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ABSTRACT

Population I stars of 15 MG and 25 Mo have becy evolved from the zero-age
main sequence through iron core collapse utilizing a numerical mudel that
incorporates both implicit hydrodynamics and a detailed treatment of nuclear
reactions. The stars end their precupernova evolution as red supergiants with

13 cm and 6.7 x 10]3 cm, respectively, and

photospheric radii of 3.9 x 10
densfty stre ‘res similar to those invoked to explain Typre Il supernova

light curves on a strictly hydrodynamic basis. Both stars are found to form
substantially neutronized "iron" coras of 1.56 M9 and 1.61 Mo' and cantral
electron abundances of Q.427 and 0.439 moles/g, respectively, during hydroctatic
silicon burning. Just prior to collapse, ‘he abundances of the elements in

the 25 M, star {excluding the neutronized jron core) have ratios strikingly
ciose to their solar system values over the mass range from oxygen to calcium,
while the 15 M  star is characterized by large enhancements of Ne, Mg, and Si.
[t is pointed out an nucleosynthetic grounds that the mass of the neu.ronized

core must represent a lower limit to the mass of the neutron star or Llack hole

remnant that stars 1n this mass range can normally pruduce.

*Work performed under the auspices of U.S. DoE under Contract No. W-7405-Eng-4B.
* Work performed in part under NSF Contract No. AST 76-10933.



[. INTRODUCTION

In this paper we report the first detailed calculations of the evolu-
tion of complete 15 and 25 M8 population I stars from the zero-age main
sequence through iron core collapse. Unlike most previous studies of advanced
stellar evolution {especially post-neon burning), we have calculated the
structure of entire stars instead of just helium, carbon, or oxygen “cores”
{c.f. Arnett 1972 abc, 1973a, 1974ab, 1977; Barkat 1971; Ikeuchi, et al. 1971,
1972; Sugimoto 197D, 1971; and Rakavy, Shaviv, and Zinamon 1967}, and have
given very careful consideration to the quite complex nuclear processes that
characterize the final evolutionary stages.

Inis work represents the first step of a comprehensive program to
calculate both the hydrostatic and explosive phases of the evolution of massive
stars {10-50 Me) and to predict in detail the isotopic abundances that result.
The long-term aim is tp achieve a self-consistent and, as far as possibla,
parameter-free synthesis hetween stellar evolution and the various nuclear
pracesses believed responsible for the production of the chemical elements.

The primary purpose of this paper is ta present the configurations of

the 15 and 25 Me stars at the beginning of cure <ollapse and to discuss their

implications for nucleosynthesis and the supernova explosions thought to follow.

In a subsequent series of papers, we will discuss in greater detail both our
dynamic stellar model and the variovs stages of hydrostatic nuclear burning,
including extensive comparison with previous work and additional results for

10, 20, 35, and 50 Mg stars
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11. HYDRODYNAMIC STELLAR MODEL

In order to study both the static and dynamic phases of stellar

evolution, an implicit hydrodynamics computer code (KEPLER) has been developed
which integrates the equations of motjon and heat transfer assuming spherical

symuetry and consequently the absence of rotation and magnetic fields. These

eyuations, when expressed in Lagrangian (co-moving) coordinates, and using

the mass interior to a given radius, m, as the independent variable, take

the form:
OV . g2 2P Gm, B 30
F Anr o + o (4]
de . gup 2 (yr2 IO
&= 47|Pam(vr)+4w03mlr) s (2)

where 1 is the radius; v - dr/dt, the velocity; P, the pressure; e, the
internal energy per unit mass; Q, the artificial viscous stress required
to treat shock waves (c.f. Richtmyer 1957); L, the rate of energy flow
{luminosity) through a shell of radius r{m); §, the Tocal eneray generation
rate per unit mass; and G, the gravitational constant.

