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ABSTRACT

We calculate with a large nuclear reaction network the nuclear dynamics associated with the expan-
sions and cooling of initially hot and dense matter. We study matter with neutron excess near that of
48Ca, because one objective is to clarify the nucleosynthesis of that abundant neutron-rich nucleus,
whose origin has been enigmatic. Expecting that supernovae provide the site of its origin, we take initial
temperatures near T, = 10 but survey a wide range of initial densities, corresponding to a wide range in
initial entropies. The highest entropies are probably associated with winds from newborn neutron stars
in Type II collapse events, whereas the smallest entropies are probably associated with very high density
Type Ia cores. Our survey objective is the analysis of the dynamics of the nuclear assembly as it cools,
and how the correct description of it depends on the specific entropy.

We show that resultant abundances of neutron-rich nuclei are very poorly represented by nuclear sta-
tistical equilibrium (NSE). The deviations from NSE are governed by the number of heavy nuclei
assembled during the expansion, which differs significantly from the number demanded by NSE at both
high and low entropy. High-entropy expansions are shown to contain too few nuclei, with the result that
“8Ca cannot survive the expansion even though it would be expected to be abundant using NSE guide-
lines. Low-entropy expansions contain too many nuclei with respect to that guideline, with the result
that 48Ca is more abundant than expected. In this case it is especially significant that the ratio of “8Ca
to other major neutron-rich nuclei (e.g., °°Zn, 82Se) is substantially greater than NSE guidelines, which
ameliorates overproduction limits from the latter. We show, furthermore, that the “®Ca nucleus itself
plays a key role in the nuclear dynamics. In the low-entropy expansion, which is the one to which we
must look for “®Ca origin, abundant “8Ca is a refractory post, a local abundance maximum, with quasi-
equilibria attached to it in both the upward-mass direction (setting their abundances) and in the
downward-mass direction (setting the disintegration rate of “8Ca, which governs the attempt to relax to
NSE).

Although understanding the network is our key result, we discuss some immediate consequences of
astrophysical importance. We argue that Type Ia cores must be the site of origin of “3Ca, and track one
dense explosion of an oxygen-neon core to show that it adjusts its neutron richness during the burning
to values similar to those in our survey (5 = 0.17) and that the network dynamics are identical to those
identified in our survey. We also discuss significant implications for the correlated endemic isotopic

anomalies in neutron-rich isotopes discovered in calcium-aluminum-rich inclusions from meteorites.
Subject headings: nuclear reactions, nucleosynthesis, abundances — supernovae: general

1. INTRODUCTION

The abundance and origin of “®Ca is one of the long-
standing puzzles of nucleosynthesis. The solution of that
puzzle will provide a sensitive diagnostic into the circum-
stances of the synthesis event. This nuclide is very abun-
dant: N(*®Ca) = 114 on the scale N(Si) = 10° (Anders &
Grevesse 1989). It is 47.5 times more abundant than “5Ca,
the next-to-heaviest stable isotope; and it is even more
abundant than 43Ca, which is synthesized in the great main
line of oxygen and silicon burning in supernovae (e.g.,
Weaver & Woosley 1993). It has 30% the abundance of
prominent #2Ca. It is not a rare nuclide.

48Ca is also an extraordinarily neutron-rich species. It is
the only stable nucleus below (and including) Fe that carries
8 excess neutrons. It is among the most neutron-rich nuclei
known [N—Z is £ of N + Z; ie., n(**Ca) = 1]. One must
search up to ®*Ni before encountering another nuclide
having 8 excess neutrons. The next naturally occurring
isotope with # > % is 8?Se. One then searches up to °%Zr
(two *8Ca nuclei!) to find the next stable nucleus with # as
large as %, and up to ''°Cd, an r-process species, to find the
next naturally occurring species with n > &.

The extraordinary properties of *8Ca are possible, of
course, because calcium (Z = 20), a proton-magic element,
is just able to reach neutron magic (N = 28) in the stability
field. This doubly magic structure causes the binding energy
per nucleon of “8Ca to exceed that of *°Ca and **Ca, and
indeed of every isotope within all elements of lower atomic
number! Five different elements (Ca, Ti, V, Cr, and Fe) have
stable isotopes carrying 28 neutrons, a feat that does not
recur until the magic N =50 closed shell. Of the five
N = 28 nuclei, “8Ca is the lightest, with the heaviest (**Fe)
having a whopping 6 additional protons. The relatively
large abundances of the N = 50 closed-shell nuclei can be
attributed to the s-process of neutron capture; but this is
not possible for “8Ca, owing (among other things) to the
48-fold smaller abundance of #°Ca, from which it must be
generated on a slow-capture timescale. In their famous for-
mulation of nucleosynthesis, Burbidge et al. (1957) attrib-
uted “8Ca to the r-process, which creates neutron-magic
abundance peaks away from the line of beta-decay stability.
Sensing that idea not to be quite right, Cameron (1979)
attributed it to neutron-rich silicon burning, a process that
appears not to occur anywhere. Hartmann, Woosley, & El
Eid (1985) therefore turned to the neutron-rich e-process
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(nuclear statistical equilibrium [NSE]) in search of a source
for 48Ca. Although *®Ca was shown to have mass fractions
as large as X(“®Ca) = 0.1 for neutron excesses near % (to
match *8Ca), the overall situation is perilous. At neutron
excesses as small as 3, the ®°Zn overabundance would
exceed that of “8Ca by a factor of 6, and for neutron
excesses as great as %, the 82Se overabundance would
exceed that of “8Ca by a factor of 8. Other such problems
exist in superpositions of matter in NSE having differing
neutron richnesses.

The approach of this paper is to abandon reliance on
nuclear statistical equilibrium and to examine the role of
48Ca in expansions and cooling of very hot matter. We will
show that it plays a significant role in the nuclear dynamics
of neutron-rich expansions. What we will find is that for
relatively fast expansions, such as have been found useful in
understanding the origin of the r-process nuclei in hydrody-
namic outflows (winds) from newly born neutron stars at
the cores of Type 1I supernovae (Meyer et al. 1992; Taka-
hashi, Witti, & Janka 1994; Woosley et al. 1994), the matter
near “8Ca is far from NSE. We will find that at relatively
low entropy, abundant *8Ca survives the expansion even
when NSE suggests that it should not; and at high
entropies, the “%Ca is formed abundantly but cannot
survive owing to deviations from NSE. Our attempts to
understand this behavior have brought insights into *8Ca
synthesis that have come with difficulty, and that we herein
explain.

To abandon NSE means that we will follow a nuclear
reaction network from the initial moment of very hot
matter to the final moments of reaction freezeout. Such
expansions are most naturally characterized by the entropy
per nucleon, s, because an adiabatic expansion conserves
this quantity. The entropy, however, is often an unwieldy
function of the temperature, matter density, and degree of
neutron richness. We instead employ a related quantity, the
number of photons per nucleon (¢, the photon-to-nucleon
ratio). The ratio ¢ is a monotonically increasing function of
the entropy per nucleon (e.g., Meyer 1993). To within
factors of ~3, ¢ ~ 0.1s/k, where k is Boltzmann’s constant,
for ¢ 2 0.1, while ¢ ~ 0.01s/k for ¢ < 0.1.

The quantity ¢ is conveniently written

T3
¢ =034 f , (1)
5

where T, is the temperature in 10° K and ps is the matter
density in 10° g cm™3. The relevance of ¢ can be easily
grasped by considering some reference temperature, for
example, T, = 6. The lower ¢ is, the greater the mass
density when the matter passes through T, = 6. The larger
¢ is, the lower the reference density, and the higher will be
the mass fractions in free alpha particles and nucleons. All
this is well known (see, e.g., Meyer 1994); but we will show
some fascinating features of the “8Ca abundance and how it
depends on the photon-to-nucleon ratio.

That the substantial abundance of “8Ca probably comes
from expansions of low-entropy matter leads us to speculate
(along with others) that a rare class of Type Ia supernovae
was responsible for its synthesis. We will show that con-
straints on “8Ca synthesis based on coproduction of heavier
isotopes such as ®6Zn are loosened by the breakdown of
NSE that occurs at low entropy. In fact, “®Ca synthesis at
low entropy appears to be more robust than previously
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realized. These considerations have important implications
for the “8Ca anomalies found in calcium-aluminum-rich
inclusions (CAlIs) in meteorites.

