
phases to be largely responsible for the abundance of this rare 
nucleus. Differences for the nuclei 1H, 4He, 13C, 14,15N, 170, 
and 19F, representing either unburned fuel ^H, 4He) and (or) 
resulting from hydrogen burning, are easily explainable 
because we did not include the composition of the H envelope 
and also because 13C, 15N, 170, 19F were not included in the 
hydrostatic network. There are other differences of a smaller 
but systematic nature, i.e., the nuclei from Ne through P show 
larger abundances in our calculation and S through Sc show 
smaller abundances. These differences are of the order of a 
factor of 2 and due to the structure and composition of the 
presupernova model. The origins of these differences and 
uncertainties entering the presupernova evolution will be dis- 
cussed in Paper III (Hashimoto and Nomoto 1989). 

b) Comparison to Abundance Observations in SN 1987A 
A direct comparison between the calculated abundances and 

observations suffers from two complications. The ejecta were 
still not completely optically thin in all wavelengths at the time 
when the observations (discussed below) were taken, and there- 
fore it is not certain if one sees the total mass of an element. 
Indications that the optically thin limit is attained come from 
an asymptotic constancy as a function of time, of observed line 
intensities. Other complications are given by the fact that only 
certain ionization stages are observed and assumptions about 
the temperature and density in the remnant are necessary for 
determining the total mass of a given element. Infrared obser- 
vations at various times after explosion (Rank et al 1989; 

Erickson et al 1988; Danzinger et al 1988; Aitken et al 1988; 
Terndrup et al 1988; Witteborn et al 1989; Bregman et al 
1989) led to the following mass estimates in specific ionization 
stages (in units of M0): Co, 0.0044 (280d), 0.0028 (370d), 0023 
(400d); Fe, 0.06 (280d); Ni n, 2.6 x 10~3 (260d), 3 x 10"3(415d); 
Ni i+ 11, 5 x 10'3 (415d); Ar n 9 x 10"4 (415d); Cl i, 
7.4 x 10"4 (370d); Ne n, 1.2 x 10~3 (370d); O i, 0.2 (376d); C i 
6 x 10" 3 (376d). Recent results by Danziger et al (1989) at 410d 

give vaues for C(0.072), 0(3.0), Si(0.102), Ar(> 0.0008), 
Ca(< 0.0105), Fe(0.098), Co(0.005), and Ni(0.0022). They are 
considered to be correct within a factor of 2-3. 

The Co and Fe abundances are consistent with 0.07 M0 of 
56Ni produced in the ejecta, which decays to 56Co and finally 
50Fe and is required for the late exponential decline of the light 
curve (Shigeyama, Nomoto, and Hashimoto 1988; Woosley 
1988; Arnett and Fu 1989). Ni isotopes or isotopes decaying 
into Ni with half-lives comparable to 260d or longer are not 
existing in nature, therefore the quoted values of 2.6 and 
3 x 10 ~3 in Ni ii and 5 x 10“3 in total Ni should be due to 
stable Ni isotopes and can be regarded as constant in time 
within their uncertainties. The total amount of Ni predicted in 
our model is 1.97 x 10-2 M0. Therefore, the present observa- 
tions, assuming that they see all of the Ni mass, put a serious 
constraint on the stellar model. The dominant contributions to 
58Ni and also 61*62Ni originate from the relatively neutron- 
rich zones inside 1.63 M0 (see 58Ni and 61,62Zn in Fig. 6). A 
smaller Ni abundance requires that less matter from these mass 
zones should be ejected. Then the mass cut has (1) either to be 
moved further out (which can be achieved by employing a 
stronger shock energy—together with the 56Ni constraint) or 
(2) the stellar model has to be altered. 

The first possibility would be equivalent to a mass cut at 1.63 
M0, but would also reduce the amount of 56Ni to 0.059 M0 
(the ejected masses after decay for this choice of the mass cut 
are given in Table 4; see also the discussion in § V and Fig. 12). 
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TABLE4 
Composition of Ejecta for Mass Cut at 1.63 M0 

M/Mg M/Mg M/Hg M/Mg 

d 
117 
cl2 
o!6 

ne20 
mg24 
si28 
s32 

cl35 
ar40 
ca42 
ca48 
ti48 

v51 
cr54 
fe57 
ni60 
cu63 
zn67 
ge70 

3.40E-17 
4.50E-20 
1.14E-01 
1.48E+00 
2.28E-01 
1.47E-01 
8.43E-02 
2.49E-02 
5.04E-05 
2.46E-09 
8.36E-06 
3.97E-17 
1.55E-04 
9.01E-06 
1.02E-08 
2.41E-03 
1.66E-03 
2.21E-06 
1.07E-07 
1.99E-13 

he3 
be9 
c!3 
o!7 

ne21 
mg25 
si29 9. 

s33 1. 
c!37 6. 
k39 2. 

