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ABSTRACT. The heavy elements formed by neutron-capture processes have an interesting history from which
we can extract useful clues to and constraints upon both the characteristics of the processes themselves and the
star formation and nucleosynthesis history of Galactic matter. Of particular interest in this regard are the heavy-
element compositions of extremely metal deficient stars. At metallicities [FefH2.5, the elements in the mass

region past bariumA = 130-140 ) have been found (in non—carbon-rich stars) to berqmceess products.

The identification of an environment provided by massive stars and associated Type Il supernovaprasess

site seems compelling. Increasing levels of hesypyocess (e.g., barium) enrichment with increasing metallicity,
evident in the abundances of more metal rich halo stars and disk stars, reflect the delayed contributions from the
low- and intermediate-mas$i(~ 1-3 M, ) stars that provide the site for the smpmcess nucleosynthesis
component during the asymptotic giant branch phase of their evolution. New abundance data in the mass region
60 < A < 130 are providing insight into the identity of possible alternativprocess sites. We review recent
observational studies of heavy-element abundances in both low-metallicity halo stars and disk stars, discuss the
observed trends in light of nucleosynthesis theory, and explore some implications of these results for Galactic
chemical evolution, nucleosynthesis, and nucleocosmochronology.

1. INTRODUCTION shells of asymptotic giant branch (AGB) stars. In this picture,

Element abundance patterns in metal-poor halo field starsthe first heavyA = 60 ) elements introduced into the interstellar
and globular cluster stars play a crucial role in guiding and 925 component of our Galaxy are expected to have been

constraining theoretical models of Galactic nucleosynthesis."-Process nucl<ei fogmed in association with massive stars, on
These patterns can also provide significant clues to the naturedimescales,, = 10° yr. Most of the-process nuclei, on the
of the nucleosynthesis mechanisms themselves. Nowhere is thither hand, are first introduced into the interstellar medium
more true than for the case of the neutron-captareapture) (ISM) on tlmesc:ale_s~(10Q yr) characteristic of the lifetimes of
processes that are understood to be responsible for the synthesi§€ir stellar progenitorsM ~ 1-3M, ). _
of the bulk of the heavy elements in the mass regior 60 . That the general features of this simple model are correct is
the s-process and the-process. Nucleosynthesis theory iden- confirmed by the finding that-proc_ess contributions dominate
tifies quite different physical conditions and astrophysical sites (e _heavy-element abundances in extremely metal poor halo
for these two distinct processes. Theprocess nuclei are and globular cluster stars, while significasmprocess contri-
effectivelyprimary nucleosynthesis products, formed under dy- butions are first identifiable at metallicities of the order of

1 ~ 5 . . _
namic conditions in an environment associated with the evo- [F€/H]~ —2. Observational constraints arprocess nucleo
lution of massive starM = 10M,, ) to supernova explosions synthesis sites are examined in § 3. The implications of the
of Type Il and the formation of neutron star remnants. The observed scatter in the level Bprocess nuclei relative to iron

s-process nuclei are understood to be products of neutron cap@nd trends in the heavy-element abundances as a function of
tures on preexisting silicon-iron “seed” nuclei, occurring under [F&/H] over the early star formation history of the Galaxy are
hydrostatic burning conditions in both the helium-burning cores considered in § 4. We also consider the use of the abundance

of massive stars and particularly the thermally pulsing helium 932;?1_53%25‘8@1%tzgza;Z\r?r)ggg?ogtge@nusgleliirnglrll;ogorl:rie;?rs

examination of neutron-capture nucleosynthesis at low metal-
licities is presented in 8 6. We note there the importance of
the carbon-rich stars. Although this review does not include a
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Fic. 1.—s-process and-process abundances in solar system matter, based upon the workppglétaet al. (1989). Note the distinctiggrocess signatures
at massef\~ 88 , 138, and 208 and the correspondimmcess signatures &t~ 130 and 195, all attributable to closed-shell effects on neutron-capture cross
sections. It is the-process pattern thus extracted from solar system abundances that can be compared with the observed heavy-element patterns in extremel;
metal deficient stars. The total solar system abundances for the heavy elements are those compiled by Anders & GrevesSee (h@89¢ctronic edition of
the PASP for a color version of this figure.]

detailed examination of this class of metal-poor stars, the abun-the basis of relative lifetimes for neutron captures ( ) and
dance patterns in these stars may provide insightinto the earlieselectron decaysr{ ). The condition thgt>7, , whefe s a
phases of Galactic nucleosynthesis. First, in order to provide characteristic lifetime fo-unstable nuclei near the valley of

a basis for our subsequent discussions of the heavy-elemeng stability, ensures that as captures proceednibapture path
abundance patterns in the stellar populations of our Galaxy,will itself remain close to the valley @8-stability. This defines

we briefly review in the next section the current status of the- the s-process. In contrast, whep< 7, , it follows that succes-
oretical models fors-process and-process nucleosynthesis. sive neutron captures will proceed into the neutron-rich regions
Throughout this paper, our emphasis will be on (first) providing off the 8-stable valley. Following the exhaustion of the neutron
the best observational data currently available concerningflux, the capture products approach the position of the valley
heavy-element abundances in stars in our Galaxy and (seconddf 3-stability by 3-decay, forming the-process nuclei. Using
using these data to educate us concerning the physical charexperimental determinations of the neutron-capture cross sec-
acteristics, sites, and timescales sprocess and-process tions and the smooth behavior of the product of the abundance

nucleosynthesis. and cross sections( N, ) for nuclei lying along te@rocess
path, Kppeler, Beer, & Wisshak (1989) have identified and
2. SPROCESS AND r-PROCESS SITES extracted (Fig. 1) thes-process and-process patterns char-
AND MECHANISMS acterizing solar system matter.

The significant point, for our purposes, is that these patterns
are readily distinguishable. This immediately implies the fol-
lowing:

We are concerned in this review with the interpretation of
the heavy-elementA(= 60 ) abundance patterns observed in
diverse stellar populations in the context of nucleosynthesis
theory. Following upon the early discussions of nucleosynthesis
mechanisms by Cameron (1957) and Burbidge et al. (1957), 1. If we can identify stellar environments in which either
we understand that most of the heavy elements are formed inthe s-process or the-process contributions dominate, we can
two processes involving neutron captures: gqgrocess and  use this information to constrain the detailed characteristics of
ther-process. These two broad divisions are distinguished onthe corresponding nucleosynthesis mechanism.
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2. If we can distinguists-process ana-process elemental (M~ 1-3 M) stars. The lifetimes of stars in this mass range
contributions, we can use stellar abundance data to trace thare typicallyr = 10° yr, significantly greater than the lifetimes
chemical evolution of such processes over Galactic history. of the massive star8{= 10M, ) that are the site of formation

