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have been made in the past decade, and have provided usefiitaints on modeling this pro-
cess. Recent abundance studies have revealed the exisfeexteemely metal-poor stars that
have large enhancements exclusively of the light neutaptiore elements, indicating that a nu-
cleosynthesis process that efficiently yields these elésraperated in the very early Galaxy. We
review these recent measurements of light neutron-capfereents in the field halo stars, in-
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stars. Observational constraints on the correspondinggss®es responsible for this signature are
presented.

International Symposium on Nuclear Astrophysics — Nuol#ié Cosmos — IX
June 25-30 2006
CERN, Geneva, Switzerland

*Speaker.

(© Copyright owned by the author(s) under the terms of the Gre&ommons Attribution-NonCommercial-ShareAlike Licen http://pos.sissa.it/



Neutron-Capture Processes in the Early Galaxy Wako Aoki

1. Introduction

Chemical abundance studies based on high-resolutionrepeapy of very metal-poor stars in
the past decade have revealed that a small fraction of thgsets exhibit large excesses of neutron-
capture elements, whose abundance patterns agree venyithethat of the r-process component
of solar-system material (e.g. CS 22892-052 [1], CS 31082{Q]). Very metal-poor stars are
believed to have formed in the very early Galaxy, and the ét&ncomposition of such objects
were determined by the elemental yields of a few (or possalsingle) supernova nucleosynthesis
events. The agreement of the abundance pattern of newpinre elements in very metal-poor
stars with that of the r-process component in the Solar 8ysigygests that the abundance pattern
produced by the r-process is possibly unique. This phenomexreferred to as the universality of
the r-process, and has been confirmed at least for heavyonetdpture elements (Ba—Ir) by the
abundance measurements for several r-process-enhamaced3st4, 5, 6, 7, 8]. This observational
result has a large impact on studies of the mechanism andtiophysical sites of the r-process.

Although abundance measurements have been extendedstevitatower metallicity by re-
cent observations, r-process-enhanced stars are foudirotihe range of [Fe/H —3 ! (e.g.
Barklem et al. [9]). In particular, the stars having extréyrlarge overabundances of r-process
elements (e.g. [Eu/Fe]+1) appear at around [Fe/H]—3.0. The metallicity distribution of the
r-process- enhanced stars should reflect the charaatsristiass, metallicity, etc.) of the progenitor
objects, although the astrophysical sites responsibléhfor-process are still not understood (see
the review on r-process nucleosynthesis by Wanajo & Ishinitd]).

Recent abundance studies have also revealed the existenobgects that have quite differ-
ent abundance patterns from that of the solar-system epsocomponent, in particular for light
neutron-capture elements. Detailed abundance measuefmelS 22892—-052 [11] showed that
the abundances of the light neutron-capture elements (§rd€viate from the r-process abun-
dance pattern of the Solar System. This deviation is alsnddar other r-process-enhanced stars
[12, 7]. Moreover, the abundance ratios between light armh@eutron-capture elements (e.qg.
Sr/Ba) exhibit a large spread in very metal-poor stars [13These observational results indicate
the existence of a process (or processes) that produceificigh amount of light neutron-capture
elements, and have contributed to the r-process compohentar-system material. This process
is sometimes referred to as the “weak r-process” [10], wtinker-process that creates the bulk of
the heavy neutron-capture elements is called the “maimecgss” [14]. In this paper, our recent
observational studies of the production of light neutraptare elements in the early Galaxy are
reviewed, and constraints on models for this process odddiom these data are discussed.

The abundances of the actinides (such as Th and U) producddebyprocess are also of
interest. The Th abundance of the r-process-enhanced St&#2892-052 is well explained by
the assumption that the initial abundance pattern of heaujron-capture elements, including the
actinides, of this object is identical to that of the r-pree€omponent in the Solar System, with Th
undergoing radioactive decay by a factor of two over the tinee this element was formed (L4
Gyr, that is, the age of the universe; [1, 6]. Similar reshlise been obtained for other r-process-
enhanced stars. However, a few stars exhibit Th abundahatare higher than the value expected
from the above assumption (e.g., CS 31082-001 [2, 12]; CB&aB2 [7]). Although the spread

1[A/B] = log(Na /Ng) — log(Na /Ng)w, and logea = log(Na /Ny ) + 12 for elements A and B.
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of the abundance ratios between the actinides and the $taélgy neutron-capture elements (e.g.,
Th/Eu) is not large (at most 0.4 dex), this factor is crucislew the abundance ratios are applied
to obtain limits on stellar ages. This topic have been dsediextensively in the literature [7, 15]
and in this volume [16].