ca43 1. 
sc45 6. 
ti49 3. 
cr50 
mn55 
f e58 
ni61 
cu65 
zn68 
ge72 

46E-19 
64E-18 
46E-07 
73E-09 
02E-04 
84E-02 
70E-03 
15E-04 
17E-06 
19E-05 
63E-06 
97E-08 
69E-06 
90E-05 
73E-04 
13E-09 
05E-04 
10E-06 
87E-08 
12E-19 

he4 2 
blO 2 
nl4 2 
o!8 8 

ne22 2 
mg26 
si30 
s34 

ar36 
k41 

ca44 
ti46 
ti50 
cr52 8 
fe54 2 
co59 8 
ni62 8 
zn64 1 
ga69 2 
ge73 1 

,10E+00 
73E-17 

,71E-03 
, 68E-03 
93E-02 

, 71E-02 
.30E-03 
.11E-03 
.09E-03 
.50E-06 
,09E-04 
,35E-06 
,72E-11 
.36E-04 
66E-03 

, 16E-05 
83E-04 
09E-05 
28E-11 

,12E-23 

ne 
bll 
nl5 
i 19 

na23 
al27 

p31 
s36 

ar38 
ca40 
ca46 
ti47 

v50 
cr53 
f e56 
ni58 
ni64 
zn66 
ga71 

5.10E-19 
6.47E-16 
4.40E-08 
8.63E-10 
1.17E-03 
1.59E-02 
1.13E-03 
2.51E-07 
3.05E-04 
3.28E-03 
3.78E-11 
2.81E-06 
2.26E-10 
8.05E-05 
5.88E-02 
3.84E-03 
8.60E-14 
1.96E-05 
5.45E-17 

This is marginably compatible with the observational limits of 
0.07 ± 0.01 Mg. An increased explosion energy could improve 
the agreement, because it causes a stronger shock and pro- 
duces a larger amount of 56Ni, also at larger radii. The dis- 
cussion in § VI, which includes the uncertainty of the 
supernova energy in an analytical approximation, results in a 
mass cut at 1.6 ± 0.045 M0, i.e., the error bar covers the 
number quoted above. A future paper will study the whole 
range of allowed supernova energies and its influence on the 
mass cut and ejected abundances with detailed numerical cal- 
culations. The second alternative would require a larger Ye in 
the innermost ejected zones, which needs an alteration of the 
stellar model, in this case either a smaller size of the convective 
O-burning shell and (or) a smaller degree of mixing of Si shell- 
burning products into outer layers. In fact, the outer boundary 
of the convective layer may not be determined that accurately 
because of a rather flat entropy distribution there. 

Ar is produced in our model with a total mass of 4.4 x 10“ 3 

Mg. Again it would be useful to know the population of Ar i, 
in order to compare the total abundance. We predict a total Cl 
abundance of 5.78 x 10"5. This is more than a factor of 10 
smaller than observed. However, Cl is one of the elements 
affected by the reduced network for the hydrostatic burning 
phases. Arnett and Thielemann (1985) performed hydrostatic 
core He-burning with an extended network and also followed 
the weak s-process component in core He-burning of massive 
stars. It turned out that substantial amounts of 36S and 37C1 
(and other intermediate mass nuclei) were produced by 
neutron captures of nuclei with A > 20. When generalizing 
their results for a 6 M0 He core, we expect about 3 x 10“4 

Mg of 37C1, which is in agreement within a factor of 2 of the 
observed value for Cl i. The lower limit for Si corresponds to 
30% of our predicted value (0.1). 

The early observed values of Ne, O, and C are much below 
our predictions. We assume in agreement with Terndrup et al 

(1988) that they represented only part of the total mass in the 
ejecta. However, the late observations provide a lower limit for 
C which comes closer to the predicted value of 0.114 (32%). 
Preliminary findings by Phillips (1988) that in total 1-2 M0 of 
O are observed in the ejecta are also comparable to the recent 
results by Danziger et al (1989), who determined oxygen 
values of 3.0 Mg. Dependent on the assumed temperatures the 
value is claimed to be correct within a factor of 2-3, which 
covers our prediction of « 1.5 M0. If these measurements can 
be further refined, they might contribute significantly to an 
indirect determination of the experimentally uncertain 12C(a, 
y)160 rate. The 18 M0 model of Woosley, Pinto, and Weaver 
(1988), which was calculated with two rates (Caughlan and 
Fowler 1988; Caughlan et al 1985) which probably represent 
the lower and the upper limit within the present uncertainties 
(Filippone, Humblet, and Langanke 1989), predicts 0.2 and 0.5 
Mq of 160, respectively. This would mean that probably 
stellar models with M < 20 M0 can be excluded as progenitors 
of SN 1987A and that the higher value of the 12C(a, y) rate 
should be preferred. A final judgement has to wait, however, 
for a more detailed evaluation of the observed O mass. 

c) Long-lived Radioactivities 
Besides 56Ni there are a number of radioactive nuclei which 

will decay on time scales of ms to 107 yr. Their detailed abun- 
dances can be obtained from Table 2. Here we want to concen- 
trate on only a few nuclei which, by a combination of their 
abundances and half-lives, can be of importance. These nuclei 
are 56Co, 57Co, 55Fe, 44Ti, and 22Na with total masses of 
0.075,4.17 x 10-3,2.65 x 10"4,2.09 x 10"4,and 1.01 x 10“7 

Mq, according to Table 2. For a compromise between the 
different choices of mass cuts, discussed above, we use here the 
masses associated with a 1.6 M0 mass cut, i.e., 0.07, 
3.23 x 10~3, 2.59 x 10"4, 1.23 x 10“4, and 1.01 x 10"7 M0. 
Generally, with the exception of 55Fe, the daughter nucleus— 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 



19
90

A
pJ

. 
. .

34
9.