, of both the weals-process component and th@rocess heavy
In fact, we have been successful in both quests. Patterns of,,qjej. These differential timescales for the return of the prod-

Sprocess element_s are o_bserved to be enriched in some re‘acts of s-process and-process nucleosynthesis to the ISM
giant stars, reflecting in situ neutron-capture nucleosynthe5|s.imp|y a rather complicated chemical evolutionary history for

Indeed, it was the identificatipn of technetium _in the atmo- o alements in the mass range= 60-70.  We will explore
spheres of red giants by Merrill (1952) that provided a strong this history in greater detail in § 4.

early clue to the fact that heavy-element synthesis occurs in

stars. Similarly, as we will see, threprocess distribution char-

gcteristic of solar system matter is unambiguously identi_fiable 2.2. r-Process Nucleosynthesis

in the spectra of extremely metal poor stars. The complicated . ) .

chemical evolutionary histories of the two neutron-capture pro- 1 he Site(s) of the astrophysicaprocess(es) remains a chal-
cesses can then be traced by examining, for example, the histor{enge to theorists (see the earlier review by Cowan, Thiele-

of the barium (formed predominantly in theprocess) to mann, & Truran.1991). .Wh.ile the general nature of the
europium (nearly arr-only element) ratio as a function of ~F-Process and of its contributions to the abundances of heavy

[Fe/H]. We will return to this issue in § 4. elements in the mass range through uranium and thorium are
generally understood, the details remain to be worked out.
There are considerable uncertainties associated with both the
basic nuclear physics of theprocess—which involves the

Theory has proposed the existence of several quite differentn-capture,3-decay, and fission properties of unstable nuclear
astrophysical sites for the operation of the two neutron-capturespecies far from the region @stability—and with the char-
nucleosynthesis mechanisms. In fact, as we see, it would nowacteristics of the stellar or supernova environments in which
appear that there may be (at least?) two identifiable and distinctr-process synthesis occurs. Until recently, it was at least re-
components (environments) for bosfprocess and-process assuring that, in contrast to treeprocess, it appeared that a
nucleosynthesis. For the case of thprocess, the two astro- singler-process site was involved. Observations reviewed in
physical environments are as follows: 8§ 3 now suggest that this is not true; rather, there must be

distinct classes ofr-process events operating in the mass
) regimes above and below masges 130-140

Promising and studied sites ofprocess nucleosynthesis
include the following:

2.1. s-Process Nucleosynthesis

1. The helium-burning cores of massive stavs% 10M
provide an environment in which thé&Ne(x, n)*Mg reaction
can operate to produsgprocess nuclei through the mass region
A= 90 (the “weak” component). First studied by Peters (1968)
and by Lamb et al. (1977), this process can in principle provide 1. Ther-process model that has received the greatest study
a source of the lightestprocess nuclei during the early stages in recent years involves a high-entropy (neutrino-driven) wind
of Galactic evolution (as soon as significant production of iron from a Type Il supernova (Woosley et al. 1994; Takahashi,
seed nuclei has occurred). Recent studies (Raiteri, Gallino, & Witti, & Janka 1994). The attractive features of this model
Busso 1992; Baraffe, El Eid, & Prantzos 1992; A. Heger, include the facts that it may be a natural consequence of the
R. Hoffman, & S. E. Woosley 2002, private communication) neutrino emission that must accompany core collapse in Type
reveal that the efficiency of production sfrocess nuclei de- Il events, that it would appear to be quite robust, and that it
creases at low metallicities (below [Fe/d]—2) as a result of  is indeed associated with massive stars of short lifetime. Recent
the increased competition arising from the elevated levels of calculations have, however, called attention to a critical prob-
abundance of nuclei from Ne to Ca relative to iron. We will lem associated with this mechanism: the entropy values pre-
return to this issue when we discuss the evolutios-pfocess dicted by current Type Il supernova models are too low to yield

abundances in § 4. the correct levels of production of both the lighter and heavier
2. The thermally pulsing helium shells of AGB stars provide r-process nuclei.
an environment in which thEC(«, n)*°O reaction can operate 2. The conditions estimated to characterize the decompressed

to produces-process nuclei in the heavy region through to lead ejecta from neutron star mergers (Lattimer etal. 1977; Rosswog
and bismuth (the “main” component). Firstidentified as a prom- et al. 1999) may also be compatible with the production of an
ising s-process site by Schwarzschild & Hha (1967), this site r-process abundance pattern generally consistent with solar sys-
has since been investigated extensively by a number of authordem matter. The most recent numerical study regfrocess
(see, e.g., the recent review by Busso, Gallino, & Wasserburgnucleosynthesis in matter ejected in such mergers (Freiburg-
1999). Thiss-process site (the mais-process component), haus, Rosswog, & Thielemann 1999) shows specifically that
which is understood to be responsible for the synthesis of thether-process heavy nuclei in the mass radge 130-140  are
s-process nucleif = 90 ), operates predominantly in low-mass produced in solar proportions. Here again, the association with
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a massive star/Type Il supernova environment is consistent withthan those that produced the heavigrocess elements might
the early appearance ofprocess nuclei in the Galaxy, and the be responsible for the synthesis of nuclei withs 130-140
mechanism seems quite robust. A potential problem with this There have also been suggestions (Cameron 2001) that the
source, pointed out by Qian (2000), is that the observed fre-entire abundance distribution could be synthesized in a certain
guency of such events in the Galaxy, lower by a factce 0 type of core-collapse supernova. Note that in all cases the site
than the frequency of Type Il supernovae, demands that a highis associated with massive stars and can therefore enrich the
mass ofr-process matter is ejected per event. He argues thatinterstellar medium on a relatively rapid timescale.
this is inconsistent with the level of scatter afgrocess/Fe]

rved in hal rs.
Ob?f.eLegB(ianc gsvﬁts%r? (1970) have considered possible ejec- 3. EVIDENCE FOR r-PROCESS NUCLEOSYNTHESIS
. . . X ) . AT EARLY GALACTIC EPOCHS
tion of neutronized material in magnetized jets from collapsing
stellar cores. This mechanism, which has most recently been Studies of element abundances in the oldest and most metal
examined by Cameron (2001), is again tied to massive star/deficient stars in our Galaxy are extremely important because
Type Il SNe environments. they serve as tests of nucleosynthesis theories and of models