The implicit solution of these equations requires that ome express
these various quantities in terms of the dependent variables p (demsity),
T (temperature), and L, linearize the resuiting equations, and solve them
in forward-time-differenced form for the changes in o, T, and L during
time interval At. 1In general, this procedure involves calculating the
partial derivatives of P, €, $, and L with respect to density and temperature
(with material composition held constant), and iterating until the full
non-linear equations are satisfied. Changes in composition due to convective

mixing and nuclear burning are then calculated explicitly using the converged



values of p and T. This procedure is analogous to the quasistatic relaration
method employed by Henyey, et al. {1953, 1964) and yields the correct hydro-

static and thermal equilibrium solutions when the time steps taken are large

campared with the characterictic equilibration times.

The equation of state employed to relate pressure and energy to the
temperature and density aliows Tor electrons and positions of arbitrary
relativity and degeneracy {in the perfect gas approximation), using Divine's
{1966} apprcximation to evaluate the necessary relativistic Fermi integrals.
This approximation becomes exact in the limits of extreme (non)degeneracy
and (non)relativity and introduces an error of at most 0.3% in the inter-
mediate regime. The ions are treated as a nonrelativistic perfect gas with
allowance made for nuclear degeneracy, while the radiation field is assumed
to be in local thermodynamic equilibrium. Ionization and ﬁressure jonization
are includad using a simplified "average atom" model which suffices to give
a good approximation to the electron ‘pressure.

The radiative and conductive opacities are calculated using the analytic
prescription of Iben {1975) based on the results of Christy {1966), Cox and
Stewart {1970ab), Camuto (1970}, and Hubbard and Lampe (1969}, except that a
new fit to the Compton scattering opacity was made to include the effects
of degeneracy and relativity.

An innovative time-dependent method of treating convection and semicon-
vection has been employed which uzes standard mixing Yength theory {c.f.
Clayton. 1968} to caiculate the heat flux and average velocity (vc) of a
canvective element, using a mixing Tength (£) equal to the pressure scale
height. Mixing of ion species abundances (Yi) in a convective reqion is

performed by solving the time dependent diffusion equation given by:
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where the diffusion coefficient, D, is given by D = Dc = vCE/B when the material
is convective by the Ledoux (demsity gradient) criterion, by D = Dg =g, D Dp/
(DE+DR) when the material would be convective by the Schwarschild {temperature
gradient) criterion but not by the Ledoux criterion, and is zero otherwise.
Here DR 15 tne radiation diffusion constant and Q. is an adjustable parameter
which has been taken as 0.1. Non-convective spatial zones immediately adjacent
to convective regions are also slowly mixed on the order of 4 radiation
diffusion time sce . to approximately allow for the effects of conve-tive
overshoot, and in particular, to allow fur cases where such overshoot causes
convective regions to grow. Convective heat transport is assumed to occur
only when the material is convective by the Ledoux criterion.

This prescription reflects the physical fact that a medium is only
dynamically unstable to convection if the Ledoux criterion is satisfied
(i.e., when the buoyancy force acting on a mass element overbalances gravity),
wrile a region that would be “convective" by the Schwarzschild but not the
Ledoux criterion {due to composition gradients) can at most be characterized
by & sgcylar instability that grows into a dymamic instability over a time
longe~ than the thermal (and thus radiative) diffusion time (c.f. Speigel 1369).
Indeed, only fully established (Ledoux) convection can be expected to carry a
significant amount of convective heat flow. This prescriotion aiso allows
implicitly for what is usually termed "semi-convection” by causing the
composition gradients to be naturally and dynamically adjusted toward a
condition of convective neutrality in (“semi-convective") regions where
partial material mixing is sufficient to quench convection due to changes

in the opacity or molecular weight gradients.