 .
22

2T
 

No. 1, 1990 EXPLOSIVE NUCLEOSYNTHESIS IN SN 1987A. II. 233 

0 500 1000 1500 2000 
days 

Fig. 9.—Energy generation as a function of time after the supernova explosion, due to decay of long-lived radioactive nuclei. Solid lines include the total atomic 
Q-value; dashed lines exclude the energy in neutrinos, which will escape without energy deposition. The decay energy of55 Fe is only contained in neutrinos. Except 
for very early times, the bolometric light curve is identical with the curve labeled 56Co until 200-300 days, when the leakage of X-rays and gamma-rays becomes 
important. 

after beta-decay or electron capture—is produced in an excited 
state. The ground state is reached by one or several gamma 
transitions, which might be observed with gamma-ray detec- 
tors on balloons or satellites (especially GRO with its increased 
sensitivity). Photons, positron-electron annihilations after ß+- 
decays, and the kinetic energy given to the decay products can 
contribute to the light curve at later times. 

The number of photons released for each of the transitions, 
occurring in the daughter nucleus after beta-decay, is equal to 
the number of decays Nd, multiplied with the appropriate per- 
centage of the specific transition. The total energy released 
corresponds to the product of the number of decays with the 
decay g-value. This is expressed in the following equations : 

Nd(t) = - N(t) = ÀN0 exp ( - h) (3) 

È(t) = QN^t) = ßL/V0 exp (-At), (4) 

where A = In is the decay rate of the nucleus. The initial 
number of radioactive nuclei can be calculated from their total 
mass by N0 = M/Amu with A being the nucleon number of the 
nucleus; mu ; the atomic mass unit; and M, the mass from Table 
1. When using the half-lives of 78d76, 271d3, 2.7 yr, 54.2 yr, and 
2.602 yr, and atomic Q-values of 4.566, 0.835, 0.232, 3.919, and 
2.842 MeV, we obtain the energy generation rates in ergs s-1 

and the total number of decays per second as shown in Figures 
9 and 10. The Q-value used for 44Ti combines the subsequent 
decays of 44Ti and 44Sc. These ß-values contain the kinetic 
energy of the decay products, the energy in photons, the anni- 
hilation energy of positron-electron pans in /U-decays, and the 
neutrino energy. At densities prevailing in the expanding 
remnant, neutrinos will escape freely and their energy has to be 
subtracted, which leaves corrected values for the appropriate 
energy release of 3.695, 0.136, 0.0, 2.966, and 2.444 MeV 
(Lederer and Shirley 1978; Woosley, Pinto, and Hartmann 
1989), resulting in the dashed lines in Figure 9. Because the 
electron capture on 55Fe leads only to an energetic neutrino, 
there is no dashed line for 55Fe displayed in Figure 9. The 
gamma transitions for the other decays are the following 

(rounded to full percent values): 56Co, 847 keV (100%), 1038 
keV (14%), 1238 keV (68%), 1772 keV (16%), 2599 keV (17%); 
57Co, 122 keV (86%), 136 keV (11%); 44Ti, 78 keV (93%), 68 
keV (88%), 147 keV (9%), 1157 keV (100%); 22Na, 1275 keV 
(100%). If positrons from /?+-decay annihilate with electrons, 
the full ß-value deduced from atomic masses, but corrected for 
neutrino losses, becomes available and the resulting high 
energy photons as well as the ones from gamma transitions, are 
Compton-scattered and completely thermalized. Then the sum 
of the dashed lines in Figure 9 corresponds to the bolometric 
light curve of the supernova. Escaping high-energy photons or 
positrons at lower densities (and later times) will lead to a 
reduction of the light curve in comparison to these functions, 
as it has been observed after days 200-300 (see also Fu and 
Arnett 1989; Kumagai et al 1989; Woosley, Pinto, and Hart- 
mann 1989). From the display it can be seen clearly, that the 
light curve will be dominated as a function of time first by the 
decay of 56Co, and then 57Co and 44Ti, if we neglect possible 
radiation from a pulsar. 22Na never plays a dominant role for 
the light curve. At late times, when the high energy photons 
escape freely, Figure 10 can be used to calculate the photon 
flux (per cm2 and second) by multiplying with 3.34 x 10“48 

(distance Earth-LMC = 50 kpc) and the appropriate percent- 
age of the individual gamma-transitions, given above. A mass 
cut at 1.63 rather than 1.6 M0would reduce the lines for 57Co 
and 44Ti in Figures 9 and 10 to about 70% of their value. 

V. SUPERNOVA NUCLEOSYNTHESIS AND CHEMICAL EVOLUTION 

a) Comparison with Solar Abundances 
It has been customary to compare abundances of explosive 

nucleosynthesis events to solar abundances. We display such a 
comparison in Figure 11 (for a mass cut at 1.6 M0). It does not 
necessarily make sense when one wants to explain the (non 
solar) abundances in the LMC. Even in our Galaxy such a 
comparison is only meaningful, when nucleosynthesis results 
are integrated over the total mass range of type II supernovae 
and also over the Galactic age. Woosley and Weaver (1986) 
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0 500 1000 1500 2000 
days 

Fig. 10.—Decays per second of long-lived radioactive nuclei. With the exception of 55Fe, the decays lead to gamma transitions: 56Co, 847 keV (100%), 1038 keV 
(14%), 1238 keV (68%), 1772 keV (16%), 2559 keV (17%); 57Co, 122 keV (86%), 136 keV (11%); 44Ti, 78 keV (93%), 68 keV (88%), 147 keV (9%), 1157 keV (100%); 
22Na, 1275 keV (100%). If the photons escape freely (i.e., at late times), the photon flux at Earth in photons cm-2 and s -1 (50 kpc) can be obtained by multiplying the 
decay curves with the percentages for the individual transitions and 3.34 x 10_48. 

find, however, that when weighting the ejected mass of heavy 
element in Type II supernovae with the present initial mass 
function, the average supernova of importance for heavy 
element nucleosynthesis lies in the range of 20-30 M0. Super- 
novae in this mass range should therefore be most responsible 
for the abundance distribution in our Galaxy (although not 
each of them will produce average abundances). 