4. The helium and carbon shells of massive stars undergoingof Galactic chemical evolution and can provide critical infer-
supernova explosions can also give rise to significant neutronences concerning the star formation histories of stellar popu-
production, via such reactions &(«, n)*°0, **O(x, N)*'Ne, lations. Reviews of overall abundance patterns as a function
and?®Ne(q, n)**Mg, involving residues of hydrostatic burning of metallicity [Fe/H] have been provided by Spite & Spite
phases (Truran, Cowan, & Cameron 1978; Thielemann, (1985), Wheeler, Sneden, & Truran (1989), and McWilliam
Arnould, & Hillebrandt 1979; Blake et al. 1981). Here again, (1997). In this review, we concentrate specifically on the heavy-
the site is associated with a Type Il supernova event. Theelement products af-process and-process nucleosynthesis.
weakness of this environment, as revealed by the calculations The fact that there exist real and systematic depletions in
cited above, is the fact that the expected neutron exposure ighe s-process elements relative to iron in stars of low [Fe/H]
not consistent with the production of the entire range of was first emphasized by Pagel (1968). Observed trends in the
r-process nuclei through uranium and thorium. Recent calcu-abundances of the designategrocess nuclei were scrutinized
lations (Truran & Cowan 2000) suggest that these supernovaby Tinsley (1979; see also Truran 1980) and found to be
conditions may be consistent with the production of the lighter inconsistent with “conventional theories.” The clue to what was
r-process nuclei, through the mass radge 130-140 . As we happening here was provided by the observations of Spite &
will discuss in the next two sections, this might explain the Spite (1978) of the europm abundances imetal-poor stars.
lighter n-capture element abundance patterns observed in cerEuropium is an element with two stable isotopes, the abundances
tain low-metallicity stars. However, preliminary calculations of both of which are dominated by thehprocess contributions.
by A. Heger et al. (2002, private communication) indicate, The Spite & Spite data revealed that the Eu/Fe ratio was essen-
rather, that the available neutron flux for these environmentstially solar (or higher), even for stars of very low metallicity
may not be sufficient to synthesize even these lighfocess (=3 =< [Fe/H] = —2), leaving no doubt that-processnucleo-
elements. The question regarding the contributions of the he-synthesis had occurred. Many of the “anomalous” trends in
lium and carbon shells of massive stars to solar system and‘s-process” abundances at low metallicities then became in-
Galacticr-process abundances thus remains open. terpretable rather on the basis of their levels of production in

the r-process (Truran 1981).

In summary, the theoretical picture indicates the inherent This r-process interpretation has since been unambiguously
complexity of heavy-element nucleosynthesis history. There is confirmed by observations, beginning with studies-afpture
increasingly strong observational evidence that ripgocess elements in HD 122563 ([Fe/H] —2.7) and HD 110184
isotopes identified in solar system matter are in fact the products([Fe/H] = —2.5) by Sneden & Parthasarathy (1983) and Sneden
of two distinct classes of-process events, for the regions & Pilachowski (1985) and with the larger survey by Gilroy et
A = 130-140andA =< 130-140. Supernovae of a certain mass al. (1988). These papers all demonstrated that the heavy-
range, or neutron star mergers, appear to be the most promisinglement abundance patterns in very low metallicity giants were
candidates for production of nuclei in the mass regime consistent with solar system-process, but nofs-process,

A = 130-140 Shock processing of the helium and/or carbon abundances.

shells in Type Il supernovae may produce thgrocess nuclei Recent observational studies have served both to confirm
in the mass rangA < 130-140 . The (seemingly) lower level and to make clearer the presence of such patterns in low-
of the r-process abundances fér= 130-140 in extremely metallicity stars and to emphasize the extraordinary agreement
metal deficient halo stars such as CS 228032 (Sneden et  of the observed-process patterns with that of solar system
al. 2000a) may simply be attributable to the operation of the matter. Both ground-based (Sneden et al. 1996, 2000a; Burris
helium/carbon shell mechanism at low metallicities. Alterna- et al. 2000; Westin et al. 2000) and space-based (Cowan et al.
tively, perhaps supernovae of different mass range or frequencyl996; Sneden et al. 1998) observational studies have now con-
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Fic. 2.—Total heavy-element abundance patterns for CS 22892 are compared with the scaled solar systepnocess abundance distributiosol{d line;
Sneden et al. 2000a)He the electronic edition of the PASP for a color version of this figure)]

firmed that the abundances of the heavgapture products This comprehensive level of agreement of the metal-poor
(A = 130-140 in the most metal deficient halo field stars and star heavy-element abundance pattern with (solar system)
globular cluster stars ([Fe/Hf —2.5) were formed in an  r-process abundances is seen in most of the stars of [Ee/H]
r-process event. This is reflected in the abundance pattern for—2.5 with published detailedn-capture abundance pat-
the ultra-metal-poor ([Fe/HE —3.1) butr-process—enriched terns® The heavy-element abundance patterns for the three
([r-process/Fef 30-50) halo star CS 22892052 shown in

Figure 2. Note the tr.UIy remarl.(able agreement of the elemental We note, however, that the observed stars tend tefrecess “rich,” and
fa_bljmdance pattern in the region from_banum through at IeaStwe do not have as much data for therocess “poor” stars from [Fe/H} 2.5
iridium, and probably through lead, with the solar system el- 1o —3.0, nor for metal-poor stars with metallicities belevs.0 (see discussion
emental pattern. in § 6).

2002 PASP114:1293-1308



1298 TRURAN ET AL.

""""" | R S N T
0.50 i
L/ |
-0.50 | d A\, o 9 A |
VAT |
W 150 y *
(@) NG
ke [ A\
G_) —250 B I ’: V n
E Z, m
o i \ v
— -3.50 N , i
) 3 7&
oC
-450 | *
HHD 115444 E ]
-550 @ CS 22892-052 ]
—— SS r-Process Abundances
€BD +173248
50 60 70 80 90

Atomic Number

Fic. 3.—Heavy-element abundance patterns for the three stars CS 20822 HD 155444, and BD+17°3248 are compared with the scaled solar system
r-process abundance distributicsol{d line). (See Sneden et al. 2000a; Westin et al. 2000; Cowan et al. 2002.) Upper limits are indicated by inverted triangles.
[See the electronic edition of the PASP for a color version of this figure.]