2. CALCULATIONAL TECHNIQUES AND NUMERICAL
RESULTS

The nucleosynthesis code used for the present studies is a
fully implicit network code written by one of us (B. S. M.).
The network used (see Table 1) included isotopes from the
vicinity of the proton drip line to the neutron drip line for
elements from hydrogen (Z = 1) to tin (Z = 50), a total of
~ 1350 species. Nuclear reaction rates are from Caughlan &
Fowler (1988), Thielemann, Arnould, & Truran (1987), and
Rauscher et al. (1994) where available. These rates are sup-
plemented by approximations in Woosley et al. (1975) and
Woosley & Hoffman (1992). Neutron-capture rates above
krypton are from Bao & Kippeler (1987) and Cowan,
Thielemann, & Truran (1991). Weak-interaction rates on
intermediate-mass nuclei are from Fuller, Fowler, &
Newman (1980, 1982a, 1985). Other experimental nuclear
data, where available, are from Tuli (1990).

We also wrote a subroutine for the network code that
computed NSE abundances at each time step of an expan-
sion. The NSE subroutine used the same network, nuclear
masses, and partition functions as the network code. With
this routine we were able to compare the network abun-
dances with those in NSE throughout an expansion. The
abundances in the network code relax, given adequate time,
to those computed from the NSE code under the appropri-
ate conditions of high temperature and density.

We ran a series of calculations with ¢ ranging from 0.001
to 10. All calculations began at a temperature T, = 10 and a
neutron excess = %, the n of *3Ca. We took ¢ to be con-
stant during the expansion; thus, p oc T (see eq. [1]), where
p is the mass density. Such a density-temperature relation is
only strictly valid when relativistic particles dominate the

TABLE 1
NUCLEAR NETWORK EMPLOYED

Element Apin Apax Element Ania Apax
Do 1 1 Fe............. 47 75
H.............. 1 3 Co.oovnnnnnn. 50 78
He ............ 3 4 Ni.ooooooooo 51 80
Li............. 6 9 Cu............ 57 85
Be............. 7 12 Zn............. 59 86
B 8 14 Ga............ 59 94
[ O 11 17 Ge ............ 62 97
Nooo 12 20 As............. 65 100
O 14 21 Se.........ll 68 103
F............. 18 22 Br............. 69 106
Ne ............ 18 29 Kr............. 72 109
Na............ 19 32 Rb............ 74 113
Mg............ 20 37 Sro. 76 118
Al .l 22 40 Yoo 78 121
Sioo 23 41 V2 SR 80 122
P 27 44 Nb............ 81 123
S 28 47 Mo............ 82 124
Cl............. 31 50 Te.ooveeninn. 87 127
Ar........ 32 53 Ru............ 90 130
K. 35 58 Rh ............ 93 131
Ca............. 36 59 Pd............. 94 132
Sc.i 40 64 Ag............. 97 133
Tioooieiennn. 42 65 Cd............ 98 136
Vo 43 68 In............. 99 149
Cro.oooovenne. 44 69 Sn............. 102 152
Mn............ 46 74
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entropy, that is, when ¢ 2 1. Nevertheless, it is a convenient
parametrization, and we use it throughout with the realiza-
tion that fully hydrodynamic models of astrophysical set-
tings for expansions of neutron-rich matter will no doubt
have somewhat different temperature-density tracks. The
time dependence of the density was taken to be p oc exp
(—t/t.y), where 7., the expansion timescale, was 0.2 s in all
calculations, except where noted. The density falloff time-
scale will differ from 0.2 s in more realistic astrophysical
models, but 0.2 s is typically of the correct order of magni-
tude. In general, the results of low-entropy freezeout calcu-
lations are much more sensitive to ¢ and # than to 7. In all
cases we begin with alpha particles and enough neutrons to
make n = 1. The initial nuclear abundances are typically
not important in these calculations, because the matter
quickly attains NSE. Nevertheless, it takes some time for
the matter to reach NSE, and this time is governed to some
extent by ¢ and the initial abundances chosen.

Figure 1 shows O(*2Ca), the final overproduction of “¢Ca
in the expansions as a function of ¢. (The overproduction
factor of a species is the ratio of its mass fraction in the
nucleosynthetic environment to that in the solar system.)
For ¢ < 1,*8Ca is overproduced at a level ~ 10°. These are
extremely large overproductions. Indeed, for 0.002 < ¢ < 1,
48Ca is the most overproduced isotope in these 7 = %
expansions. On the other hand, for ¢ = 2, the “3Ca over-
production factors plummet. Furthermore, for ¢ > 1, *8Ca
is no longer the most overproduced isotope. Rather, it is a
heavier neutron-rich isotope such as 84Kr, 8Kr, or °°Zr.
For ¢ < 0.002, enough electron captures occur to increase 7
significantly during the expansion, but for most of Figure 1
the final # is very near that of “®Ca. The most overproduced
isotope for ¢ = 0.001 is 7°Zn, whose progenitor, "°Ni, is
more neutron-rich than “4Ca.

Figure 1 also shows for comparison the NSE over-
production factors for “Ca assuming n = £ and an arbi-
trary freezeout temperature of T, =3.5. Such NSE
calculations have been used in the past to explore nucleo-
synthesis in neutron-rich ejecta (e.g., Hainebach et al. 1974;
Hartmann et al. 1985). Obviously, the two curves differ.
48Ca is overproduced relative to NSE for ¢ < 1, while it is

10 rr—r—r : S
10° 4
w
£ 1 .
k=1
10* 4
3
10 2 gl e 1l ATy | PR Laaad
10° 107 10™ 10° 10'

Photon—to—Nucleon Ratio

F16. 1.—Overproduction O(**Ca) from the network expansion is com-
pared with its overabundance in NSE (dashed line) as a function of the
photon-to-baryon ratio ¢ (eq. [1]). For small ¢ (¢ <1) the over-
production, near 10%, is 3-5 times larger than NSE guidelines, whereas for
large ¢ (¢ > 2) it is much less than NSE. Each expansion here uses initial
n = £ to optimize *8Ca production and 0.2 s density timescale.
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drastically underproduced relative to NSE for ¢ = 1. We
seek to understand this. To do so, we analyze in detail two
expansions, namely, ¢ = 5 and ¢ = 0.3. The former gives
the O(*3Ca) greatly below the NSE value, while the latter
gives the maximum “8Ca overproduction in the ¢ = 0.001-
10 range. By analyzing these two qualitatively different
expansions, we will achieve a deeper understanding of the
nucleosynthesis in expansions of hot, dense, neutron-rich
matter.

2.1. ¢ =5 Expansion

We begin the analysis of the ¢ =5 expansion by first
discussing two important reaction sequences, namely,
@+ a+a—'2C and a + a + n— °Be followed by °Be(a,
n)!2C. Because of the lack of stable nuclear species at mass
number 5 and 8, these reactions provide the gateways for
synthesis of heavier nuclei for any system that starts (as in
the present calculations) with neutrons and alpha particles.
These three-body reactions are also the first important reac-
tions to freeze out during an expansion, and this fact has
profound consequences for the subsequent nuclear evolu-
tion.

Figure 2 shows the timescale for disappearance of an
alpha particle due to the triple-alpha reaction and to the
« + a + n — °Be reaction in the ¢ = 5 expansion. For com-
parison, the short-dashed line shows the expansion time-
scale (1., = 0.2 s). The triple-alpha timescale becomes
longer than t,, for T, = 6.4. Below this temperature, the
triple-alpha reaction has frozen out. With this important
gateway closed, the system can no longer assemble as many
heavy nuclei as NSE demands; hence, NSE can no longer
hold. Nevertheless, the sequence through °Be continues to
operate and to assemble heavy nuclei down to Ty =~ 5.7.
Once the « + a + n — °Be reaction freezes out, however, so
does the abundance Y, of heavy nuclei (nuclei with mass
number A > 12). This last consequence is a conceptual key.

10!