Nuclear reactions are treated using two distinct networks. The first is
a flexible 19-element (B2-reaction) network capable of efficiently generating
accurate nuclear energy generation rates for nuclear processes ranging from
hydroger burning to the beginning of hydrostatic silicon burning. This network

includes: ', He, e, 1%, Ty, o0, Pne, Py, Bsy, g, pe, A0y, Mgy,

98

Re,
cr, 52Fe. 54Fe. 56N1', protons (from photodisintegration), and neutrons.
In addition, fiows proceeding through the elements 2/a1, O, 3¢y, 3%, g,
47v, 5]Mn, Ssto, 53Fe, and 2H are included implicitly, by assuming that their
abundances are in steady state with neighboring nuclei. Except for 2H. these
reactions involve (.,p). (p,¢) links between adjacent a-particle

nuclei, and are included in the network as augmented (a,Y) links. Thermal

neutrino losses are calculated using the fit given by Beaudet, Petrosian, and
Salpeter {1967; henceforth BPS) while the general nuclear Coulomb screening pre-
scription of Graboske, OeWitt, Grossman, and Cooper (1973) (which is accurate in the
weak and intermediate screening cases of present interest) was used. Most
of the strong and electromagnetic rates emplayed are due to Fowler, Caughlan,
and Zimmerman (1975} and Woosley, et al.(1975).

In order to accurately treat the complex neutronization process that
occurs during hydrostatic silicon burning, a 121-isotope network was employed
under conditions where the nuclear abundances could be reasonably represented
by a quasi-equilibrium (QSE) distribution (see Bodansky, Clayton, and Fowler,
1968). The rate of change of the electron abundanée (Ve)’ and thus the degree
of neutronization and associated neutrino loss rate, is calculated from
Mazarek's (1973) electren capture rates where available {81 cases), and
otherwise from those of Hansen {1966), if possible (21 cases). In addition,
elactron decay rates for 63 isotopes and positron decay rates for 83 isotopes

ire taken into account usisg Hansen's {1966) rates, and accurate fits are



used for the electron capture rate on free protons and the positron capture
rate on free neutrons {Tubbs 1977). The QSC network isotopes included are: n,
3'5He. 5L1. IZC' IGU' :aﬁd' 23Na. 24'26Mg, 27'25A1, 28'305i. 3]'33P, 32-?45‘
35-37“' 35‘40Ar. 39-43'(. 40'44’46’48&1, 43'495c, 44-52.”‘ 47'54\/. 48-56'”’
5]'58Mn, 52"ﬁzFe, 5a'“Cn. 56-“Ni, 59Cu and EOZn. The fits of Holmes, et al.
(1976) to the temperature dependent nuclear partition functi~ns, and the
nuclear binding energies given by Wapstra and Bos (1976) are incorporated

in the QSE calculation; and a natural transition to full nuclear statistical
equilibrium is provided. This QSE met.ork should be adequate to yield

accurate abundances for 0.5 > Y, > 0.43, ¢ 5_1012 gfcc, and T < IOIO’K.

H,



111, _RESULTS AND DISCUSSION

The initial composition (by mass) of the 15 and 25 My stars was taken
to be 70% H, 28% He., and 2% heavy elements in proportions given by Cox and
Stewart's (1970ab) Population I element mix. The initial configuration was
a "cloud” with a meén density of 0.5 g/cc and a temperature profile adjusted
to give hydrostatic equilibrium. The results are insensitive to the initial
thermodynamic configuration, and the stars gquickly relax to their well-knowr
zero-age main sequence structures.

Table T summarizes the subsequent evolution of these stars through the
various stages of “hydrostatic“ nuclear burning. In general, our results
through He burning agree quite closely with those of Lamb, Iben, and Howard
(1977), but do not agree well with those of Endal (1975ab). A direct comparison
with Arnett's {1972abc, 1973a, 1974ab, 1977} helium core models is difficult
to make, but the 15 M_ star is qualitatively similar to Arnett's 4 M, He core,
while the 25 ¥, star roughly corresponds to his 8 M_ He core.