r-process—rich stars CS 2289052 (Sneden et al. 2000a), HD  Gallino (1996) to argue for a secomeprocess component for
115444 (Westin et al. 2000), and BP17°3248 (Cowan et al. ~ the mass region below ~ 140 . Studies of abundances in the
2002) are compared with the solar systeprocess abundances mass range from the iron region through barium in low-
in Figure 3. The robustness of thleprocess mechanism op- metallicity stars can be utilized to provide significant input in
erating in the early Galaxy is reflected in the spectacular agree-this regard. Returning to Figure 2, we note that while there is
ment of these three stellar patterns (which represent the nu+emarkable agreement with solaprocess abundances for the
cleosynthesis products of, at most, a relatively small number heavier nuclei, the abundance pattern in the mass regime below
of earlier stars) with the solar systanprocess pattern (which A= 130-140does not exhibit this consistency. This is evident
represents the accumulated productiorr-@irocess elements as well for the halo star BD-17°3248 (Cowan et al. 2002),
over billions of years of Galactic evolution). Note the extraor- as shown in Figure 4.
dinary agreement with solar systeaprocess abundances over Recent observational studies of the heavy-element abun-
this range, for the 18 elements for which abundance data aredance patterns in globular clusters provide further evidence of
available. These data provide conclusive evidence for thethe early dominance of theprocess contributions in Galactic
operation of arr-process at the earliest Galactic epochs that matter. Here we are particularly interested in the question of
synthesizes the heauyprocess nuclei (barium and beyond), whether the abundance history afgdrocess/Fe] in globular
including the long-lived isotope$2Th and®*U critical to dat- clusters parallels that of the field halo stars. To date, there have
ing. The identification with massive stars seems compelling, been only a few detailed abundance studies of the heavy neu-
although it is possible that neutron star mergers rather than atron-capture elements in globular clusters (see, e.g., lvans et
supernova environment may be responsible. al. 1999, 2001). One such study by Sneden et al. (2000b) (see
A critical question arises here involving the abundances of Fig. 5) does indicate a pattern similar to that seen in the field
r-process nuclei less massive than barium. The incompatibility halo stars and is again consistent with the scaled solar system
of the abundances of the short-lived radioactivii€®d and r-process abundances. We also note the detection of the long-
9 in early solar system matter with a model of “uniform lived radioactive element thorium in several of the giants in
production” that works well for both the actinide chronometers M15. These detections hold implications for radioactive age
and the short-lived isotop&Hf led Wasserburg, Busso, & determinations and cosmochronology, as discussed in § 5.
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Fic. 4.—Neutron-capture elements in the halo star BD7°3248 (Cowan et al. 2002), obtained from ground-based®H observations, are compared to a
scaled solar systemprocess abundance curve. The upper limit on the lead abundance is denoted by an inverted triangle. Note also the thorium and uranium
detections. $ee the electronic edition of the PASP for a color version of this figure]

4. CHEMICAL EVOLUTION OF r-PROCESS AND numbers of stars and hyperfine splitting in the derivation of
sPROCESS ABUNDANCES Ba abundances.

We have also plotted in Figure 6 abundance determinations
from several individual stars with large overabundances of
r-process elements, which we refer torgzrocess “rich” stars.
dThese include CS 2289252 (Sneden et al. 2000a), HD

115444 (Westin et al. 2000), CS 31068201 (Hill et al. 2002),

and BD+17°3248 (Cowan et al. 2002). Thus, in some of those

stars we see the ratio of tliegprocess element Eu to Fe, with
4.1. Scatter in the Early Galaxy values reaching as high as [Eu/Reb0. (Even though the total

We first explore the abundance scatter in the Galaxy. Early Eu abundance is still less, the ratio of this element to iron is
work by Gilroy et al. (1988) first proposed that the stellar Much higher in some of these stars than in the Sun.) At a
abundances af-process elements with respect to iron, partic- metallicity of [Fe/H] = —3 in Figure 6, the abundance ratio
ularly Eu/Fe, showed a large scatter at low metallicities. Their Of [Eu/Fe] varies by more than 2 orders of magnitude. However,
work suggested that this scatter appeared to diminish with in-near [Fe/H]= —1, the variation in [Eu/Fe] is reduced to less
creasing metallicity. A more extensive study by Burris et al. than a factor oi~5. The star-to-star scatter illustrated in this
(2000) confirmed the very large star-to-star scatter in the earlyfigure can most easily be explained as due to local inhomo-
Galaxy, while studies of stars at higher metallicities, involving geneities resulting from contributions from individual nucleo-
mostly disk stars (Edvardsson et al. 1993; Woolf, Tomkin, & Synthetic events (e.g., supernovae) and strongly suggests an
Lambert 1995), show little scatter. In Figure 6, we plot the data early, unmixed, chemically inhomogeneous Galaxy.
from a number of these surveys (Burris et al. 2000; Edvardsson The r-process abundances in low-metal stars also provide
et al. 1993; Woolf et al. 1995; Jehin et al. 1999; McWilliam further clues to the natures of thegrocess and-process sites.
et al. 1995; McWilliam 1998). These studies, which cover a For example, the increasing level of scatter of [Eu/Fe] with
broad metallicity range of 3.5< [Fe/H] < +0.5, include large  decreasing metallicity, most pronounced at values below

In this section, we examine more closely the abundance his-
tories of individual neutron-capture elements as a function of
metallicity. As we see, they serve to provide important infor-
mation concerning the earliest stages of star formation an
nucleosynthesis enrichment in the early Galaxy.
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Fic. 5.—Weighted mean abundancesmefapture elements with> 56 in M15 giants. In forming the means, the abundances of K462 are given triple weight,
K341 double weight, and K583 single weight, to account for the relativeapture/Fe] abundance levels of these three stars. The solar sygt@tess—only
abundance distribution (Burris et al. 2000) has been shifted by its mean difference compared to the M15 points shown in this figure for elemegts Bg throu
and plotted as a solid curve. The solar system total abundance distribution has been shifted by this same amount and plotted as a dotted line 250et¢n et a
[See the electronic edition of the PASP for a color version of this figure.]

[Fe/H] ~ —2.0, makes clear that not all early stars are sites for to lower mass progenitors) occurs only at higher [Fe/H] and
the formation of bothr-process nuclei and iron. In the absence later Galactic times.
of other sources for either iron peak nucleirgorocess nuclei
in the early Galaxy, this scatter is consistent with the view that
only a small fraction (2%—10%) of the massive stars that pro-
duce iron also yield-process elements. Discussions of this  Studies of the time history of the heavy (heutron-capture)
issue may be found in the papers by Fields, Truran, & Cowan elements have historically been driven by observations. Early
(2002) and Qian & Wasserburg (2001). trends in thes-process element patterns as a function of [Fe/H]
One other important trend is notable in Figure 6. At higher by Pagel (1968) motivated theoretical consideration of such
metallicities, particularly for [Fe/H} —1, the values of  trends in the context of models of Galactic chemical evolution
[Eu/Fe] tend downward. This reflects the effect of increasing (Truran & Cameron 1971; Tinsley 1980). The great increase
iron production, presumably from Type la supernovae, at higherin abundance data for metal-poor stars over the past decade
Galactic metallicities. At very low metallicities, high-mass (and has similarly motivated considerable theoretical activity. The
rapidly evolving) Type Il supernovae contribute to Galactic ratio [Ba/Eu], which reflects the ratio sfprocess to-process
iron production. The onset of the bulk of iron production from elemental abundances, is displayed in Figure 7 as a function
Type la supernovae (with longer evolutionary timescales due of [Fe/H] for a large sample of halo and disk stars. Note that

4.2. Abundance Trends

2002 PASP114:1293-1308



NEUTRON-CAPTURE NUCLEOSYNTHESIS 1301

25 T | T | T | T I T
*
15 * -
— 05 _
0]
LL
~— L 4
-
LLl
— _05 |- —
§ @ Burris et al. ]
X Edvardsson et al.
-15 |- cWilliam et al. _
) Jehin et al.
—process rich stars
_25 1 ] 1 ] 1 ] 1 ] 1
-4 -3 0 1

2 1
[Fe/H]

Fic. 6.—Ratio [Eu/Fe] is displayed as a function of [Fe/H] for a large sample of halo and disk stars (Burris et al. 2000; Jehin et al. 1999; Edvardsson et al.