Another interesting result related to neutron-capturecesses in the early Galaxy is found
for carbon-enhanced metal-poor (CEMP) stars, the majarfitwhich exhibit large excesses of
s-process elements. The nucleosynthesis in thermallyngulssymptotic Giant Branch (AGB)
stars is believed to be responsible for the s-process elsmianparticular for those heavier than
Ba (see a recent review by Herwig [17]). Since the timesaalesignificant contribution of AGB
nucleosynthesis to Galactic enrichment is longer than dfhahassive stars, the effect of the s-
process appears clearly in relatively metal-rich (yourtgjss Therefore, the s-process-enhanced,
very metal-poor stars are explained by a scenario that aasuomass transfer across a binary system;
that is, the AGB star responsible for the s-process was drcprimary of a binary system, and the
yields were transferred to the envelope of its companioarfd the primary evolving to become
a faint white dwarf. Detailed abundance measurements dfaregapture elements have shown
that a significant fraction of such objects also exhibit eses of Eu, which is an almost pure
r-process element in the Solar System. This result suggelstige contribution of r-process, as
well as s-process, to such objects, and they are called “CEM$lars’[18]. In section 5, recent
observational studies for these stars are reviewed.

2. Production of light neutron-capture elements in the eary Galaxy

Figure 1 shows the abundances of Sr and Ba measured for vegy-poer ([Fe/Hk —2.5)
field halo stars and objects in the metal-poor ([Fe/H]2.3) globular cluster M15. Here Sr and Ba
are regarded as elements representing light and heavyonecdpture yields, respectively. Carbon-
rich stars, most of which show excesses of s-process elenagt would be affected by mass
transfer in binary systems, are excluded from the samplencelethe origin of Sr and Ba for the
stars shown in the figure is expected to be solely due to theaegs.

Inspection of Figure 1 indicates that (1) there is no objeat has both a high Ba abundance
and a low Sr abundance; (2) a large scatter of Sr abundanéasnd in stars with low Ba abun-
dances [7, 19, 20]. These results are naturally explainedssyming two processes producing
high and low Sr/Ba ratios. That is, one process that prodlazge amount of Sr with little Ba
is responsible for the stars having high Sr and low Ba abureianwhile the other process yields
both elements in similar amounts, and formed stars with BghHand Sr) abundances. Since Sr
is produced by both processes, all Ba-enhanced stars aiso esktcesses of Sr. Moreover, the
contribution of the latter process diminishes the sprea@r@bundances in Ba-enhanced stars.

The latter process, which produces heavy neutron-captameeats, corresponds to the main
r-process (section 1). Although the astrophysical oriditseenhanced stars is still unclear, this
investigation clearly shows the existence of a processdfffiatently yielded light neutron-capture
elements at very low metallicity. For convenience, hegrafte regard this process as the weak
r-process (section 1).

Aoki et al. [20] have suggested that the distribution of St &a abundances is dependent on
the metallicity of the star. In the metallicity range [Fefd} 3.1, most objects have low Ba abun-



Neutron-Capture Processes in the Early Galaxy Wako Aoki

T L L T 17T | T T T

1 - . S

L o g A

L Q Q%. O _

0 F L DEFH@D;@*% |

/E_.\ B &y i
+ +

2 [ 0G0 +0 4 ]

~ . N

U)_]' - O + D+ .