The ratios in Figure 11 are normalized to 28Si, which has an 
overproduction factor over solar of 25.2 within the 6 M0 He 
core. This translates into a factor of about 7.6 for the entire 20 
Mq star. Nuclei heavier than Si and P are on average produc- 

Fig. 11.—Composition of the supernova ejecta in comparison to solar 
abundances (normalized to 28Si). Only elements inside the 6 M0 He core are 
considered. Isotopes of each element are connected by lines. All elements 
lighter than P are dominated by nucleosynthesis during hydrostatic stellar 
evolution. Elements from S to Ni, which originate from explosive processing, 
show similar ratios within a factor of 2 or 3. The overabundances of 58’61,62Ni 
are strongly dependent on the position of the mass cut and come from regions 
with small Ye. 

ed by a factor of 2-4 less than 2 8 Si. This is similar to the results 
obtained by Woosley, Pinto, and Weaver (1988) for their 18 
Mq star. 28Si, while also produced in explosive O-burning, has 
large contributions from the zones of hydrostatic neon burning 
(60%), which are unaltered during the explosion (see Figs. 3 
and 2). Essentially all heavier elements originate from explosive 
processing. Thus the ratio between elements heavier than Si 
and P to lighter elements reflects mainly the size of hydrostatic 
zones to the explosively processed ones and is a function of 
stellar mass (and perhaps the methods used in stellar evolution 
calculations). The abundances of elements lighter than Si and 
P, i.e., C, O, Ne, Ma, Mg, and Al originate from hydrostatic 
burning phases in stellar evolution. The products of C- and 
Ne-burning have large abundances. The reason is the existence 
of an extended shell of combined C and Ne-burning, ranging 
from 1.8 to 3.7 M0 in the progenitor star (see. Fig. 10 in 
Nomoto and Hashimoto 1988). This is different from the 
results of Woosley, Pinto, and Weaver (1988) and the reason 
that in their case the carbon- and neon-burning products 20Ne, 
23Na, and 24Mg are not at the same level of overabundance as 
160 and 28Si. This zone contains large quantities of 20Ne and 
24Mg. Ne-burning destroys the C-burning product 23Na and 
produces a variety of other nuclei like 25Mg, 27Al, 29,30Si, and 
31P (Thielemann and Arnett 1985). Such a behavior is reflected 
in Figure 4. 

The ratio of 12C to 160 is closely linked to the “effective” 
12C(a, y)160 rate during core He-burning. This effective rate is 
determined by three factors: (1) the actual nuclear rate which is 
recently in doubt again (Kremer et al 1988; Filippone, 
Humblet, and Langanke 1989; Caughlan et al 1985; Caughlan 
and Fowler 1988); (2) the amount of semiconvection and over- 
shooting, mixing fresh He fuel into the core at late phases of 
He-burning, when the temperatures are relatively high and 
favor alpha-capture on 12C; and (3) the stellar mass which 
determines the central temperature during He-burning. The 
features seen in Figure 11 demonstrate that the star experi- 
enced a large 12C(a, y) rate as a result of all three effects. 

The products of explosive burning from S to Cu originate 
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Fig. 12.—The same as Fig. 11 for three different values of the mass cut: (a) 
1.53, (b) 1.63, and (c) 1.65 M0. This corresponds to 0.102,0.0059, and 0.047 M0 
of ejected 56Ni. Prominent differences can be seen for nuclei which originate 
from an alpha-rich freeze-out or mass zones with a larger neutron excess 
(M < 1.63 Mq). This is reflected in nuclei like ^Ca^Ti), 48Ti(48Cr), 
57Fe(57Ni), 58Ni, 61Ni(61Zn) and 62Ni(62Zn). The stable Ni isotopes seem to 
show the largest changes. Fig. 126 corresponds to the Ni abundances from IR 
observations. The observed Ni/Fe ratio and the amount of radioactive 56Ni in 
SN 1987A will determine uniquely the mass cut and the explosion energy. 

mainly from mass zones up to 1.8 M0. They fall well along a 
line of constant overproduction (within reasonable errors). The 
nuclei 58’61’62Ni which show large overabundances are pro- 
duced in form of the neutron-rich species 58Ni and 61,62Zn. 
Their production is strongly dependent on Ye and varies there- 
fore with the position of the mass cut between ejected matter 
and the remaining neutron star (see Fig. 12 for choices of 1.53 
Mq, 1.63 Mq, and 1.65 M0 and the discussion § IVh). Espe- 
cially for the Ni abundances, the position of the mass cut is 
crucial and one would expect lower mass Type II supernovae 
to eject more of these neutron-rich species. For a general dis- 
cussion of the composition of hydrostatic neutron-rich Si- 
burning, see also Thielemann and Arnett (1985). This could 
explain the observed very high Ni abundances in some super- 
nova remnant like the Crab (Henry and Fesen 1988), if they are 
not explained away by atomic or other effects. A few nuclei like 

36S, 37C1, 40Ar, 58Fe, and possibly some odd-Z nuclei, which 
are underabundant in Figure 11, are mainly produced by the 
weak s-process during core He-burning (Arnett and Thiele- 
mann 1985). They were not included in the network of 30 
nuclei for hydrostatic burning stages, and consequently their 
5-process contribution is neglected. 