1993; McWilliam et al. 1995; McWilliam 1998).-process—rich stars are from Westin et al. (2000), Sneden et al. (2000a), Hill et al. (2002), and Cowan et al.
(2002). [see the electronic edition of the PASP for a color version of this figure.]

at the lowest metallicities, the [Ba/Eu] ratio clusters around the (Mathews, Bazan, & Cowan 1992; Ishimaru & Wanajo 1999;
pure r-process value. The question then is this: What is Travaglio et al. 1999).

the Galactic metallicity at which major contributions from Another observed abundance trend is the large star-to-star
s-process nucleosynthesis began to generally appear in the halscatter in [Ba/Eu] ratios. Whether this scatter is real or due to
ISM? Most s-process synthesis is associated with the AGB inadequate Ba abundance analyses, however, is not clear. Bar-
phases of low- M ~1-3 M, ) and intermediate-ma$é + ium, with a number of isotopes and significant hyperfine and
3.5-8 M) stars, whose evolutionary timescales ar&0® yr. isotopic splitting, can be difficult to analyze. Thus, for example,
Metallicity regimes with little or no detectabkeprocess con-  estimates of the proportions of the relative isotopic abundances
tributions are those resulting from the first waves of Galactic synthesized in the- and s-processes are necessary for the
nucleosynthesis that happened on faster timescales. The apabundance determination (e.g., Magain 1995; Sneden et al.
proximate [Fe/H] indicating a general rise in tiserocess 1996). In addition, abundances of Ba are also quite sensitive
should tell us how much the first nucleosynthesis burst con-to the assumed values of the microturbulent velocity. These
tributed to overall Galactic metallicity. With earlier data, Gilroy difficulties lead to typical uncertainties of at least- 0.2 dex

et al. (1988) suggested that the onset of major Galacticin the [Ba/Eu] ratios in most metal-poor stars and thus make
s-process occurred at [Fe/H] —2.3. Burris et al. (2000) found this ratio inadequate to map out the detailed Galactic chemical
evidence fors-processing in some stars with metallicities as evolution of ther- and s-processes (see Sneden et al. 2001a
low as [Fe/H]~ —2.8, with most stars with [Fe/H¥—2.3 for further discussion).

showing evidence fos-process contributions to the totai As an alternative, La is also predominantly siprocess
capture abundances. This fairly wide range of metallicity might element in solar system material (Burris et al. 2000). Further-
indicate the various contributions from both low-mass and more, with only one stable isotope, La has more favorable
intermediate-mass AGB stars with different evolutionary time- atomic properties than Ba does, making the abundance analysis
scales for injectings-process material into the ISM. These more straightforward. Thus, La/Eu could be utilized for chem-
chemical evolution trends have also motivated extensive workical evolution studies. For example, Johnson & Bolte (2001)
on the problem of the early chemical evolution of the Galaxy argue that the [La/Eu] ratios indicateprocess dominance in
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Fic. 7.—Ratio [Ba/Eu], which reflects the ratio efprocess ta-process elemental abundances, is displayed as a function of [Fe/H] for a sample of halo and
disk stars. $ee the electronic edition of the PASP for a color version of this figure)]

Galactic stars as metal rich as [FeA}-1.5. A new large- CS 22892-052, and BD+17°3248 (Sneden, Cowan, & Truran
sample study of La/Eu ratios in metal-poor stars as a function 2001b). In Figure 8, we show the behavior of [La/Eu] with
of metallicity is being conducted (J. Simmerer et al. 2002, in [Fe/H] for a small sample of metal-poor butcapture—rich
preparation). This survey employs higher resolution, higher stars. We note that, unlike the case for the [Ba/Eu] ratios
signal-to-noise ratio spectra, and the new atomic data of Lawler,illustrated in Figure 7, there is a very small star-to-star scatter
Bonvallet, & Sneden (2001). Preliminary analysis indicates an in [La/Eu] at lowest metallicities. However, the sample is still
excellent line-by-line abundance agreement forliathe Sun, small, but when the survey is completed it should be possible
to ascertain with more certainty the metallicity at which the
s-process begin to contribute significantly to most stars’

1 T T T T T T T T T T T T T T T T T T
C ! ' ] n-capture abundances. Ultimately, such information should also
0.8 | s.5. total (meteoritic) - help to determine _hpw rapidly the_G_e_llaxy may have increased
T e 2 = its Fe peak metallicity before the initial onset of therocess
N % % ] from the deaths of the first intermediate-mass stars.
3 04 - % a
= LE £ ! l H §?{§ - 5. NUCLEOCOSMOCHRONOLOGY WITH
e v 5 %{ $ 3 : r-PROCESS CHRONOMETERS
0"  ss roprocess {meteoritic) E The detections of thoriun?¥Th) in several halo field stars
Y i ETREFRAI TR RS R e and globular cluster stars make possible the use of its abun-

-3 -2.5 -2 -15

|
—_

dance, relative to stableprocess nuclei (e.g., Eu), to other
[Fe/H] long-lived and spectroscopically observable radioactive species
(e.g.,%%), or to its progeny {%Pb) as a chronometer. Until
Fic. 8.—Ratio of La to Eu abundances in a few representative staes ( recently, the main emphasis has been on the use of the ratio
circles) over most of the Galactic halo metallicity range from J. Simmerer et Th/Eu, taking advantage of the fact that Eu is almost entirely
al. (2002, in preparation). The La abundances have been derived using new . . ..
La 11 laboratory values from Lawler et al. (2001). The data point indicated by produced Inr-process nUCIeOSyntheSIS' A promlsmg new
a cross is from Cayrel et al. (2001)5ek the electronic edition of the PASP development has been the very recent detection of both of the
for a color version of this figure] long-lived nuclear chronometers Th and U in one ultra-metal-
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Fic. 9.—Heavy-element abundance patterns for CS 22&%2 are compared with the scaled solar systgmocess abundance distributicsol{d line; Sneden
et al. 2000a). Also shown is a theoreticgbrocess abundance curwaaghed line) from Cowan et al. (1999).See the electronic edition of the PASP for a color
version of this figure.]