Figures 1, 2, and 3 show the compasition and thermodyramic structure of
the 15 and 25 M stars at a point early in iron core collapse when peak
collapse velocities have reached % 1000 km/sec. The core collapse is a natural
result of the preceding evoluation and is in no way artificially induced.

The salient features of those presupernova models are discussed in the
following sections.

a) QOemsity Structure

The general structure of both presupernova stars is that of a red
supergiant with a high density mantle W3x1010 cm in radius surrounded by a

very Tow density envelope with a nearly constant o % 10'? g/ce and T A 0%k



which extends out to the photaspheric radius of EI.B):]O]3
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cm (15 M,) or
6.7x10°° cm {25 HQ). This is quite similar to the density structures which
Falk and Arnett (1973, 1977) and Chevalier (1976) have invoked to explain

Type I1 supernova light curves on a purely hydrodynamic basis. The structure
of the envelopes of these stars has been essentially frozen since the beginning
of carbon burning, when neutrino losses replaced photospheric emission as

the stars' dominant energy sink and dramatically increased the speed of the

cores' evolution.

b)  Shell Structure
It is evident that both stars have evolved into an "pnionskin"
structure with distinct H, He, C, Ne, 0, and Si burning shells. These
shells are typically convective, and are separated by sufficiently sharp
density (entropy) gradients to prevent convective material mixing between

them.

¢) Hydrostatic Neutronization

Hydrostatic silicon burning occurs over a sufficiently long time
scale that the iron peak elements that vesult are substantially neutronized
by electron capture during the burning itself. The resulting "iron" cores
have masses of 1.56 L8 and 1.61 Mg+ and central electron abundances of
0.427 and 0.439 moles/qg, raespectively, for the 15 and 25 M@ stars. Note that
this 1s already below the range of Ye far which Epstein and Arnett (1975)
studied neutronization during core collapse. The composition is dominated
4 B 66N1, 54Cr, and SOTi near the

by very neutron-rich species such as " Ca

center and gradually shifts through progressively less neutron-rich species,

dominated successively by 58Fe, 56Fe, and 54Fe, as one praceeds outward.
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The region around Ye = 0.46 where 56Fe is the dominant iron peak constituent
{as it is observed to be in the solar system} covers at most a few teriths of
a solar mass, while non-neutronized iron (Ye = 0.50, i.e. 56Ni or 54Fe + 2p),
which beta decays naturally to the observed iron abundances, is present only
in the narrow flashing regicn of the 25 M, star's silicon shell located at
m=1.65 MG. The disc.ntinuities in composition and Ye at an interior mass
of apprnximately 1 Mo are a fossil remnant of the outermost extent of the central
convective region during core silicor burning, and similarly the abrupt fall
in Ye at the edye of the iron tore represents the outermost extent of the
convective region associated with shell silicon burning. It is important

to note that this convective mixing has allowed the iron cores to grow
substantially beyond the Chandrasekha} mass (¥ 1.2-1.3 M, for the current

Ye profiles) before collapse. The general character of these results

appears relatively insensitive to the choice of electron-capture rates.
Specifically, a test case in which Hansen's {1966) rates were used instead

of Mazarek's (1973} rates to evolve the 25 Mo star still resulted in

Ye < 0.44 in the core, a similar convective structure, and silicon shell

54Fe. Another interesting feature of concurrent silicon burning

burning to
and neutronization is that a substantial amount of energy (typically 2-5
times ihe normal convective energy flux) is transported outward by convective
mixing of short-lived radioactive species (particulariy 56N'l) which provide

thermal heat input upon decay.

d) Collapse Energetics
It is apparent from Figures 1 and 2 that photodisintegration of the

iron-peak elements to alpha particles provides the dominant source of core



energy loss during the early stages of collapse. Neucrino losses due to
neutronization and thermal plasma (BPS) processes are about a factar of 30
and 1000, rospectively, less important, and the 'e profile has not yet changed

significantly from its hydrostatic value.

e) Nucleosynthesis

Figure 6 shows the enhancement of the presupernova elemental
abundances relative to Cameron's (1973) solar system abundances. The
contributions of the neutronized iron cores, which are presumed to collapse,
have been oritted. 1t is apparent that for the 25 MB star the elements between
oxygen aad calcium are uniformly enhanced by a factor of about 35, while carbon,
nitrogen, and the iron peak elements are relatively underproduced in both
stars. The 1§ MB star is predcminantly enhanced in Ne, Mg, and Si {by a factor
of - 30), but curiously produces C, N, and ' iv their relative solar system
ratios, although with an overall eahancement of only 5.5.