10

™ (s)

-1

10

7.0 6.5 6.0 5.5 5.0

10

FiG. 2.—Alpha-consumption timescale 1, defined by dY/dt = — Y /1, set
by triple-alpha reaction (solid curve) and by a + a + n reaction (long-
dashed curve) is displayed as a function of temperature for the ¢ = S expan-
sion. The alpha density (not shown) is of course also declining with T in
accord with the ¢ =5 network, and contributes, along with T, to the
declining consumption rate (increasing depletion timescale). The density
e-folding time z,, = 0.2 s is shown for comparison (short-dashed curve). The
network becomes unable to consume alphas by triple-alpha as the tem-
perature falls below T, = 6.4 and by a + & + n below T, = 5.7. The alphas
can be consumed only by such creation of new heavy nuclei, because their
consumption by existing heavy nuclei is opposed almost exactly by the
inverse reactions in established quasi-equilibria.
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We may now explore these effects on the nuclear system.
Figure 3a shows X(*®Ca), the mass fraction of “8Ca during
the expansion. Also shown (short-dashed curve) is the NSE
mass fraction of “Ca during the expansion. At T, ~ 6.4, the
48Ca mass fraction deviates from that in NSE due to the
freezeout of the triple-alpha reaction. X(*8Ca) builds up to a
level greater than 0.01 but falls dramatically below T, ~ 6
and levels off (freezes out) for T, < 3. The NSE mass frac-
tion, on the other hand, remains fairly large until it falls
drastically for T, < 3.

The destruction of “®Ca during the ¢ = 5 expansion is not
due to freezeout modifications of an underlying NSE distribu-
tion. Rather, it is primarily the result of a shifting quasi-
equilibrium (QSE; Bodansky, Clayton, & Fowler 1968;
Woosley, Arnett, & Clayton 1973). In a QSE, there is a
specific group of heavy nuclei that are in equilibrium with
each other under exchange of alpha particles, neutrons, and
protons; but they are not in equilibrium with those light
particles themselves. The first evidence for this is from
Figure 3a. The long-dashed curve shows the “®Ca mass
fraction during a ¢ = 5 expansion if all proton-capture and
alpha-capture rates on all Ca isotopes are decreased by a
factor of 100. The final mass fraction of *®Ca in this case is
~10? times greater, but the previous approximately 103-
fold decline of “8Ca from T, =~ 6 to T, ~ 4 proceeds exactly

10°

-1

10

10°

10

> 10

10

10

as before and is therefore clearly not due to the rates of
proton-capture or alpha-capture reactions. In fact, through-
out much of the expansion, the abundances are distributed
in a QSE in which there is a nearly exact balance between
forward and reverse reactions (except the three-body
reactions). This is possible because the individual two-body
reaction rates are rapid compared to the timescale on which
the system changes dynamically. For example, at T, = 5.24,
the “8Ca(a, n)>'Ti reaction timescale is 2.82 x 10~ 8 s. The
timescale for the reverse reaction, >'Ti(n, «)*®Ca, at this
temperature is 8.91 x 107° s. These timescales are much
shorter than t.,, and QSE is easily maintained. QSE exists
down to Ty =~ 4.3, at which point the two-body reactions
freeze out and destroy the QSE. It is only this freezeout that
was altered (Fig. 3a) by the rescaling of nuclear rates.

How does the QSE lead to destruction of “8Ca? The
consequence of early freezing out of the three-body reac-
tions involving alpha particles is that the system cannot
consume the alphas to make heavy nuclei as quickly as
NSE demands. Figure 3b shows X,, the mass fraction of
alpha particles, during the expansion and the correspond-
ing NSE alpha mass fraction. For T, < 6.4, we see that the
system has the expected excess of alphas compared to NSE.
The alphas freeze out at a mass fraction of ~1074, so this
expansion is an alpha-rich freezeout (Woosley et al. 1973).

0

10

10" |

107
.-
<
-3

10

100
90
80
70
v 60

- 50

<Z>

v 30

FiG. 3.—Evolution of abundances as a function of declining temperature for the ¢ = 5 expansion. (a) The mass fraction of *®Ca (solid curve) follows NSE
guidelines above T, = 6.4, but plummets below NSE (short-dashed curve) below T, = 6, when alpha consumption becomes slow (Fig. 2). The long-dashed
curve shows that decreasing all proton and alpha reaction rates with Ca by a factor of 100 makes no difference until very late, with final freezeout reactions
below T, = 4. By that time the *3Ca had already disappeared by a shifted quasi-equilibrium. (b) The alpha mass fraction (solid curve) is increasingly greater
than the NSE guideline (dashed curve) as temperature falls, owing to the growing inability to consume them. (c) Abundance per baryon of (all) heavy nuclei,
Y,, settles into a nearly constant value that is less than NSE (dashed curve). (d) Mean atomic weight and mean charge of the heavy nuclei becomes larger than
their NSE guidelines as the temperature falls below T, = 6, owing to the deficiency in their abundance at ¢ = 5.
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The new conceptual aspect not recognized in prior calcu-
lations (e.g., Woosley & Hoffman 1992) of neutron-rich,
alpha-rich freezeouts is the quasi-equilibrium abundance
distribution attached to “8Ca, and that its evolution, rather
than freezeout reactions, governs the resulting nucleo-
synthetic yields.

The excess of alpha particles compared to NSE translates
into an underabundance of heavy nuclei, as seen in Figure
3c. The network and NSE abundances Y, of heavy nuclei
diverge at T, ~ 6.4 due to the quenching of the triple-alpha
reaction, while Y, in the expansion freezes out at T, = 5.7
due to the quenching of & + « + n— °Be. At T, x5, ¥, in
the expansion is ~50% less than in NSE. There exist only
two-thirds of the heavy nuclei demanded by NSE.

Because of the excess of alphas and the deficit of heavy
nuclei, QSE favors heavier nuclei than does NSE. As a
specific example, at the same temperature and density, the
ratio (°*Ni/*®Ca)qsg is larger than the corresponding ratio
(°#Ni/*8Ca)yse by the ratio (YE/YNSE)* which gets large
quickly (Fig. 3b) as T, falls below 6. This promotes a shift of
QSE abundance from “8Ca to *Ni. This is demonstrated in
a more general way in Figure 3d. At T, = 5, NSE favors
nuclei with an average proton number (Z) ~ 21 and mass
number (A) = 54, while the nuclei in the network calcu-
lation actually have (Z) ~ 30 and (A) =~ 80. We see clearly
that the destruction of *8Ca is primarily not a freezeout

10

T T

40

T T T
Loy

10 " ¢

-8

10

15
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effect but rather a shifting QSE. One must envision it as a
broad abundance peak shifting to another, heavier, broad
abundance peak containing the same number of nuclei.

The NSE Y, drops after T, ~ 5. NSE’s goal as the tem-
perature falls is to assemble nuclei with the largest binding
energy per nucleon consistent with the degree of neutron
richness of the system (e.g., Meyer 1994). For n = %, thisis a
combination of %5Ni (5 = 0.1515) and 32Se (n = 0.1707).
Thus, as T, drops, NSE also favors nuclei heavier than “8Ca
(see Fig. 3d). Because the number of nucleons is a constant,
their NSE rearrangement into heavier nuclei necessarily
requires a decrease in the number of nuclei. In actual expan-
sions, however, the number of heavy nuclei cannot change
in the time available.

Figure 4 further elucidates the nuclear evolution of this
high-entropy expansion. Shown are Y, the abundance of
nuclei with proton number Z, versus Z for various tem-
peratures during the expansion. Early in the expansion, at
T, = 6.09, the distribution fairly closely matches that of
NSE. By T, = 5.78, there is a noteworthy deficiency of
lighter nuclei (20 < Z < 25) and an excess of heavier nuclei
(30 < Z < 35) relative to NSE. By T, = 5.12. the difference
between the QSE and NSE distributions is dramatic.
Because the system has not been able to assemble as many
nuclei as NSE demands, the overabundance of light par-
ticles forces the nuclei to larger Z. By T, = 2.01, the expan-

-2
10° ————r————————

10"

40

107

T

10 °

-5

10

15 40

Z

Fi1G. 4—Abundance per baryon of each element Z, displayed in panels of falling temperature in the high-entropy ¢ = S case: (a) T, = 6.09, (b), T, = 5.78,
(¢) T, = 5.12, and (d) T, = 2.01. The NSE expectation is also shown (dashed curve) at each T. Instead of NSE, the heavy nuclei are in QSE with each other
under exchanges of alpha particles, neutrons, protons and gammas, but are not in equilibrium with the abundances of those light particles. The quasi-
equilibrium at T, = 5.12 (c) is shifted from a Ca-dominated one for NSE to a heavy-element-dominated one. The final distribution is seen much enriched
above Z = 28 (Ni) with respect to NSE. These are primarily quasi-equilibrium patterns with excess alphas, rather than the results of freezeout reactions with

excess alphas.
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sion abundances have frozen out and the shifting NSE dis-
tribution has moved to higher mass, as discussed pre-
viously.