Haxton (1988) and Woosley and Haxton (1988) examined 
the possible effect of inelastic neutrino scattering on explosive 
nucleosynthesis. Such an idea was already introduced earlier 
by Domogatsky and Nadyozhin (1977). Inelastic neutrino scat- 
tering can populate excited states which are unstable against 
particle emission and produce neighboring nuclei. Outside the 
neutrino sphere, the scattering events will be rare, and there- 
fore this process will be mostly of importance for nuclei with 
very small abundances, which are not produced otherwise. We 
did not include this effect in the present calculations. One of 
the major uncertainties with regard to its influence is due to the 
still uncertain supernova explosion mechanism. The effect of 
neutrinos, which pass mass zones before the shock wave 
arrives, will be wiped out by explosive processing in the shock 
wave. Therefore, only neutrino scattering after explosive pro- 
cessing will be of importance. Then the neutrino flux will 
depend strongly on the time elapsed since the core collapse, 
which can be 30 ms for a prompt shock or 1 s for the delayed 
mechanism, which will already lead to a substantial reduction 
of the neutrino flux. Thus the importance is not yet completely 
forseeable. The final answer is coupled to the solution of the 
supernova problem and the detailed evaluation of the cross 
sections for neutrino induced particle emission for all nuclei in 
the network. 

b) Chemical Evolution of Galaxies 
In stellar abundance determination and chemical evolution 

calculations of galaxies it is customary to use the quantity 
[X/Fe] = log [(X/Fe)/(X/Fe) G]. In Table 5 we compare the 
predictions for this 20 M© star to the average observed value 
for low-metallicity stars in the solar neighborhood with [Fe/ 
H] < — 1, which should represent an average value for Type II 
supernovae ejecta (see discussion below). The two columns 
represent the results for mass cuts between neutron star and 
ejecta at 1.59 M© and 1.63 M© and correspond to the abun- 
dances in Table 3 and 4. The observational values come from 
Carbon et al. (1987), Tomkin and Lambert (1984), Tomkin, 
Sneden, and Lambert (1986), Gratton and Sneden (1987), Luck 
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TABLE 5 
Comparison with Abundance Ratios 

of Low-Metallicity Stars 

Observed for 
Ratio Mc = 1.59 M0 Mc = 1.63 M0 [Fe/H] < -1 

[C/Fe]   -0.29 - 0.18 0.0 
[O/Fe]   0.49 0.60 0.5 
[Mg/Fe]   0.62 0.73 0.4 
[Si/Fe]   0.34 0.45 0.4 
[S/Fe]   0.00 0.11 0.5 
[Ca/Fe]   -0.07 0.03 0.3 
[Ti/Fe]   0.14 0.05 0.2 
[Cr/Fe]   -0.01 0.05 0.1 
[Ni/Fe]   0.63 0.26 0.3 

and Bond (1985), Hartmann and Gehren (1988), Magain 
(1987), and Francois (1986, 1988) and are nicely collected in a 
compilation by Gehren (1988) and also Wheeler, Sneden, and 
Truran (1989). The observational data show a scatter of 0.1- 
0.2. Before discussing the comparison between both sets of 
data, one should somewhat discuss their logical connection. 

We start Galactic chemical evolution at point i = 0 with a 
set of freshly born stars whose number as a function of stellar 
mass follows an initial mass function. The first events which 
contribute to heavy metal pollution will be the most massive 
Type II supernovae, due to their short lifetime, followed by less 
massive Type II supernovae and finally intermediate-mass 
stars (IMS; 1 < M/M0 < 9), which do not undergo explosive 
events but contribute via mass loss and planetary nebula ejec- 
tion, before turning into white dwarfs. For a given initial mass 
function, the rate of metal enhancement [Fe/H] as a function 
of time depends on the star formation rate. For reasonable 
choices within the solar neighborhood, Matteucci (1987), Mat- 
teucci and François (1989), and Mathews, Bazan, and Cowan 
(1990) find that the dividing line between Type II supernovae 
and intermediate-mass stars is located between [Fe/H] = — 3 
and — 2. This does not mean that only IMSs will contribute for 
[Fe/H] > — 2, massive stars will continue to form, evolve fast, 
and eject their debris into the interstellar medium, but IMSs 
will contribute at that metallicity for the first time. Type la 
supernovae have a more complicated origin. They are 
explained as exploding white dwarfs, which undergo central 
carbon ignition under degenerate conditions and total dis- 
ruption (Nomoto, Thielemann, and Yokoi 1984; Woosley, 
Axelrod, and Weaver 1984; Thielemann, Nomoto, and Yokoi 
1986). Among the possible scenarios, this ignition will take 
place when the more massive partner in a binary CO white 
dwarf system exceeds the Chandrasekhar mass due to CO acc- 
retion via Roche-lobe overflow (Iben and Tutukov 1984,1985). 
The time scale for such an event is given by the evolution times 
scales of two 5-9 M0 mass stars in a binary system, including 
the phases of common envelope evolution and gravitational 
radiation during the binary white dwarf phase, for getting close 
enough to initiate Roche-lobe overflow. The shortest evolution 
time scale for a close system of massive IMSs is a few times 
107-108 yr. In a simple chemical evolution model, that corre- 
sponds to [Fe/H] « — 1. 