In grder to make any compelling connections between these stellar
abundances and observed solar system abundances, it is necessary to consider
the effects of explosive nuclear burning, the position of the "mass cut”
between ingoing and outgoing material in the supernova explosion, and the
relative population of these and other stars in the galactic disk. While
these issues will be addressed in detail in future calculations, the following

preliminary gbservations can be made:
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i} [xplosive Nucleosynthesis. While the abundances vf elements

between oxygen and calcium in the 25 M, star cluster around an enhancement
factor of 35 within the probable factor-of-two errors in the solar abundance
determinaticns, it is evident that there is a systematic trend for the
lighter elements to have larger enhancements, and that except for neon (whose
solar abundance is particularly uncertain), the ratios between adjacent mass
elements agree with their solar ratios to within about 20%. If not balanced
out by contributions frum different mass stars, this trend may indicate the
magnitude of the role explosive nuclessynthesis will have to play in order to
"level” the post supernova abundance distribution into precise agreement with
salar values. It is well warth noting in this regard that while neither

star has yet made much non-neutronized iron (i.e., iron of acceptable solar
isotopic composition) at the early collapse stage shown in Figures 1-2, the
25 M, star contains an actively burning siticon shell that produces about

56Ni and 54Fe + 2p as the core collapse continues. This "implosive

0.15 Me and
nucleosynthesis" increases the relative iron abundance to the point indicated
in Figure 6 by the circled star, and almost certainly persists to become
explosive silicon burning during‘the core expansion that must follow if this
material is to be ejected into the interstellar medjum. Such behavior suggests

strongly that mass 56 is synthesized as 56N1, not %,

Fe, with resultant implications
for y-ray astranomy (Clayton, Colgate, and Fishman, 1969).
For reasonably strong outgoing shock waves (Es 3 105] ergs), some explosive
oxygen and perhaps neon processing also seems likely on the basis of preliminary
“catculations. The nucTepsynthesis that occurs in the extensive regions rich in
N2, 0, and Mg with a few per cent € will be particulariy interesting (the moreso
for having been almost completely unexplored to date). A collaborative

effort is currently under way to use the presupernova models
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given here as the initial input for Wilson's (1971, 1974, 1977ah) detailed
supernova core computer code. After the core's evolution has been followed
through collapse, bounce, and {hopefully) outward;going shack wave farmation,

the core conditions will be “linked" back into KEPLER to calculate the

ensuing explosive nucieosynthesis. This should represent an enormous improvement
over past calculations that employed simple parameterized representations of

the density and temperature history (c.f. Woosley, Arnett, and Claytan 1973

and Arnett 1973b).

ii) Supernova Remnant Mass. The neutronized iron cores present

Squ and

in both the 15 and 25 M0 star contain such a large quantity of
rare highly neutronized iron peak species that, in order to prevent massive
overproduction of these isotopes, virtually the entire core must normally
ccllapse to form a neutron star ar black hole reanant. Specifically. in order

£ 54,

for the enhancement factor o Fe not to exceed 35, less than 0.03 Mo

of the material just inside the core boundary can be ejected on the average.
These nuc)eosynthetic considerations inus set a fairly high lcwer limit on

the mean mass of the supernova remmants formed by stars in this mass range,
and, indeed, the similarity of the 15 and 25 MB cores suggests such a lower

limit may apply over a much wider mass range.