If QSE does indeed hold, then we may tie the abundance
of any heavy nucleus “Z to that of 3Ca by

Y(*Z) = Y(*®Ca)C(Z, A, T, X AZ X 20 (2)

(Bodansky et al. 1968; Woosley et al. 1973), where C(Z, A,
T,, ¢) is a function of its arguments and X, and X, are the
mass fractions of free protons and neutrons, respectively.
Similarly, in NSE

YNSE(AZ) — YNSE(48C3)C(Z, A, 7;, ¢)
X (XNSE)A—Z—ZS(XNSE)Z—ZO (3)
n P ’
where C is the same function in equations (2) and (3). A

convenient diagnostic for determining the degree of quasi-
equilibrium with #8Ca is then

Y(AZ)/Y(*3C
R(Z, A) = I:YNSE:AZng\JSE(:Is)Ca)]

X 20—-2Z Xn 28+Z—A
NES e

If a nucleus (Z, A4) is in precise quasi-equilibrium with “8Ca,
then R(Z, 4) = 1. Figure 5 shows that at T, = 5.12 nearly
all nuclei with Z > 15 are in tight QSE with “8Ca and thus
that the destruction of “®Ca is due to the shifting QSE.

If we consider ®°Ni, then it must be true in QSE that
Rg6 = 1, where Ry = R(28, 66) is given by

R.. = | YCONY(**Ca) ( X, )'*‘( X, >-1°
66 = YNSE(66Ni)/YNSE(48Ca) X;ISE XnNSE :
)

Figure 6 shows X,, X, X, and X}k, while Figure 7
shows Rge during the expansion. That R4 is so close to
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Fi. 5.—Extent of the QSE for the ¢ = 5 expansion at T, = 5.12 in the
neutron number—proton number plane. The solid lines give the range of
the nuclear reaction network (see Table 1). Nuclides (excluding n, p, &) with
a mass fraction greater that 1072° at this point in the expansion are
marked by an open or filled circle. A filled circle indicates that R(Z, A) (see
eq. [4]) for that nuclide lies within a factor of 2 of unity [0.5 < R(Z,
A) < 2]. These nuclei are then in a tight quasi-equilibrium with “Ca (open
diamond). Open circles indicate nuclides not in tight quasi-equilibrium with
*%Ca. Clearly, a tight QSE exists between P (Z = 15) and Pd (Z = 46).
Because this QSE exists at a point in the expansion where “®Ca is being
destroyed (see Fig. 3a), the destruction of “®Ca is due to a shifting QSE
rather than to freezeout reactions with excess alphas.
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FiG. 6.—Neutron and proton mass fractions during ¢ = 5 evolution
(solid curve) are compared to their NSE counterparts (dashed curve). Neu-
trons are slightly less abundant than in NSE because they are more tightly
bound in the heavy nuclei above Z = 28 than in the lighter NSE distribu-
tion (see Fig. 4). The protons are more abundant than in NSE because they
are more tightly bound in lighter nuclei with smaller Coulomb energy.
These deviations are exactly consistent with the alpha excess (Fig. 3b) and
equilibrium between particles, neutrons, and protons (see eq. [6]).

unity down to T, =~ 4.3 shows the tight QSE that holds
among the heavy nuclei down to freezeout. The light-
particle ratios could, if one chooses, also be written
(X,/XSB)~4(X,/XNSB)~ 2 with precisely the same conclu-
sion.

Fi6. 7—Ratio R measuring the goodness of the quasi-equilibrium
between “3Ca and °°Ni (see eq. [5]). Its value is unity when QSE holds,
and is exactly unity in NSE (dashed line). Quasi-equilibrium remains tight
down to almost 4 x 10° K, when final freezeout reactions consume a small
portion of the remaining alphas (Fig. 3b).
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Further inspection of Figure 6 reveals that X, < X E for
T, < 5. On the other hand, X, > X)*%. This must be so in
order that X, > XYk, Indeed, in QSE the neutrons and
protons are in equilibrium with the alpha particles so that
X, oc X2X2.1f we define

x, \ x,\ % x,\?
R= (X?SE)(X{?SE) (X,?gE) ! ©

QSE demands R = 1. Figure 8 shows R versus T, for the
¢ = 5expansion. For4.3 < T, < 6.4, Ris extremely close to
unity. This shows the tight equilibrium among neutrons,
protons, and alpha particles. Surprisingly, R > 1 for T, >
6.9. This is due to the fact that the system is not in NSE for
T, > 6.9. It began with too many alpha particles. Although
normally one would expect that the system should be in
NSE at these high temperatures and densities, we began the
calculations at T, = 10 out of NSE (with alphas and neu-
trons rather than primarily neutrons and protons). This
system actually required some 0.2 s to reach NSE, by which
point the temperature had dropped to T, = 7. That NSE is
not a given for high temperatures and densities is a useful
caveat.

In Figure 8 we have summarized the phases of the ¢ = 5
expansion. From T, =10 down to T, = 6.9, the system
works its way into NSE from its initial composition. NSE
then holds down to Ty ~ 6.4, at which point the triple-alpha
reaction freezes out. The other reactions continue to occur
quickly, however, so that QSE holds. At Ty ~ 5.7, the
o + « + n — °Be reaction and, consequently, the abundance
Y, of heavy nuclei both freeze out. In the QSE phase, which
lasts down to T, =~ 4.3, the nuclei are overweight with
respect to those in NSE. Finally, below T, =~ 4.3, the indi-
vidual two-body reactions freeze out and QSE can no
longer hold. By this time, however, “3Ca had already disap-
peared because the QSE had been endowed with too few
nuclei!
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Fic. 8.—Nuclear epochs of the ¢ = 5 expansion. The ratio R measures
the goodness of the equilibrium between alpha particles, neutrons, and
protons during the high-entropy expansion. Its value is unity when the
equilibrium holds. It remains tight down to 4 x 10° K. The deviations
from unity occur above 7 x 10° K as a result of the initial conditions
without protons; but NSE has been established by T, = 7. This tight
equilibrium is maintained during NSE (down to T, = 6.4), during the
quasi-equilibrium epoch (down to 4.3 x 10° K). At the end, R again
becomes large as excess alphas remain unconsumed. Another marked
moment of interest is the freezeout of the total number of heavy nuclei,
which occurs during the QSE phase near 5.7 x 10° K.
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Table 2 summarizes the result of the ¢ = 5 expansion at
n =% by listing the overabundances of the most over-
produced isotopes. Beta-decays have already occurred, so
that only stable daughters are listed. The table contains all
overproductions within 0.1% of the maximum over-
production (8¢Kr). These isotopes are, as Woosley &
Hoffman (1992) noted, quite heavy in comparison with
NSE.

In order to explore the sensitivity of our results to 7., we
ran two other ¢ = 5 expansions at n = &, but with different
expansion timescales. The first was with a 10 times faster
expansion (t., = 0.02 s). The overproduction factors for this
calculation are also shown in Table 2. The nuclei produced
are larger in mass than in the 7., = 0.2 s expansion. This is
because the faster expansion leads to an earlier quenching
of the triple-alpha and « + « + n reactions and, conse-
quently, a quicker freezeout of the number of nuclei. The
higher temperature freezeout for 7., = 0.02 s leads to even
fewer nuclei and more light particles compared to NSE, and
the QSE nuclear distribution thus shifts to even larger
nuclear mass than in the 7., = 0.2 s expansion.