QD - ]

s B , O )

_2 - o *+ _

L+ ]

L O 4+ _

_8 _I | | L1 1 1 | L1 1 1 | L1 1 1 | 11 1 I_

—

- _Foge_(]Ba)O

Figure 1: Sr abundances as a function of the Ba abundance for very-medalistars ([Fe/Hf —2.5). Stars
having significant excesses of carbon and s-process eleragnexcluded. The results of our studies for
field stars are shown by open circles [20] and open squarefRjggults of previous studies are also shown
by plus symbols (see Aoki et al. [20] for references). Starthe globular cluster M15 are shown by filled
circles.

dances (log(Ba)< —1.5), while a large scatter of Srabundances exists. In cdntrasst stars with
higher metallicity (2.9 <[Fe/H]< —2.5) have high Ba (and Sr) abundances. A clear transition oc-
curs at [Fe/HE —3.0 . This phenomenon corresponds to the fact that r-proadsareed stars only
appear in the range of [Fe/H]—3 (see section 1). An important result of the above inspaadtdo
that Sr-enhanced stars exist at lower metallicity ([Fe/H]3), suggesting that the weak r-process
operated even at extremely low metallicity, or that the pescis related to supernova explosions
that are responsible for the elements observed in extremetgl-poor stars.

Since singly ionized Sr and Ba have very strong resonanchbleiplines in the optical range,
these two elements are preferable for investigating the@dmce distribution of large samples of
metal-poor stars, including objects with very low abundenof these elements. However, the
accuracy of abundance measurements for Sr and Ba in stanmiesxdat compromised when these
lines are used, because strong absorption lines are lestiveeto abundance differences than weak
lines. In particular, no weak Sr line that is ideal for abumtia analysis exists in the optical range.
Hence, for a more detailed investigation of the abundarstgillitions of light and heavy neutron-
capture elements, Aoki et al. [20] consider the Y, Zr, and Bura@ances. Figure 2 shows the Y
and Eu abundances for the field stars of their study, as wedtaas in three metal-poor globular
clusters (M15, M30, and M92).

Because of the relatively high detection limit of Eu lineslyostars with large abundances of
heavy neutron-capture elements can be discussed. Howeterthat a spread of Y abundances is
found in stars with low Eu abundances ([Eu/Ee}2). This indicates that the contribution of the
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Figure 2: Y abundance as a function of Eu abundance for field stars (oipelles [20], open squares [7]

and plus symbols), and for three metal-poor globular chegsteM15 (filled circles), M92 (filled squares)

and M30 (filled triangles). The lines show the enrichmentadéted elements, assuming different initial
abundances and a constant Y/Eu ratio in the yields of the maiocess. See text for details.

weak r-process appears in these stars, although the medeegs also has clearly contributed. The
two solid lines show the enrichment of these two elementdibynain r-process (here we assume
a fixed Y/Eu ratio of 5 for the yields) for two different initi¥ abundances, which represents the
variation of the contribution of the weak r-process (see ifakal. [20] for details). Most field
stars appear between the two lines, implying that the almg®ldistributions are explained by the
contributions of the two processes. The effect of the wepkocess also appears in these objects,
as well as in the extremely metal-poor, Sr-rich, Ba-poorsssiown in Figure ?.

Otsuki et al. [22] studied neutron-capture elements in sighb giants of the metal-poor
([Fe/H]~ —2.3) globular cluster M15. The Sr and Ba abundances of these ata plotted in
Figure 1. The neutron-capture elements in this clusteré@xsome abundance spread [23], and the
values are relatively high compared to field stars of sinmtatallicity. The Y and Eu abundances
of these stars are shown in Figure 2. We recently have extetidemeasurements to include two
stars in M30 and another two in M92, whose metallicity is &amto M15. The results are also
shown in the Figure. If there is no (or only a very small) cdnition of weak r-process to the
stars in these clusters, a correlation represented by terIsolid line should appear. The result
is, however, that the Y abundances higherthan this line, indicating the contribution of the weak
r-process to globular clusters, or their progenitors, abénfield halo stars (see Otsuki et al. [24]).