poor (UMP: those with [Fe/HE —2.5) halo star (see Cayrel stable europium abundance value. Eu is a particularly good
et al. 2001). These stellar chronometric- (or radioactive-) age choice because it is both virtually a purerocess nucleo-
estimates are critically dependent upon accurate stellar abunsynthesis product and easily identified in the spectra of most
dance determinations and well-determined theoretical nucleo-metal-poor giant stars. These ratios are then directly compared
synthesis predictions of the initial abundances of the radioactivewith predictions of the initial (zero-decay) value of Th/Eu at
elements. Currently, the uncertainties in the age estimates emthe time of the formation of these elements. We illustrate this
ploying this technique are relatively large. It is expected, how- comparison in Figure 9, where the observed neutron-capture
ever, that these uncertainties will diminish with increasing num- abundances in the UMP star CS 228952 (Sneden et al.
bers of stellar detections of Th and/or U and of the stable third 2000a) are compared with a scaled solar syst@nocess abun-
r-process peak elements—these latter measurements are needédnce distributionsplid line). It is clear from this comparison

to constrain theoretical abundance predictions of the radioactivethat the Th abundance has decayed (dropped) with respect to
chronometers. Ultimately, the availability of improved deter- the stable heavyp-capture elements. Also shown in Figure 9
minations of the abundance of Pb (and perhaps Bi) will make is a theoreticat-process abundance curve that reproduces the
possible even tighter constraints on stellar ages. In the follow- gpserved stable-process elements and at the same time (i.e.,
ing, we briefly review the current status of these possible jn the same calculation) predicts the initial radioactive ele-

chronometers. mental abundances. Such predictions for initial abundance ra-
tios of Th/Eu, or Th to other stable elements, have been nec-
5.1. Ages from Th/Eu essary since the nuclei involved in therocess are very far

The number of Th (produced solely in thgrocess) detec-  from stability and there are few experimental nuclear data avail-
tions in metal-poor and UMP halo stars has been increasingable. The difference in the initial (at time of formation) pre-
(Sneden et al. 1996, 2000a; Cowan et al. 1997, 1999, 2002 dicted ratio for Th/Eu and the observed stellar ratio directly
Westin et al. 2000; Johnson & Bolte 2001; Cayrel et al. 2001). reflects (properly) the age of the radioactive material that was
These detections have led to direct chronometric stellar ageproduced in the-process site, whatever that may be. However,
determinations. The typical technique has been to first deter-since the timescale for formation of the current halo stars, after
mine the ratio of the abundance of radioactive thorium to the the ejection of this-process material into the ISM, would have
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been relatively short (i.e., only millions of years, as compared make use of the theoretically predicted initial (zero-decay) val-
to billions of years), this age can be thought of as the stellar ues for ratios such as Th/U, Th/Eu, and Th/Pt. These in turn
age. Chronometric ages, based upon the Th/Eu ratios, havare based upon nuclear mass formulae and abundance fits to
typically fallen in the range of 11-15 Gyr for the observed the heaviest stable neutron-capture elements, i.e., the third
stars (Sneden et al. 1996, 2000a; Cowan et al. 1997, 1999r-process peak elements. Several nuclear mass formulae, such
2002; Pfeiffer, Kratz, & Thielemann 1997; Westin et al. 2000; as the extended Thomas Fermi model with quenched shell ef-
Johnson & Bolte 2001; Cayrel et al. 2001). fects far from stability, i.e., ETFSI-Q (see Pfeiffer et al. 1997
We also note that in one case, Th/Eu ratios have beenfor discussion), have been employed in making the age deter-
determined for several giants in the globular cluster M15 by minations. (See also Schatz et al. 2002 for new age determi-
Sneden et al. (2000b), who estimated their average, and henceations of CS 31082001 employing another nuclear mass
the cluster, age @4 + 4 Gyr. model.) The number of abundance determinations of the third
Concern has been expressed, however, over the reliability ofr-process peak elements, including Pt, in metal-poor stars is
employing Th/Eu as an age indicator in all metal-poor stars also increasing, particularly as the result of the utilization of
(Goriely & Arnould 2001). In particular, Eu is widely separated the Hubble Space Telescope (HST)—the dominant transitions
in mass number from thorium, and differences in the synthesisof elementssuch as Pt are primarily in the ultraviolet, requiring
histories of these elements could lead to age uncertainties. Fura space-based telescope. Such accurate stellar elemental abun-
thermore, the initial predicted values of this abundance ratio dances are important in ratio to the observed radioactive abun-
are very sensitively dependent upon the choice of nuclear masglances and in constraining the predicted initial (time-zero) radio-
formula: very different mass formulae lead to widely differing active abundances employed in these chronometric age
initial ratios and hence age estimates. Particularly troubling is determinations.
the case of CS 31082001. This UMP star shows very high We caution, however, that even with these recent observa-
values of Th and U with respect to the stable elements suchtional successes, uranium detections in metal-poor or UMP
as Eu (Cayrel et al. 2001; Hill et al. 2002). Schatz et al. (2002) stars may turn out to be uncommon. Previous observations have
in fact show that employing Th/Eu in this star leads to an failed to detect U in such stars as CS 228952 and
unrealistically young age, while Th/U provides an answer HD 115444, although meaningful upper limits can also be em-
(15.5 + 3.2Gyr) that is consistent with other age estimates for ployed to constrain the age estimates (see also S. Burles et al.
these metal-poor stars. It is not clear, at this point, whether 2002, in preparation, for further discussion). Finally, the over-
CS 31082-001 is somehow unusual or whether it represents lap among the various chronometric age estimates for the field
a different class of stars. The results for this star do suggesthalo stars and for the globular M15 with other globular cluster
though, caution in employing only Th/Eu for chronometric (e.g., 14 Gyr from Pont et al. 1998) and cosmological age
stellar age estimates. Clearly, obtaining abundances of stableleterminations (e.g14.9+ 1.5 Gyr from Perlmutter et al.
elements nearer in mass number to thorium, or even better1999 and14.2 + 1.7 Gyr from Riess et al. 1998) is encour-
obtaining two chronometers such as Th and U, would be pre-aging. While the chronometric age predictions have suffered
ferred for this radioactive dating technique. from some uncertainties in the past, that situation has been
slowly changing with the addition of more high-resolution stel-
lar data and more nuclear data leading to increasingly more
reliable prescriptions for very neutron rich nuclei (see Pfeiffer
The recent, and first, detection of uranium in the UMP star et al. 2001; S. Burles et al. 2002, in preparation).
CS 31082-001 ([Fe/H]= —2.9) by Cayrel et al. (2001) offers
promise for these stellar age detections with the addition of a
second chronometer. An added advantage is that uranium is
nearby to thorium in nuclear mass and thus might offer a more
reliable comparison than lower mass (i.e., farther away) ele- In this section, we examine the differences in abundances
ments such as, for example, europium. Cayrel et al. (2001; seeamongr-process “rich” and “poor” stars as a further probe of
also Schatz et al. 2002) employed the abundances of U andhe early history of Galactic nucleosynthesis. (We define
Th, in combination with each other and with some other stable r-process rich as [Eu/Fe] +0.7 and poor as [Ba/Fe] —0.7.)
elements, to find an average chronometric age2ob + 3 Gyr We compare abundances of these two groups for selected el-
for CS 31082-001. ements in Tables 1 and 2. A range in metallicity is seen in
Recent observations of the spectrum of B27°3248 also both groups, with most of these stars having [Fe/H] between
indicate the presence of uranium, albeit weakly, marking this about—2.0 and—3.1, and that-process “richness” does not
as the second metal-poor halo star in which U has been detectedorrelate directly with metallicity—the-process—poor stars are
(Cowan et al. 2002). These authors, employing Th, U, Eu, andnot necessarily the most metal poor.
several thirdr-process peak elements, estimate the age of BD The behavior of the Sr/Ba ratio, as a function of [Ba/Fe], is
+17°3248 to bel3.8+ 4 Gyr. All of these age calculations also illustrated in Figure 10 to compare and contrast these