The second variation on the ¢ = 5, 1 = % expansion was
with a 10 times slower expansion (z., = 2.0 s). The over-
production factors for this expansion are also shown in

TABLE 2
OVERPRODUCTION FACTORS FOR ¢ = 5.0 EXPANSIONS

T

A 02s 0.02 s 20s
“8Ca ...... 5.78 x 10°
OTi ....... 7.04 x 103
S4Ni....... 8.39 x 10*
S3Cu ...... 6.55 x 103
$6Zn ...... 3.90 x 10° 1.12 x 10°
$77Zn ...... 1.76 x 10* 8.13 x 10*
$87Zn ...... 2.30 x 10* 8.97 x 10°
70Zn ...... 1.07 x 10°% 2.22 x 10
°Ga ...... 5.61 x 10* 9.12 x 10°
"Ga ...... 1.01 x 10°
2Ge ...... 2.31 x 10° 8.58 x 10*
BGe ...... 2.95 x 10°
T4Ge ...... 3.45 x 10°
75Ge ...... 242 x 10° 2.12 x 10°
TSAs....... 1.46 x 10° 5.07 x 10*
7Se ....... 7.07 x 10* 1.39 x 108
78Se ....... 1.78 x 108 485 x 10°
80Se ....... 431 x 10* 1.67 x 10°
828e ....... 8.69 x 10° 1.10 x 103
Br....... 435 x 10* 8.61 x 10*
81Br ....... 1.19 x 10° 9.05 x 10°
8Kr ...... 1.21 x 10° 1.05 x 10° 1.52 x 108
84Kr ...... 4.10 x 108 1.56 x 10° 1.96 x 108
86Kr ...... 1.55 x 107 3.18 x 105  1.67 x 10*
85Rb ...... 5.66 x 10° 1.15 x 108 2.52 x 10°
87Rb ...... 5.93 x 10* 7.99 x 10°
88Sr ....... 4.72 x 10°®
89Y ... 6.22 x 10°
07y ....... 3.25 x 107
NZr . ... 1.60 x 10°
M4Zr....... 9.63 x 10°
6Zr....... 481 x 10°
3Nb...... 9.07 x 10°
Mo...... 1.11 x 10°
°"Mo...... 1.70 x 10°
°Mo...... 1.86 x 10°
100Mo...... 1.14 x 10°
°Ru ...... 9.21 x 10°
102Ry ...... 8.99 x 10*
103Rh ...... 3.27 x 10*
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Table 2. In this expansion the abundances are shifted to
lower nuclear mass than those in the 7., = 0.2 s expansion.
This results from the later, or lower temperature, freezeout
of the number of nuclei. Because of the later freezeout, more
nuclei are produced in the expansion than in the 7., = 0.2 s
expansion. In the subsequent QSE phase, the nuclei are in
equilibrium under exchange of a smaller number of light
particles than in the 7., = 0.2 s expansion, so the QSE
abundance distribution does not shift to as large a nuclear
mass.

In summary, the overproductions from high-entropy
expansions are quite sensitive to the expansion timescale.
On the other hand, for none of the calculations with ¢ = 5
and y = % did “8Ca dominate the overproductions. We may
safely conclude that “8Ca does not come from high-entropy,
neutron-rich expansions.

2.2. ¢ = 0.3 Expansion

The ¢ = 0.3 expansion differs from the ¢ = 5 expansion
in an extremely interesting way. In matter that expanded
and cooled from high temperature to low temperature and
always managed to maintain NSE, the final abundances are
dominated by the nuclei with the greatest binding energy
per nucleon consistent with the degree of neutron richness
of the system (typically a combination of $°Ni, ®®Ni, and
828e for n = £). We thus might not expect much “®Ca to
remain in expansions with = ¢ (e.g, Hartmann et al
1985). Nevertheless, Figure 1 shows that in network expan-
sions the “8Ca is richly overproduced. In fact, it is the most
overproduced isotope for 0.002 < ¢ < 1. This remarkable
result warrants further thought. It can be traced to an
important difference between low-entropy and high-
entropy expansions, namely, that high-entropy expansions
tend to freeze out with too few nuclei while low-entropy
expansions freeze out with too many nuclei! We believe that
this last fact has not been previously appreciated and that it
bears significant astrophysical consequences.

As with the ¢ = 5 expansion, we first note the timescales
for the crucial three-body reactions in the ¢ = 0.3 expan-
sion. These are shown in Figure 9. The triple-alpha reaction
freezes out for T, = 6.5, while the o + o + n — °Be reaction
sequence freezes out for Ty ~ 6.2. One might be surprised

1
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Fi1G. 9.—Timescale for alpha depletion for a higher density expansion
(¢ = 0.3). The triple-alpha reaction (solid curve) becomes slower than the
expansion below T, = 6.5, and the °Be branch does so below 6.2 x 10° K.
Below that the production of additional nuclei stops.

MEYER, KRISHNAN & CLAYTON

Vol. 462

that the triple-alpha reaction freezes out at roughly the same
T, as in the ¢ = 5 expansion. The density is about 17 times
higher in the ¢ = 0.3 case, which suggests a faster reaction
and a lower freezeout temperature. On the other hand,
the abundance of alpha particles is about 17 times smaller
for ¢ = 0.3 at T, =~ 6.5, which counters the larger density.

Figure 10 compares key abundances with NSE for the
¢ = 0.3 expansion. From Figure 10a, we see that
X(*8Ca) ~ 0.3 at the end of the expansion. This is in con-
trast to the mass fraction of “8Ca in NSE of ~10~7 at
T, = 1. The “8Ca mass fraction in the expansion diverges
from NSE at T, =~ 6.5, due to the triple-alpha reaction
freezeout, and even more strikingly at T, = 5, when the
expansion comes to have too many nuclei.

That the ¢ = 0.3 expansion freezes out with too many
nuclei is apparent in Figures 10c and 10d. Figure 10c shows
that there are fewer heavy nuclei in the system from T, =
6.5 to T, ~ 4.8 than in NSE. This occurs for the same
reason as in the ¢ = 5 expansion: the three-body reactions
involving alpha particles start to freeze out and keep the
system from assembling as many heavy nuclei as NSE
demands. The system is still in QSE at these temperatures,
however. Below T, = 4.8, the abundance of heavy nuclei in
NSE drops below the network heavy nuclei abundance,
which is unchanging. The charge and mass of the average
nucleus in NSE are increasing (Fig. 10d) as the system cools,
causing it to evolve toward abundances dominated by ®6Ni,
68Ni, and 82Se. In order to do this, the nucleons must rear-
range themselves. Because the number of nucleons is con-
stant, an increase in the average mass of the nuclei means
that their number must decrease. On the other hand, in the
network expansion, the network is unable to make this
rearrangement in the available time.

Figure 11 further clarifies the picture. At T, = 5.87, the
distribution of nuclei in the network expansion is shifted to
slightly larger Z than in NSE. This is due to the fact that the
system is in QSE with a deficit of heavy nuclei and an excess
of alpha particles at this point. At T, &~ 4.78, the abundance
of heavy nuclei happens to be almost exactly the same in the
network expansion and in NSE. At this temperature,
the distribution of nuclei in the network expansion matches
the NSE distribution. Below T, = 4.78, the NSE distribu-
tion shifts to larger Z than the network distribution. By
T, = 2.06, the network abundances have frozen out. They
greatly differ from the NSE distribution. Of tremendous
importance is the fact that the abundance of calcium is
extremely large.

Why is the expanding system unable to keep up with
NSE in this case? The answer bears some resemblance to
the solution to silicon burning. In silicon burning, NSE
favors *®Ni, but the system has 28Si. Clearly, the system has
more nuclei than NSE demands, and it is thermodynami-
cally favorable for the nucleons in 28Si to rearrange them-
selves into °°Ni. The obvious reaction channel
28Gi + 28Gi — %°Ni, in principle open in NSE, is much too
slow in any real environment due to the huge Coulomb
barrier for this reaction. What must happen is that some of
the 28Si nuclei disintegrate into alpha particles. These alpha
particles are then captured onto the remaining 28Si nuclei
to produce the *°Ni. ‘

An analogous situation is present in our ¢ = 0.3 expan-
sion. Below T, ~ 4.78, the ratio of free alpha particles to
heavy nuclei is <0.01; therefore, the nuclei do not have
enough free alpha particles to capture to increase their
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FI1G. 10.—Evolution of abundances as a function of declining temperature for the low-entropy example, ¢ = 0.3. (a) Although the **Ca mass fraction is
near (on this log scale) the NSE value (dashed curve) above 4.6 x 10° K, it remains an astonishingly large X(*8Ca) = 0.3 at the end, whereas its value would
have plummeted in NSE. (b) The alpha mass fraction is near NSE. (c) The total number of heavy nuclei is too large for NSE guidelines below 5 x 10° K, and
their number cannot be reduced in the time remaining. (d) The mean atomic weight and charge (solid curves) become less than their NSE counterparts (dashed

curve) below 5 x 10° K because their number is too great.

charges as NSE demands. Some of the nuclei must be disin-
tegrated to provide light particles for the other nuclei to
capture.