Except for C, none of the elements listed in Table 5 have 
strong contributions from IMSs. Fe group nuclei are the main 
burning product of Type I supernovae, with smaller contribu- 
tions to Si-Ca. Type II supernovae are expected to produce 
some Fe and large amounts of O through Ca. Therefore, we 

only have to explore the influence of Type I and Type II super- 
novae on the time or metallicity [Fe/H] evolution of O/Fe 
through Ni/Fe. In O/Fe Mg/Fe, Si/Fe, S/Fe, and Ca/Fe, one 
sees a relatively constant ratio for low-metallicity stars for 
[Fe/H] from —2.5 to — 1, with the values quoted in the third 
column of Table 5. Then follows a decline to [X/Fe] = 0 at 
[Fe/H] = 0. Such a behavior is entirely explainable by the 
dominant contribution of Type II supernova to O through Ca. 
The decline from the average value for Type II supernovae to 
O is due to the large production of Fe in Type I supernovae for 
later times ([Fe/H] > — 1). Thus, we have a clear indication 
from observations that type II supernovae do not produce the 
entire amount of Galactic Fe. This is only true within a factor 
of 2-3, i.e., 0.3-0.5 dex, while the remaining part has to come 
from Type I supernovae (see also the discussion in Arnett, 
Schramm, and Truran 1989). The remaining open question is 
why the observed values of all ratios [X/Fe] seem to be con- 
stant from [Fe/H] = —2.5 to —1. This can be understood 
when we notice that the first contribution by a 30 M© star will 
be at — 3.9, for a 12 M© star this point is at — 3, and the lowest 
mass Type II supernova will contribute for the first time 
between —3 and —2. At each point in the evolution (t or 
[Fe/H]) we see the integrated contribution of all stars from 
Miow(i) to the upper mass limit of Type II supernovae Mup. 
With Mlow being equal to the lower mass limit of Type II 
supernovae for [Fe/H] somewhere between —3 and —2, we 
will find an averaged contribution over the entire mass range 
of Type II supernovae for all larger metallicities, which is 
reflected in the constant ratios. With future observations, 
which hopefully will be able to obtain measurements down to 
[Fe/H] = —4.5 (Beers, Preston, and Schectman 1990), we 
should be able to identify individual signatures of supernovae 
from a changing mass range Mlow(i) to Mup. 

It is therefore not hard to understand that an individual 
supernova, like SN 1987A, cannot explain the average values 
listed in Table 5. However, one can notice that O through Si 
behave close to the observed values. It is expected that more 
massive Type II supernovae show an overproduction of S 
through Ca which is comparable to O through Si. This can be 
deduced from the calculation for a 25 M© star by Woosley and 
Weaver (1986) or the calculation by Woosley, Pinto, and 
Weaver (1988) for a 20 M© star which still included an 
enhanced treatment of overshooting and therefore behaves like 
a more massive star. It is also expected that less massive super- 
novae contribute larger amounts of C (lower temperatures for 
He-burning) and lead to an average of [C/Fe] = 0. The values 
given in brackets, which correspond to a slightly different mass 
cut at 1.63 M© show that none of the ratios depends strongly 
on this choice, except for [Ni/Fe]. This might give an indica- 
tion that, dependent on the progenitor mass and the details of 
the explosion mechanism, one can expect widely varying 
values in different supernovae remnants. 

For the future improvement of chemical evolution calcu- 
lations, it is essential that explosive nucleosynthesis calcu- 
lations become available for the whole mass range of Type II 
supernovae. This might finally lead to an astronomical deter- 
mination of the 12C(a, y) rate. In this respect it is interesting 
that the calculations by Matteucci (1987) led to an enhanced 
[C/Fe] ratio for the metallicity range [Fe/H] > — 2 by the 
contribution from intermediate mass stars. Their yields were 
based on stellar evolution calculations by Renzini and Voli 
(1981) and the rate by Fowler, Caughlan, and Zimmerman 
(1975) which is about a factor of 2 smaller than the rate by 
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Caughlan et al. (1985) and close to the recently recommended 
value by Caughlan and Fowler (1988). This might be an indica- 
tions that the 1975 and 1988 values are too small, and the truth 
is probably closer to the 1985 value or in between. 

VI. THE NEUTRON STAR MASS 

Without a self-consistent explosion calculation and with an 
artificially induced shock wave, there is no way to predict the 
correct mass cut between the ejecta and the neutron star 
remnant. However, the amount of 56Ni deduced from the late 
light curve can be used as a constraint. When ejecting the total 
material in the Si zone, which underwent core or shell O- 
burning during the precollapse evolution and explosive Si- 
burning during the supernovae explosion, a total amount of 
0.14 M0 of 56Ni would come with it. This is in contradiction to 
the observed value of 0.07 ± 0.01 M0. In order to obtain this 
value, a mass cut at 1.6 ± 0.025 M0 is required in the given 
stellar model. In a prompt explosion the shock would originate 
further inside the star and produce a larger amount of Ni. The 
Ni inside 1.6 M0 would be required to fall back. This Ni would 
undergo electron captures and photodisintegrations in the 
neutron star on short time scales and not contribute to the 
decay heat, observable in the late-time light curve. In case of a 
delayed explosion, early calculations by Wilson et al. (1986) 
showed that the Fe core grows due to accretion by 0.2 to 0.3 
M0 for a 25 M0 star before the shock is revived, which was 
almost the entire Si shell in that calculation. In our case, the Fe 
core mass is 1.4 M0 and a mass cut at 1.6 M0 would therefore 
be a natural choice. For both scenarios (prompt and delayed 
explosions), our assumption would still be valid that the ejecta 
consist of material which was essentially unaltered between the 
onset of the collapse and the passage of the shock wave. 