5.2. Ages from Two Chronometers: Th/U

6. NEUTRON-CAPTURE NUCLEOSYNTHESIS AT
VERY LOW METALLICITIES
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TABLE 1
NEUTRON-CAPTURE ABUNDANCES IN I'-PROCESS—POOR STARS
Star [Fe/H] [Sr/Fe] [Ba/Fe] [Sr/Ba] [Eu/Fe] [La/Fe] [La/Eu]

HD 4306............. —-2.54 -0.20 —-1.25 1.05

HD 88609 ........... —2.93 0.30 -0.91 1.21
HD 122563.......... —-2.71 0.17 -0.93 1.10 -0.30 -0.71 -0.41
BD —185550 ....... —2.93 0.18 -1.02 1.20 —-0.07

CS 22897008 ...... -3.35 063 —1.23 1.86

groups of stars. The-process—rich stars in Figure 10 generally preparation, for further discussion). It is also possible that some
have [Ba/Fe}> 0, or supersolar. The Sr/Ba ratios for these stars other element besides iron, for example, silicon, could act as
cluster around the pureprocess ratio. The situation is quite a seed for any initiat-processing (see Hannawald, Pfeiffer, &
different for ther-process—poor stars. They all have [Ba/Fe] ratios Kratz 2001). Thus, even in very metal poor or UMP stars (with,
much below the solar value, typically 1/10 or less. On the other by definition, low iron abundances), somgrocessing could
hand, those same stars have very large values of [Sr/Ba] withoccur that might synthesize some levels of Sr and even Ba.
ratios 10—100 times solar, in contrast to the subsolar values forHeavy-element synthesis has even been predicted for certain
the r-process—rich stars. While the wesdprocess in massive  types of inhomogeneous big bang models (see Rauscher et al.
stars (discussed previously) can augment the synthesis of Sr1994). Some of these models, under certain very restrictive
the key finding here is the extremely low values of the heavier assumptions, can produsdike, as opposed to-like, abun-
neutron-capture elements, e.g., Ba, leading to the very largedance signatures for neutron-capture elements that would favor
ratios of Sr/Ba observed inprocess—poor stars. lighter neutron-capture element production.

This comparison of-process—rich and-process—poor stars Detailed abundance determinations for large numbers of neu-
suggests that the nucleosynthetic production (irr-pmocess tron-capture elements in individuedprocess—poor stars have,
environment) of the lighter elements, such as Sr, and probablyin general, not been available. The low levels of the abundances
Y and Zr, is favored over the heavier elements such as Ba inand the weak lines have made such element detections difficult.
the progenitors of some metal-poor stars. Production of the One star that has been extensively studied is the bright giant
heavierr-process elements early in the history of the Galaxy HD 122563. In Figure 11, we show an abundance comparison
may be delayed relative to the lighter ones. In this scenario, between this star and fourprocess—rich stars (BB 17°3248,
the observed-process—poor stars may be showing the products CS 22892-052, CS 31082001, and HD 115444). For each
of nucleosynthesis from progenitor stars that lived and died star, we show the difference between the abundance value of
prior to the formation of the first “maint-process stars. If  the element and the corresponding solar systgmocess pre-
lower mass (8101, ) supernovae are a likely source for the diction. A perfect agreement would result in a relatively flat
main r-process (see, e.g., Mathews et al. 1992; Wheeler,line curve. That is, in general, what is observed for the four
Cowan, & Hillebrandt 1998; Ishimaru & Wanajo 1999), then r-process—rich stars, supporting earlier arguments that the neu-
the high Sr/Ba ratios could be reflective of higher mass star tron-capture elements in these stars are in scaled solar system
ejecta. Both the lighter and heavier neutron-capture elements-process proportions. What abundance data there are for HD
might have been synthesized in some type of incomplete or122563 do not follow the same pattern, however. Instead, the
abbreviated-process in early, extremely metal poor massive abundances of the heavier neutron-capture elements seem to
stars, with a possible additional Sr synthesis from the weak depend on, and decline with, atomic hum&erThis may, in
s-process in these same stars. Such an incompiptecess, fact, be another indication of an incompletprocess synthesis
with insufficient neutron flux to flow up to the heaviest neutron- from a massive star early in the history of the Galaxy.
capture elements, can occur in some model calculations forWe caution, however, that our analysis is based so far on only
certain astrophysical conditions (see S. Burles et al. 2002, inHD 122563 and needs to be confirmed by additional stars.

TABLE 2
NEUTRON-CAPTURE ABUNDANCES IN I-PROCESS—RICH STARS
Star [Fe/H] [Sr/Fe] [Ba/Fe] [Sr/Ba] [Eu/Fe] [La/Fe] [La/Eu]
HD20 ............... -1.39 0.05 058 —0.53 0.77 0.39 —0.38
HD 126587 .......... —-2.85 —-0.45 —0.06 —0.39 0.75 0.30 —0.45
BD +17°3248 ....... -2.1 0.09 040 -0.21 0.91 0.45 —0.46
CS 22892-052 ...... -3.1 0.70 041 -0.26 1.70 1.07 —-0.63
HD 115444 .......... -3.0 0.32 0.18 0.14 0.85 0.37 -0.48
CS 31082-001 ...... —-2.9 0.65 1.17 -0.52 1.63 1.13 —0.50
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1993; McWilliam et al. 1995; McWilliam 1998). Note in particular the —
r-process—poor andprocess—rich starsSge the el ectronic edition of the PASP i . 1
for a color version of this figure]
While the most detailed abundance data are so far available —4 L I L L I I I
only for HD 122563, there have been other recent papers noting 5 60 65 70 75 80 85
somewhat similar abundance traits in some of the other very Atomic Number