These disintegrations do occur. This is apparent in com-
parison of Figures 11b—11d. The abundances, Y, of all ele-
ments with 20 < Z < 40 dropped from T, = 4.78 to T, =
2.06, except for calcium (Z = 20; grew by 22%), nickel
(Z = 28; grew by 21%), and selenium (Z = 34; grew by
30%). The growth of the abundance of nickel and selenium
isotopes was in accord with the dictates of NSE, but the
levels of growth were not those NSE required. Moreover,
not only was the system unable to convert calcium
(primarily *8Ca) entirely into nickel (primarily °°Ni) and
selenium (primarily 32Se), as NSE demanded, but the
calcium abundance grew!

While the thermodynamic impetus of the material at
T, < 4.78 is to disintegrate “®Ca to make °Ni, *®Ni, and
84Se, the timescale to do so is very long. This is not because
individual nuclear reactions are too slow. The *®Ca(n,
«)*3Ar reaction timescale is 2 x 10~ ° s at T, = 4.78, which
is considerably more rapid than 7., = 0.2 s. The reason for
the slowness is the fact that the matter is still in QSE, and
forward rates are almost exactly balanced by reverse rates.
The extent of the QSE is shown in Figure 12. Because the
QSE includes the region between Ca and Mg, the effective
disintegration rate of “8Ca is governed by disintegration
rates of smaller abundances in the Mg region, although we

did not identify the relative importance of differing, specific,
nuclear bottlenecks. This situation again bears similarity to
Si burning, where the effective photodisintegration of 28Si is
governed by that of 2*Mg, and even of lighter nuclei for T,
as great as 5 (Bodansky et al. 1968). The net disintegration
timescale of “8Ca is therefore >t,,. For this reason, the
system is unable to decrease the number of nuclei.

As the temperature falls in the expansion, the timescale to
achieve NSE becomes even longer, and NSE becomes an
even more hopelessly unreachable goal. Eventually, individ-
ual nuclear reactions become too slow and QSE freezes out.
The system has never been able to decrease the number of
nuclei as NSE required, and thus “®Ca was able to survive.
Not only has “8Ca survived, it is seen as a key nucleus, the
post on which the Y, QSE is attached, and whose photo-
disintegration is slowed by the tiny-abundance QSE for
Z < 20. Its role in “incomplete NSE ” is analogous in these
respects to that of 28Si in “ incomplete Si burning.”

The reason “8Ca actually increases in abundance after
T, = 4.78 is that *8Ca is, in its local region (18 < Z < 24),
the most strongly bound nucleus for n = L. As the tem-
perature drops, it therefore becomes even more favored in
QSE. Net photodisintegration flows into it from above are
arrested. It becomes a local abundance maximum, with
declining QSEs dropping off in both directions in 4. This is
completely counter to the demands of NSE, but, again,
NSE, unlike QSE in the present expansion, is assumed able
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F16. 11.—Elemental abundance distribution for ¢ = 0.3. Temperatures are (a) T, = 5.87, when the nuclei are a little heavier than NSE (dashed curve),
because at this early time they are still underabundant with respect to NSE; (b) T, = 4.78, when the distribution is almost exactly NSE, but just passing
through (see Fig. 10c); (c) T, = 3.45, when the distribution has more intermediate-mass nuclei (Ca) and fewer heavy nuclei than NSE; and (d) T, = 2.06, frozen
into a much broader distribution than NSE, with much more Ca and less **Ni and *2Se. This shows why the ratio of *3Ca to *Zn or ®2Se is much greater
than NSE guidelines would lead one to expect in low-entropy expansions (e.g., Type Ia cores).

to adjust the number of nuclei. The abundance of “4Ca also
grows a little during freezeout (~3%). This is due again to
the strong binding of *8Ca, which makes the capture and
disintegration reactions that produce this nuclide typically
faster than those that destroy it.

Figures 13 and 14 show Rg¢ and R for ¢ = 0.3. The
freezeout from QSE at T, =~ 4 is readily apparent. Also
evident is the “pre-NSE phase” for T, = 9. Again, this is
because of our (non-NSE) initial conditions. The system
reaches NSE before the triple-alpha reaction freezes out at
T, ~ 6.5, so all traces of the initial abundances have disap-
peared before the QSE phase commences. It is, therefore,
approximately valid for such low-entropy expansions to
begin with NSE with T, 2 6.5 and to follow the subsequent
QSE with a reaction network; but it is not valid to regard
this as what have been called “freezeout corrections of
NSE,” and it would be very wrong to begin with the NSE
near To =4. These systems have a more far-reaching
memory than has been commonly supposed.

Table 3 summarizes the largest overproductions for the
medium-entropy ¢ = 0.3 expansion. The most over-
abundant final product is *®Ca. The table lists stable daugh-
ters only, and only within 0.1% of the maximum
overabundance. Also shown in Table 3 are the over-
productions from a 10 times faster expansion (t,, = 0.02 s)
and a 10 times slower expansion (t., = 2.0 s). We find that
over a 2 order of magnitude variation in expansion time-

scale, the variation in the overproduction factors is small
and *®Ca is always the most overproduced nucleus. Our
conclusion that “8Ca is made in low-entropy or medium-
entropy expansions is not sensitive to the expansion time-
scale.

3. DISCUSSION

Our results have important implications for the site of
synthesis of “3Ca and for observation of isotopic anomalies
in calcium-aluminium-rich inclusions (CAlIs) in meteorites.

3.1. Site of *®Ca Synthesis

The neutron-rich environment near the mass cut in a
Type II supernova has long been a leading possible site for
synthesis of 3Ca (Hartmann et al. 1985). This environment
is now known to have a high entropy (s/k > 10 or ¢ > 1),
however. Its high entropy results from heating by neutrinos
from the cooling nascent neutron star (Bethe & Wilson
1985). We have shown that “8Ca does not survive in such an
environment: the material freezes out with too few nuclei,
and the QSE that establishes itself favors nuclei heavier
than *8Ca. We can therefore rule out this Type II site as an
origin for *3Ca, even in matter having the neutron richness
of 48Ca.

What we seek instead for the synthesis site of “3Ca is a
low-entropy, neutron-rich environment. In such an environ-
ment, expanding material freezes out with too many nuclei
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Fic. 12.—Extent of the QSE for the ¢ = 0.3 expansion at T, = 3.91 in
the neutron number—proton number plane. The solid lines give the range
of the nuclear reaction network (see Table 1). Nuclides (excluding n, p, )
with a mass fraction greater than 102 at this point in the expansion are
marked by an open or filled circle. A filled circle indicates that R(Z, 4) (see
eq. [4]) for that nuclide lies within a factor of 2 of unity [0.5 < R(Z,
A) < 2]. These nuclei are then in a tight quasi-equilibrium with “8Ca (open
diamond). Open circles indicate nuclides not in tight quasi-equilibrium with
48Ca. Clearly, a tight QSE exists between Ne (Z = 10) and Mo (Z = 42).
This QSE exists at a point in the expansion where the thermodynamic
impetus is to disintegrate “®Ca to provide light particles to allow the
abundance distribution to shift to higher Z (see Figs. 11b and 11c). Because
of the QSE below Ca, however, disintegration reactions are nearly exactly
balanced by their reverse (capture) reactions, and the net disintegration
rate of “8Ca is extremely small. This explains why *3Ca survives low-
entropy expansions.

relative to NSE, which allows copious production of *4Ca.
Woosley & Eastman (1995) have called attention to such a
site, namely, the cores of a certain rare class of Type Ia
supernovae (deflagrations or detonations of C/O or
O/Ne/Mg white dwarf stars). If the central density of the
white dwarf star is high enough at ignition (p 2 a few times
10° g cm3), electron captures on heavy nuclei will make
the matter neutron rich. Because of the high density, the
material naturally has a low photon-to-nucleon ratio
(¢ =~ 0.001-0.003).