ii1) Relative Stellar Contributions to Nucleasynt'esis. Mhen the

neytronized fron cores are omitted, one sees from Figures 1 and 2, that the
25 M star can potentially eject 6.2 M of heavy (Z > 2) elements into the
interstellar medium, whereas the 15 Mo star can eject at most 1.1 My Using

the Salpeter (1955) initial stellar mass function, nne finds that 15 Me
-1.35

= 2 more frequently than

stars are "born"” roughly a factor of (15/25)




25 Ma stars. It thus appears that 25 MB stars potentially account for about
a factor of 3 more heavy element praduction than 15 M0 stars, which is
encouraging given their more closely solar abundance ratios,

Carbon and nitrogen are underproduced in both stars studied here, and
ane may need to invoke production cf these species in lower mass stars
where they might be injected into the interstellar medium by convective mixing
and mass loss as suggested by the planetary nebula ohsesvations of Shields (1978).
Other possibilities include invoking a mass cut just inside the helium-burning shell
for some restricted mass range or type of mas;ive stars, or ejecting unprocessed
carbon in lower mass supernovae (M < 8 ”n, that ignite carbon burning

degenerately [Arnett 1969; Chechetkin, et al. 1977).
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except the time scale which is the period between successive ignitions.

the 15 MG star is listed Tirst in each case.
+Exc]uding neutrino losses during hydrogen burning.
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Stage
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Fiqure 1.

Figure 2.

FIGURE CAPTIONS
The compositinon (a) and thermodynamic structure (b) of the
15 Me star at the beginning of core collapse. In the inner
1.56 MB, where the QSE network was employed, the curve labeled
56N1' includes all iron peak species with & % 27, 54Fe, all those
with A ¥ 2(Z+1), and "Fe", all other JSE network elements with
Z>22 (e.g. 56Fe. SBFe. etc.). Note that the densitv and
temperature profiles are plotted such that the curves will

3

maintain constant separation for the case p = T°. Here

-57 is the total local enmergy loss rate due to both neutrino
emission and nuclear photodisintegration, §w is the total
neutrino energy loss rate, and éuP is the neutrino energy loss
rate due to the thermal plasma processes given by BPS. The
nuclear energy generation rate profiles for the various nuclear
burning shells are Tabeled éN and the principal nuclear fuel is
indicated. Al1 energy generation and loss rates share the
common scale denoted by 5. Active convective regions are
indicated by striped bars, while semi-conductive and
convectively neutral regions are shown as outlined bars. In
this figure, R, Teff’ and L denote the photospheric radius,

effective temperature, and optical luminosity, respectively.

The composition {a} and thermodynamic structure {b) of the
25 Me star at the begirning of core collapse. All notation
is the same as that of Figure 1, except that the QSE network

was employzd in the inner 1.61 Ma of the star.



Figure 3.

Figure 4.

Electron abundance (Ye) and collapse velocity (v) profiles at the

beginning of core callapse.

Elemental enhancement factors reilative to hydrogen at the beginning
of core collapse, assuming all radioactive species have decayed.
The enhancement factor is defined as: (MZ - AMZ])/M” Rz »
where MZ is the total mass of element Z in the star {excluding
the neutronized core), HH is the total mass of hydrogen, RZB

is the ratio of the solar mass fraction of element 2 to that

of hydrogen as given by Cameron (1973), and AMzp = My - MurRyg
where HHI is the initial mass of hydrogen in the star and MZI'
the initial mass of element Z. The AMZI term is only important
for small enhancements and corrects for enhancements resulting
from differences between the initfal stellar abundances and
Cameron's solar abundances. Note that enhancements arise

due to both the production of the element involved and the
depletion of hydrogen relative to its initial value (by factors
of 0.65 and 0.51, respectively, for the 15 and 25 Ho stars).
The symbol <Fe> denotes iron peak elements, and the circled
star shows the results of implosive silicon burning in the

25 My star.
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