Thus, the weak r-process generally contributes to metai-gtars over a wide metallicity

2|t should be noted that the [Y/Zr] abundance ratios meastoetield stars are almost constant ([Y/Zr]—0.4),
and the value is not explained by the weak s-process [21].
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range, although the contribution is not uniform. This sigige¢hat the progenitor stars responsible
for this process are different from those of the main r-pss¢evhich affects only a limited number
of extremely metal-poor stars. Travaglio et al. [25] invgsted the role of this process in Galactic
chemical evolution, and estimate the contribution to tHarssystem abundances of light neutron-
capture elements to be on the order of 8-25%, depending osl¢heents under dicussiénThe
role of this process appears to be quite significant in thly &alaxy.

3. The abundance pattern produced by the weak r-process

For modeling the weak r-process, observational consgantthe detailed abundance pattern
produced by this process are vital. Unfortunately, howeaber solar-system composition does not
provide useful constraints, because the contribution leyrtiain r-process is not well separated
from the weak r-process. Hence, abundance patterns of vetglipoor stars that preserve the
yields of this process provide a unique opportunity to exsmmodel predictions. Stars having a
high Sr abundance without the presence of a Ba excess arelatnthrgets for this study.

Honda et al. [26] obtained a detailed abundance pattern datron-capture elements in
the very metal-poor ([Fe/H} —2.7) star HD 122563, which has a relatively high abundance of
light neutron-capture elements (le(sr)= 0.1) and low abundances of the heavy ones £i&n)
= —1.7, see Figure 1). This star is a very bright red giant (visuabntude of 6.2), for which
a number of abundance studies have been made. Howeverhsiagg neutron-capture elements
are less abundant in this object, a very high quality spettisirequired in order to obtain ac-
curate abundance measurements. Most spectral lines abnezapture elements that are useful
for abundance studies exist in the ultraviolet region, incltstellar flux rapidly declines and the
transparency of the earth’s atmosphere degrades. Honda [@6& obtained a very high quality
ultraviolet spectrum of HD 122563 using the 8.2 m Subaruskape, and determined abundances
of 19 neutron-capture elements, as well as upper limits thoercfive elements.

Such measurements were recently extended to another ,bxight metal-poor red giant,
HD 88609, by Honda et al. [27]. Figure 3 shows the abundantterpa of neutron-capture el-
ements in these two stars, compared with that of the sokiesy r-process component. If the
pattern is normalized to the Eu abundance, these two steaslclshow large excesses of light
neutron-capture elements compared to the solar pattence $ese stars are very metal-poor and
only one or a few massive stars and supernovae should hatrgbabed to their chemical compo-
sition, the light neutron-capture elements of these stainsbe regarded as representing the yields
of the weak r-process.

The abundances of the elements with- 46, which exist between the first and second abun-
dance peaks produced by neutron-capture processes, wmndlg constrain the nucleosynthesis
models. Most r-process models with parameters thahatappropriate for production of heavy
r-process elementZ (> 52) predict a rapid decline of abundances after the first §gak 40).
Some parameter range of r-process models could possibipdepe the abundance patterns of
HD 122563 and HD 88609 [26]. However, these objects are raibienal stars in the low metal-
licity range, in contrast to the r-process-enhanced st@gufe 1). Hence, fine tuning of the pa-

3Travaglio et al. [25] call this process the “lighter elempritnary process (LEPP)”.
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Figure 3: Chemical abundance pattern of the very metal-poor stars 2583 and HD 88609 [27], com-
paring with the solar-system r-process abundance pattern.

rameters of r-process models is unlikely to provide a sotufor the origin of the weak r-process
elements.

The abundance patterns of the heavy neutron-capture elei@en 56) in the above two stars
are similar to that of the solar-system r-process comportémivever, detailed inspection for these
elements in HD 122563 [26] shows that the elemental aburedasfcthis star more rapidly decrease
with increasing atomic number than the abundances of tlae-sgstem r-process component. This
discrepancy is not fully explained by assuming a (smalltigouation of the s-process. Honda et al.
[26] argued that the abundances of heavy neutron-capteneegits in this star possibly reflect the
yields of the weak r-process. There is no established madé¢his process at present, and further
measurements of neutron-capture elements for metal-paxarlgke HD 122563 and HD 88609 are
desired to reveal the abundance pattern produced by the m@akess.