FiG. 13.—Ratio R4¢ measuring the goodness of the quasi-equilibrium
between “Ca and °Ni (see eq. [5]). Its value is umty when QSE holds and
is exactly unity in NSE (dashed line). QSE is a good approximation down
to 4 x 10° K, when the ratio *Ni/*%Ca is unable to remain as large as its
NSE value.
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FiG. 14—Ratio R measuring the goodness of the equilibrium between
alphas, neutrons, and protons. This equilibrium is tight down to
4 x 10° K. A pre-NSE phase lasts from T, = 10 down to T, ~ 8.8, during
which the initial non-NSE composition works its way into NSE. The NSE
phase in this expansion lasts from T, =~ 8.8 down to triple-& quenching
(T, = 6.5). Then comes the QSE phase, lasting until freezeout (T, = 4). The
number of heavy nuclei freezes out at T, ~ 6.2.

We tested the Type Ia hypothesis with a low-entropy
expansion. The calculation began with an initial tem-
perature T, = 8 and ¢ = 1.74 x 1073, that is, a density
p = 10'° g cm 3. This is a much lower entropy than in the
preceding survey. We took the expansion timescale to be
7, = 1 s and the initial composition to be 50% by mass of
both 'O and 2°Ne. The initial composition was actually

TABLE 3
OVERPRODUCTION FACTORS FOR ¢ = 0.3 EXPANSIONS

T

ex

4z 02s 0.02 s 20s
“8Ca...... 2.32 x 10° 1.99 x 10° 2.20 x 10°
49Ti....... 420 x 10+ 491 x 10*  4.78 x 10*
SOTj....... 1.50 x 10*  1.74 x 10*  3.67 x 10*
Sty L. 284 x 10° 392 x10°  3.67 x 103
52Cr...... 258 x 10° 274 x 10®° 258 x 10°
SINi ...... 6.12 x 103 1.09 x 104
S2Ni ...... 339 x 10> 395 x 10°  2.30 x 10°
S4Ni ...... 7.10 x 104 792 x 104 292 x 10*
%3Cu...... 315 x 10*°  3.09 x 10° 1.10 x 10*
$5Cu...... 259 x 10° 446 x 10°
%5Zn ...... 409 x 10° 393 x 10°  6.59 x 10°
"Zn...... 9.78 x 10*  1.51 x 10°  8.40 x 10*
$87n ...... 563 x 10°  6.02 x 10° 295 x 10°
°Zn...... 3.10 x 105 4.63 x 10°  4.66 x 10*
°Ga...... 1.11 x 10° 850 x 10*  3.81 x 10°
"Ga...... 3.62 x 10 378 x 104  3.64 x 10*
2Ge...... 575 x 104 747 x 10* 560 x 10*
BGe...... 330 x 10° 496 x 103
4Ge...... 585 x 104+ 799 x 10+  2.00 x 10*
Ge...... 932 x 10> 1.69 x 10* 326 x 10°
T5As ...... 1.66 x 10+ 279 x 10*  1.34 x 10*
Se ...... 153 x 105 252 x 10°  4.23 x 10*
78Se ...... 248 x 10°  3.09 x 10°  2.08 x 10°
80Se ...... 1.39 x 10° 1.88 x 105 393 x 10*
828¢ ...... 196 x 104 274 x 10* 327 x 10*
"9Br ...... 1.32 x 10+ 222 x 10*  6.82 x 103
81Br ... 131 x 105 185 x 10° 841 x 10*
83Kr...... 509 x 104 800 x 10*  1.15 x 10*
84Kr ... 233 x 10° 272 x 10° 1.54 x 10°
86Kr...... 1.60 x 10+ 229 x 10*  1.75 x 10*
85Rb...... 433 x 10+ 625 x 10*  4.03 x 10*
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irrelevant because the matter achieved NSE within ~10~1°
s, and its neutron richness is produced during the burning.
The initial density is greater than that found in the special
Type Ia models expected to produce “®Ca (Woosley &
Eastman 1995), but the temperature-density tracks in these
models run more like p oc T3/2, which causes the matter to
stay at higher density for a given temperature than in our
model. Our higher initial density compensates for this effect
somewhat. During the expansion, the neutron richness 7
grew with time due to electron captures on heavy nuclei, as
shown in Figure 15.

The resulting overproduction factors of the five most
overproduced isotopes are shown in Table 4. “Ca, 5°Ti,
and °°Zn are all coproduced to within 25%. The large pro-
duction of the two lighter isotopes is due to the matter
freezing out with too many nuclei, as shown in § 2.2. In this
particular run, the network froze out with Y, = 0.0169, but
the corresponding Y, in NSE at T, = 3.5 is 0.0159, dropping
further to 0.0154 at low temperature. The constraint of
excess nuclei makes the ratio of “8Ca and 3°Ti to heavy
neutron-rich nuclei much greater than would be expected
on the basis of NSE. This helpfully curtails the otherwise
limiting overproduction of °°Zn and 84Kr.

The excellent coproduction of “8Ca and related neutron-
rich isotopes in this model leads us to agree with Woosley &
Eastman (1995) that a class of Type Ia supernovae is a
promising site of synthesis of “8Ca. Indeed, they are even
more promising than realized, because the #3Ca over-
production is even more robust at low entropy and is
spread over a wider range of # than NSE dictates. Because
the overproductions of 8Ca are so large, only some small

.15
.10

.05

00 S

10 10

10 10
time (s)

FiG. 15.—Evolution of the neutron excess during the simulation with
the network of an O/Ne white dwarf. The neutron richness grows during
the burning by electron captures, reaching values very close to those used
in our survey.

TABLE 4

Top FIvE OVERPRODUCTION
FAcToRs FOR TYPE Ia MODEL

AZ 0(*Z)
$S7Zn............ 7.16 x 10°
SOTi ol 6.98 x 10°
“8Ca....oo...... 593 x 10°
S4Cr . 1.71 x 10°
S4Ni.....o...... 8.69 x 10*

Vol. 462

fraction of Type Ia supernovae can be responsible for 8Ca
synthesis. These are presumably the few white dwarf stars
that have high enough density at the time of ignition for
electron captures to make neutron-rich matter.

32. CAls

That “8Ca comes from expansion of low-entropy
material has profound implications for observations of iso-
topic anomalies in CAls (Lee, Papanastassiou, & Was-
serburg 1978). Refractory mineralized inclusions within
carbonaceous meteorites commonly have isotopic anom-
alies at *8Ca, °°Ti, and **Cr (e.g, Lee 1988). These are
roughly correlated, in the sense that excess “3Ca associates
with excess *°Ti and excess **Cr, positive and negative, but
not in a strictly proportional way. This rough correlation
has indicated that these isotopes are associated during
nucleosynthesis, as theory maintains. Lack of direct pro-
portionality and other factors related to molecular clouds
and the solar accretion disk make interpretation by direct
injection of anomalous matter from one nucleosynthesis
event difficult. Clayton (1981) presented a chemical-memory
alternative that may be endemic in interstellar dust from the
historic spectrum of nucleosynthesis events.

We focus on the most immediately relevant issue of the
present work for CAls, namely, the loosening of NSE con-
straints on “8Ca synthesis due to previously expected over-
production of heavier isotopes, especially ®°Zn. As we have
seen, in low-entropy expansions with # = £, NSE favors
nuclei such as $°Ni, the progenitor of °°Zn, °®Ni, and #2Se.
Loss & Lugmair (1990) showed that the large expected
correlations of excess ®°Zn with the other neutron-rich iso-
topes do not routinely exist; but Volkening & Papanastass-
iou (1990) found one inclusion having excess ®°Zn, and it
was, in that one inclusion, correlated with but smaller than
that at “8Ca. Roughly speaking, these papers concluded
that either the ®°Zn/*®Ca nucleosynthesis expectations were
unrealistically large, or chemical memory is the correct
model but Zn memory is weaker than Ca memory, or both.
Our results have confirmed the former, but we also expect
the latter. In the low-entropy expansions calculated by us,
the freezeouts having too many nuclei cause production of
lighter isotopes, such as *3Ca, to be much greater relative to
heavier isotopes like ®°Zn than inferred from NSE. We now
understand that the anticipated overproduction of ¢°Zn
with respect to the other isotopes is an artifact of NSE
calculations not necessarily applicable to real expansions.

Figure 16 shows this point more clearly. It gives the ratio
of the overproduction of ®Zn to that of “8Ca in our series
of n = & expansions. For ¢ < 2, °°Zn is underproduced rela-
tive to *Ca in the network expansions. This is in contrast
with the NSE results, which show %°Zn overproduced rela-
tive to “8Cafor ¢ < 0.1.