The proto-neutron star with a baryonic mass of 1.6 ± 0.025 
M0 will release a binding energy of about 3 x 1053 ergs in 
blackbody radiation of neutrinos during its contraction to 
neutron star densities, which has been observed with the 
Kamiokande II and IMB detectors (Hirata et al. 1987; Bionta 
et al. 1987). The gravitational mass is then given by 

Mg = Mb- EhiJc2 . (5) 

For reasonable uncertainties in the equation of state, Lattimer 
and Yahil (1989) obtained a relation between gravitational 
mass and binding energy : 

/ M V 
£bm = (1-5 ± 0.15)^J x 1053 ergs (6) 

£bin = (0.0839 ± 0.0084)^J M0 c2 . (7) 

Applying equations (6) and (7) results in a gravitational mass of 
the formed neutron star of Mg = 1.43 ± 0.03 M0. This number 
does not include the uncertainties in the observed values of the 
explosion energy. While calculations are underway for a 
minimum and maximum value of £SN with the main focus on 
the effect on nucleosynthesis products, we want to use a few 
simple analytic arguments here, in order to estimate the 
resulting uncertainty in the neutron star mass. In § lib, we used 
the fact that in a radiation-dominated bubble behind the shock 
front, temperatures beyond 5 x 109 K, which characterize 
complete Si-burning and result in 56Ni as dominant abun- 
dance, were obtained within a radius of 3500 km for an explo- 

sion energy of 1051 ergs. This radius varies with the explosion 
energy as and therefore corresponds to 4090 km and 3110 
km for the maximum (1.6 x 1051 ergs) and minimum 
(0.7 x 1051 ergs) energy. In the 20 M0 model, this gives an 
uncertainty in mass of ±0.02 M0. When one moves the outer 
boundary of the zone in which 56Ni is the dominant burning 
product, the inner mass cut between ejecta and the neutron 
star has to be moved accordingly, due to the constraint on the 
total amount of ejected 56Ni. Thus the combined uncertainty, 
including the possible errors in explosion energy and 56Ni 
abundance, gives a baryonic mass of the neutron star of 
1.6 ± 0.045 Mq. This mass is also consistent with the value 
quoted in §§ IVb and Va; in order to avoid excessive abun- 
dances of stable Ni. Employing again equations (6) and (7), we 
obtain the result 

Mb = 1.6 ± 0.045 Mq , (8) 

Mg = 1.43 ± 0.05 Mq , (9) 

which is in close agreement with observed neutron star masses. 
It is also in agreement with the limits inferred from the neu- 
trino pulse, Mg = 1.3-1.5 Mq, Mb < 1.7 M0 (Burrows 1988). 
Such an analysis was possible for the first time because the 
mass of 56Ni could be identified in SN 1987A. It does, however, 
not include possible uncertainties of the stellar model. 

The remaining question is how much uncertainties in the 
stellar evolution model and the allowed mass range for SN 
1987A (19 ± 3 Mq) could affect the result. A 16 M0 star would 
produce a smaller neutron star than the 20 M0 model used in 
the present calculation. On the other hand, models with 
M <20 Mq cannot produce enough 160 to account for the 
observed abundances. The 18 M0 models of Woosley, Pinto, 
and Weaver (1988) give values only in the range for 0.24 to 0.4 
Mq, depending on the 12C(a, y) rate. Given the constraint that 
the mass of ejected oxygen is larger than that (Phillips 1988; 
Danziger al. 1989), we have to exclude models with M < 20 
Mq and the lower limits of equations (8) and (9) present the 
lower bound of the neutron star mass. We deduce the upper 
bound from the following discussion. As outlined in § Ilia, the 
neutron star mass is approximately MNSE — MNI, where MNSE 
denotes the mass included within a 3500 km radius and MNi 
the ejected mass of 56Ni (0.07 ± 0.01 M0) with some other 
neutron-rich iron-peak elements. MNSE depends on the presu- 
pernova density structure, which is most influenced by the 
location of the burning shell of carbon and oxygen. (The uncer- 
tainty of the Fe core mass due to mixing in the silicon burning 
shell is much less important for MNSE.) For stars as massive as 
20 Mq, a larger 12C(a, y) rate and a larger amount of over- 
shooting mixing at the edge of the convection zone would lead 
to a larger MNSE because of the smaller 12C abundance and the 
weaker C shell burning (Nomoto and Hashimoto 1988; 
Woosley and Weaver 1988). The 6 M0 He core model adopted 
in the present study assumes no overshooting (Nomoto and 
Hashimoto 1988), while model 20B by Woosley and Weaver 
(1988) includes overshooting, and both models assume the 
large 1985 12C(a, y) rate. The explosive nucleosynthesis calcu- 
lation for model 20B with ESN = 1.2 x 1051 ergs (Woosley, 
Pinto, and Weaver 1988) gives an upper limit for MNSE which is 
approximately 1.73 M0 (0.16 M0 of iron peak elements in the 
ejecta plus 1.57 M0 in the core with their choice of a mass cut). 
By taking into account the uncertainties of FSN, the upper limit 
to the baryonic mass of the neutron star would then be Mb ä 
1.7 Mq. This upper limit is somewhat “ soft ” as we do not have 
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comparable information for a 22 M0 star. Such a value is, 
however, consistent with the one inferred from the neutrino 
observations (1.7 M0; Burrows 1988). This upper limit is 
important with respect to the recent (but yet to be confirmed) 
observation of a pulsar in SN 1987A with frequency of 
v = 1.968 kHz (Kristian et al 1989). Friedman, Ipser, and 
Parker (1986) find maximum frequencies of an Mb = 1.4 M0 
uniformly rotating neutron star, before it becomes unstable 
against m = 3 and 4 modes, to be 1.58 kHz (very soft equation 
of state [EOS]; Canuto and Chitre 1974), 0.92 kHz (Bethe and 
Johnson 1974; intermediate), and 0.61 kHz (Pandharipande 
and Smith 1975; stiff). Thus, an Mb = 1.4 M0 neutron star 
could not withstand such rotation frequencies, even for the 
softest EOS. In order to be stable at frequencies around 2 kHz 
higher masses are required which depend on the EOS : v = 2.06 
kHz, Mg = 1.49 M0, Mb = 1.68 M0, M0>max(v = 0) = 1.36 M0 