metal poor stars. In particular, a few of these early Galactic
stars show high Concer_‘traﬂons of C, N, or even O along with g6, 11.—Comparisons of the abundance patterns between riquo-
very low levels of heavier neutron-capture elements (see, e.g.cess—rich stargrfangles: BD +17°3248; squares: CS 22892-052; crosses.
Norris, Ryan, & Beers 1997, 2001; Depagne et al. 2002). HD 115444;0pen circles; CS 31082-001) and ther-process—poor star HD
In sum, these brief comparlsons suggest that the early phase§22563 filled circles). [See the electronic edition of the PASP for a color
version of this figure)]
of Galactic nucleosynthesis are likely to be complex. As ev-

olutionary timescales become much shorter than Galactic mix- _ _ _ _ _ .
ing timescales, the y|e|ds from different (progenitor) mass- thesis nor the phyS|caI properties of the environment in which

range stars may show up as different chemical mixes, so theit might operate are known to sufficient reliability to allow us
interpretation of abundances in stars that are more metal poot0 understand the extraordinary robustness of rtpeocess
than, for example, [Fe/HE —3 may be problematic in the —abundance pattern in the mass regfor 130—140

context of chemical evolution. Additional detailed abundance  Enter the observational astronomers. Over the past two dec-
determinations, particularly for the more metal poor and ades, high-resolution spectroscopic studies have provided high-

r-process—poor stars, may help to clarify these issues in thequality data that have helped chemical evolution and nucleo-
future. synthesis theorists by imposing constraints upon both the nature

of the nucleosynthesis sites and the abundance history of the
7. CONCLUSIONS early Galaxy. On the basis of the observed trends we have

The detailed nature of the processes by which the heavyzla:;;\;‘id in this paper, we can summarize the following con-

elements from iron to uranium are made in nature stands as

one of the most fundamental and challenging unsolved prob- 1. Observations leave absolutely no doubt but that the first
lems in nuclear astrophysics. While th@rocess is understood contributions to the abundances of the heapyocess elements

to occur primarily in the helium-burning shells of AGB stars, in our Galaxy occurred at an early epoch and well in advance
the site of ther-process can be constrained by theory only to of the first substantiad-process contributions. At metallicities

a rapidly evolving stellar/supernova environment, sufficiently [Fe/H] < —2.5, the elements in the range> 56  are virtually
short lived to explain the presence weprocess nuclei in the  pure r-process products. Ther-process synthesis of
very oldest stars studied in our Galaxy. Furthermore, neither A = 130-140isotopes happens early in Galactic history, prior
the nuclear physics of the-process of neutron-capture syn- to contribution of heavys-process isotopes from AGB stars.
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2. The r-process mechanism for the synthesis of the sponsible for the synthesis of the lighter elements below bar-
A = 130-140isotopes (the “main” or “strong” component) is ium. Analyzing the lighter abundance data is complicated by
extremely robust. This is reflected in the fact that the abundancethe possibility of the production of-process nuclei (in the
patterns in the most metal deficient (oldest) stars, which mayweaks-process) from massive stars that might contribute to the
have received contributions from only one or at best a few production of Sr, Y, and Zr only. Additional spectroscopic stud-
r-process events, are nevertheless indistinguishable from thees of the abundances of the lighter neutron-capture elements,
r-process abundance pattern that characterizes solar systetim metal-deficient stars, will be required to sort all of this out.
matter. (The abundance patterns for the three stars CS 6. The identification of the-process site with massive star
22892-052, HD 115444, and BDB-17°3248 shown in Fig. 2 environments implies that the critical nuclear chronometers for
reveal this remarkable agreement for stars of low metallicity dating the Galaxy were formed early in Galactic history. This
but high f-process/Fe].) strongly supports the use of theorocess isotopedTh, 2*U,

3. The Ba/Eu and particularly La/Eu ratios reveal that the and*®U as reliable chronometers of the Galactic nucleosyn-
first significant (or major) introduction of heawprocess iso- thesis era. A more detailed discussion of this and related issues
topes (the Ba peak nuclei and beyond: the nsginocess com-  will be provided in a forthcoming paper (S. Burles et al. 2002,
ponent) occurred at a metallicity [Fe/H]—2. The time at in preparation).
which this occurred, presumably set by the lifetime of the low- 7. For ther-process—poor stars at low metallicity, the data
mass ¢1-2 M) AGB stars-process nucleosynthesis site, is seem to indicate that lighter elements such as Sr have high
of the order of 1®yr. abundances with respect to heavier neutron-capture elements

4. The increased scatter inprocess/Fe] at low metallicities  such as Ba. Also, for these stars (at least based upon the data
[Fe/H] presumably reflects a significant and increasing level of available for the star HD 122563), the abundances of the heav-
inhomogeneity present in the gas at that epoch. It also provideser neutron-capture elements seem to depend more on atomic
evidence for the fact that only a fraction of the massive star number (and to decline faster with atomic number) than the
(M = 10 M) and associated Type Il supernova environments standara-process production normally does. These results suggest
can have contributed to the synthesis of the heapyocess that the early nucleosynthesis history of the Galaxy was quite
isotopes. The data shown in Figure 4 reveal levelsmfocess complex, with yields coming from various andr-process com-
enrichment relative to iron of factors of approximately 50. ponents and from synthesis sites with a variety of progenitor mass

5. The observations, particularly inprocess—rich stars, ranges.
indicate that the heavier (Ba and abowx> 56 , Ak
130-140) neutron-capture elements are consistent with a scaled
solar systenr-process curve. The data, although still incom-  We thank Jennifer Simmerer for providing us with her
plete, seem to indicate that the lighter neutron-capture elementd.a/Eu data in advance of publication and Faith Jordan for
(for example, Ag) are not consistent with (i.e., fall below) that assistance with the Sr/Ba analysis. This research has been sup-
same scaled-process curve. This behavior is shown in Figure ported in part by STScl grants GO-8111 and GO-08342, NSF
2 for CS 22892-052, and it indicates that two distineprocess grants AST 99-86974 (J. J. C.), AST 99-87162 (C. S.), and
environments may be required to synthesize both ends of thethe ASCI/Alliances Center for Astrophysical Thermonuclear
abundance distribution. These observations support earlier sugFlashes under DOE contract B341495 and DOE contract DE-
gestions of twa-processes based upon solar system meteoriticFG02-91ER40606 in Nuclear Physics and Astrophysics (J. W.
(isotopic) data (Wasserburg et al. 1996). Analogously to the T.). C. P. gratefully acknowledges the support of Indiana Uni-
s-process, we can attribute the heavier neutron-capture elementsersity through the Research Fund of the Daniel Kirkwood
to a “strong” robustr-process, with a “weakt-process re-  Chair in Astronomy.
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Note added in proof.—After this review was submitted, we became aware of the work by E. Carretta et al. (AJ, 124, 481 [2002])

that includes additional data on Sr and Ba at very low metallicities (see their Fig. 12).
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