We have studied how our conclusions depend on the
degree of neutron richness. We ran constant ¢ = 0.03
expansions from T, = 10 to freezeout for a large range of
values of 5. Since #n is a time-varying quantity in these
expansions, we characterized the results by the neutron
richness as the material passed through T, = 3.5, approx-
imately the temperature at which freezeout of strong and
electromagnetic reactions occurred. Figure 17a shows the
overproduction factors of only those stable daughter species
that achieve the maximum overproduction (relative to all
other species) somewhere in the range = 0.1-0.3. Many
species such as °°Zn, which is, owing to its special interest,
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Fic. 16.—Ratio of final overproductions of °°Zn to *®Ca for low-
entropy expansions (measured by photon-to-nucleon ratio ¢; eq. [1]). For
a wide range of ¢-values characteristic of white dwarf ignitions, O(°*Zn)/
0(*8Ca) is a factor of 3-5 less than NSE guidelines (long-dashed line). The
initial neutron excess is n = £ for each expansion; but the differences in
final values owing to electron capture are small, so that every expansion
has a final n near 0.17, except for ¢ < 0.002. The small residual deviations
are not enough to influence the 66/48 abundance ratio shown. The short-
dashed line is a guide to the eye showing unity.

shown as the dashed curve, have overproduction factors
greater than 10° but are never the largest overproduction in
the range n = 0.1-0.3 and therefore have been omitted.
Figure 17b shows the corresponding overproduction factors
for NSE with ¢ = 0.03 at T, = 3.5. Again in Figure 17b
only those species that attain the maximum overproduction
in the range # = 0.1-0.3 are shown. The dashed curve in this
figure gives the overproduction of “4Ca. Table 5 will help
the reader identify the radioactive progenitors of the stable
species shown in Figures 17a and 17b.

Figure 17b shows that “3Ca is nowhere the maximum
overabundance in NSE for T; = 3.5 and ¢ = 0.03. NSE
guidelines therefore erroneously lead one to expect large
567Zn/*8Ca ratios. On the other hand, Figure 17a shows
48Ca is actually the most overabundant isotope in the
¢ = 0.03 expansions for 5 = 0.14-0.17. The *8Ca/®°Zn
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TABLE S5A

SPECIES AND PROGENITORS FOR
¢ = 0.03 EXPANSION

4z Progenitor Norog
“8Ca ...... “8Ca 0.1667
SOTi....... SOTi 0.1200
50Ca 0.2000
4Cr....... 54Cr 0.1111
$6Zn ...... S5Ni 0.1515
°Zn ...... 7ONi 0.2000
TBr....... Ga 02152
Cu 0.2658
81Br....... 81As 0.1852
81Ga 0.2346
828¢ ....... 82Ge 0.2195
827n 0.2863
°Mo...... °7Br 0.2784
TABLE 5B
SPECIES AND PROGENITORS FOR
¢ = 0.03 NSE
A Progenitor Norog
“8Ca...... “8Ca 0.1667
SOTi ... SOTi 0.1200
54Cr...... 54Cr 0.1111
$S7Zn...... S6Ni 0.1515
°Zn...... 7ONi 0.2000
78Se ...... 8Ge 0.1795
78Zn 0.2308
T8Ni 0.2821
80Se ...... 80Ge 0.2000
80Zn 0.2500

overproduction ratio considerably exceeds unity. This is
simply a consequence of the freezeout with too many nuclei.
The very extended overabundance curve for “8Ca in Figure
17a shows that this effect is persistent over a wide range in
#; its maximum is broader than the others. Furthermore, at
n = 0.24, the *8Ca shifts over to *°Ca, the progenitor of *°Ti
at this #. The system thereby manages to cling to too many
nuclei even as the material gets too neutron rich for *3Ca!
The reduced ®°Zn/*3Ca overproduction ratio makes the

lou-f"'l""r'---|

Overproduction Factor

A

.10 15 .20 .25 .30
Neutron Richness, 7

Fic. 17.—Overproduction factors after decay to stable daughter nuclides of selected species as a function of neutron richness for (a) ¢ = 0.03 expansion
and (b) ¢ = 0.03 NSE at T, = 3.5. Only those species that attain the maximum overproduction (compared to all other species) somewhere in the range
# = 0.1-0.3 are shown. Many other species have overproduction factors greater than 10° (e.g., °*Zn [dashed curve] in [a] or *®Ca [dashed curve] in [b]), but
they nowhere have the maximum overproduction and so do not appear in this figure. Weak interactions change # during the expansions. The # chosen for (a)
is that at T, = 3.5. The reader may find Table 5 useful in identifying the radioactive progenitors of the species shown in this figure.
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observed isotopic excesses in meteorites (Volkening &
Papanastassion 1990; Loss & Lugmair 1990) easier to
understand as a nucleosynthetic effect without appealing to
loss of $6Zn memory; however, the many inclusions without
66Zn may nonetheless seem to require significant Zn
memory loss as well.

The looming specter of the huge 7°Zn overproduction
will limit any superpositions over #. Although some
material with n > 0.17 is allowed in a superposition, too
much will lead to too much 7°Zn. The mass excess we have
used for "°Ni (—60.136 MeV) is a theoretical extrapolation,
since the nuclear data only go out to ®°Ni (Tuli 1990). If the
real binding of 7°Ni were in fact smaller, the over-
production of 7°Zn would correspondingly be less. On the
other hand, as Woosley & Eastman (1995) point out, it is
likely that a kind of f-equilibrium establishes itself during
the Type Ia supernovae that probably make “®Ca. This
f-equilibrium would naturally keep 5 from getting much
larger than ~0.17. Interestingly, the detection (Volkening
& Papanastassiou 1990) of excess ®°Zn at 16.7 + 3.7 eu in a
FUN inclusion EK-1-4-1 was accompanied by a compara-
ble but statistically less secure deficit 21 + 13 eu at 7°Zn. A
simple admixture to solar matter does not, of course,
produce a deficit, so no simple interpretation can be made
at this time. But an interesting future for Zn isotopic anom-
alies can be expected.

For 1> 02 in Figure 174, rather rare neutron-rich
species appear, while for n approaching 0.3, the matter
actually undergoes a mini r-process during freezeout to get
rid of the last of its free neutrons. These results are probably
irrelevant, however, because Type Ia cores are unlikely to
get so neutron rich.

Any discussion of neutron-rich isotopic anomalies in
CAIs must take into account their macroscopic size, which

indicates that CAIs were formed in the solar accretion disk
from preexisting components. They are not themselves rep-
resentative of any stellar source. Their *8Ca, °°Ti, 34Cr,
58Fe, 62:64Ni, and °7°Zn isotopic anomalies may, via the
chemical-memory effects surviving their formation, contain
components not only from many Type Ia supernovae but
from Type II supernovae as well. Although core-collapse
Type II supernovae do not produce significant “8Ca, as we
have shown, the intense neutron fluxes in shells of massive
stars do greatly enrich 3°Ti, >*Cr, 3®Fe, and °2-**Ni. This is
evident, for example, in the O/Ne shell from the table by
Meyer, Weaver, & Woosley (1995). If the CAI chemical
memory involves supernova condensates rich in such shell
matter, they will decouple “Ca from those other neutron-
rich isotopes. The spectrum of anomalies is more compli-
cated than simply a mean yield from the Type Ia
supernovae that synthesize the “3Ca. Nonetheless, it is
evident even by inspection that the overabundances from
the Type Ia low-entropy expansions generate the leading
nuclear component within the spectrum of observed anom-
alies.

Much work remains in deciphering the clues to the origin
of “8Ca, but we have also learned a great deal. “®Ca cannot
survive high-entropy expansions because of shifting QSEs
with too few nuclei. “8Ca does survive low-entropy expan-
sions because of the freezeout with too many nuclei. “8Ca
plays a key role in its own synthesis as the QSE post to
which other species tie their abundances. It will be fasci-
nating to see how these hard-won insights into “8Ca synthe-
sis will fit in with future models of astrophysical settings.

This work was supported by NASA grants NAGW-3480
and NAGW-3277 and by the W. M. Keck Foundation. The
authors thank H.-T. Janka for helpful comments.
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