(Canuto and Chitre 1974; very soft); v = 1.98 kHz, Mg = 1.66 
M0, Mb = 1.87 M0, M,)inax(v = 0) = 1.46 M0 (Arponen 1972; 
soft); v = 1.82 kHz, Mg = 2.14 M0, M& = 2.44 M0, 
M^tmax(v = 0) = 1.85 M0 (Bethe and Johnson 1974; 
intermediate). This means that with our upper limit of Mb = 
1.7 M0, Mg < 1.52 M0 from equation (7), only the softest EOS 
and slightly less soft EOSs would be allowed. In that respect, 
this observation (if it will be confirmed) would be of utmost 
importance to nuclear physics, putting severe constraints to 
the neutron star EOS. 

When taking into account that most recent mass determi- 
nation of the binary pulsar (Mg = 1.442 ± 0.003 M0 ; Taylor 
and Weisberg 1989) excludes the softest EOS (Canuto and 
Chitre 1974), because it allows only for a maximum gravita- 
tional mass for zero rotation of Mg = 1.36 M0; then only a 
very narrow margin is left for the neutron star EOS (see Fried- 
man, Ipser, and Parker 1989 for similar conclusions). Larger 
neutron star masses than mentioned here could be explained 
by accretion after the explosion (Woosley and Chevalier 1989). 
But such an effect would only be of interest for the present 
discussion when the accreted matter is completely mixed. 
Otherwise the matter would consist mostly of the innermost 
part of the initial ejecta, i.e., 56Ni, and the 56Ni constraint 
would still be valid and limit the mass to the previously dis- 
cussed values. 

VII. SUMMARY 

The 20 Mq model (6 M0 He core) by Nomoto and Hash- 
imoto (1988) was utilized to perform explosive nucleosynthesis 
calculations for SN 1987A with an explosion energy of 1051 

ergs. Explosive processing happens predominantly only within 
the inner 2.0 M0, while the outer layers are ejected, essentially 
unaltered. The products of explosive silicon, oxygen, neon, and 
carbon burning are discussed in detail and compared with IR 
abundance observations. An agreement within the observa- 
tional uncertainties is obtained. The comparison of predicted 
values for [O/Fe], [Ne/Fe], [Mg/Fe], [Si/Fe], [S/Fe], and 
[Ca/Fe] with those observed in low-metallicity stars with [Fe/ 
H] < — 1, which are expected to represent the average SN II 
production in the early galaxy before SN Ts could contribute, 
shows that only the values of [O/Fe] through [Si/Fe] can be 
matched. This is due to the small mass of explosively processed 
matter inside 2 M0. It is expected that higher mass stars with 

larger central density concentrations eject more processed 
material and lead to an average over the inital mass function, 
which can also reproduce the ratios of [S/Fe] and [Ca/Fe]. 

When excluding nonspherical effects in the explosion, we do 
not expect r-process nucleosynthesis to occur in a 20 M0 
supernova. In fact, the observed amount of stable Ni in the IR 
limits the amount of ejected neutron-rich matter to a minimum 
value, even for electron abundances as large as = 0.494, 
which are not at all neutron-rich enough to produce r-process 
nuclei. The constraints from radioactive 56Ni, which powers 
the light curve at late times, and the observed amount of stable 
Ni determine the explosion energy and the mass cut between 
the neutron star and the ejecta. We conclude that an explosion 
energy of slightly more than 1051 ergs is required and a value 
of the mass cut of M = 1.6 ± 0.045 M0. The sensitivity of the 
amount of stable Ni to the position of the mass cut lets us to 
expect a large variety of Ni/Fe ratios in different SN remnants, 
with larger ratios for lower mass remnants. 

Long-lived radioactive nuclei like 56Co, 57Co, and 44Ti will 
determine the late light curve and are produced in amounts of 
0.07, 3.23 x 10”3, and 1.23 x 10“4 M0. They also lead to 
observable gamma transitions which will provide a further test 
also of the isotopic abundances produced in SN 1987A. 

The mass cut of Mb = 1.6 ± 0.045 M0 (baryonic) relates to a 
neutron star mass of Mg = 1.43 ± 0.05 M0, after subtraction 
of the neutron star binding energy. When including uncer- 
tainties in the stellar model, the lower limit does not change, 
based on the present oxygen observations of SN 1987A. If 
future observations would reduce the mass estimate for 
oxygen, the progenitor’s mass and thus the mass of the neutron 
star could be smaller. The upper limit can be increased to 
Mb = 1.7 Mq and Mg = 1.52 M0, when considering uncer- 
tainties in the 20 M0 presupernova model. This upper limit is 
somewhat uncertain, because similar calculations for slightly 
larger masses (still covered by the uncertainty range for the 
progenitor of SN 1987A) are not available. If the observed 
pulsar period of 0.5 ms would be confirmed and is due to 
rotation, this will set—together with the mentioned neutron 
star masses—severe limits to the nuclear equation of state, 
requiring a very soft EOS in between the ones by Canuto and 
Chitre (1974) and Arponen (1972). 
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