4. Neutron-capture elements in the most iron-deficient staHE 1327-2326

A clue to the astrophysical site for the production of ligettron-capture elements in the very
early Galaxy was obtained from the recent discovery of HE7£2326, the most iron-deficient star
known to date [28]. This star was identified as a candidatellrpetor star by the Hamburg/ESO
survey [29]. High-resolution spectroscopy of this star whtained in an ongoing observing pro-
gram for candidate extremely metal-poor stars using thea&ubelescope [30] to determine the
detailed abundances [28, 31]. This star appears to be aitima@in-sequence or subgiant star, based
on available photometric data and its measured proper moilibe Fe abundance derived by the
detailed abundance analysis is [Fe#}5.4, which is lower than the iron abundance of HE 0107—-
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5240, the previously known most iron-poor star [32], and ertbian one order of magnitude lower
than those of other ultra metal-poor halo stars ([Fe/H]4).

The low iron abundance strongly suggests that this starddrfrom material that had been
polluted by only a first-generation (massive) star and ifsesnova explosion. An important abun-
dance property of this object is the large excess of lighhelats like carbon, nitrogen and sodium
with respect to iron ([C/Fe} [N/Fe]~ +4 and [Na/Fe} +2.5). To explain this peculiar abundance
pattern, several models, including a supernova modelviwplthe effects of mixing and fallback
as parameters [33, 34], stellar wind from rotating very rmasstars [35], etc. have been proposed.

One unanticipated result from spectroscopy of HE 1327-282®e overabundance of Sr
in this object ([Sr/Fe]=+1.3), along with a non-detection of Ba. Although the upper tiom
the Ba abundance ([Ba/ke]+1.7) is still weak, the limit for the [Sr/Ba] ratio ([Sr/Ba] —0.4)
provides some constraints on the origin of neutron-capaleenents in this star. The main s-
process at low metallicity is excluded, because the [Srfaabs produced by this process are
quite low ([Sr/BaK —1)*. This limit is not inconsistent with the [Sr/Ba] ratios prozkd by the
main r-process ([Sr/Ba] —0.4), as estimated from the abundance ratios of a few extremely
process-enhanced stars (see section 1). This possiltitityld be investigated by obtaining the Ba
abundance for HE 1327-2326, or a stronger upper limit fdrat higher quality spectra in future.

Another possibility to explain the overabundance of Sr igs$sume that the weak r-process
operates in the progenitor of this object. Indeed, as dsamlisn Section 2, overabundances of
light neutron-capture elements are found in extremely hpmdar stars, whose heavy elements are
believed to be provided by first generation massive objetk® r-process nucleosynthesis in jets
of collapsars [36] or in the outflow from the gamma-ray buigjects [37] have been investigated.
On the other hand, Fréhlich et al. [38] argued a possible ymthon of heavy elements by thep
process. Efforts to include such processes in the modejmpedl to explain the lighter elements
in HE 1327-2326 are strongly desired.

5. Stars with double enhancements of s- and r-process elentsn

In this section we discuss recent observational resulth®n/s stars. As mentioned in Section
1, all known examples of these stars are carbon-rich (hdregedre often referred to as CEMP-1/s),
and the excesses of s-process elements are attributed mudhawsynthesis in thermally pulsing
AGB stars. By way of contrast, the origin of the r-processradats, such as Eu, is still unclear.

The classification of such stars mostly relies on the Ba andtitmdance ratios. The [Ba/Eu]
ratios of the r- and s-process components in the Solar Syatem0.7 and 10, respectively [39].
Beers & Christlieb [18] defined this class of objects to hae<Ba/Eul< 0.5. While the estimate
of the s-process contribution is supported by the abundan€eseveral elements other than Ba
(e.g., La), the r-process contribution has been estimatddfoom the Eu abundances, although
the abundances of elements from Gd to Lu also provide sonsraimts on the origin of neutron-
capture elements for a limited number of stars [40].

Aoki et al. [41] quite recently determined the abundance®®&nd Ir, species that are located
at the third peak of the r-process yields, for the CEMP staB0®2-050, as well as upper limits

4The weak s-process vyields a quite high abundance ratio ¢8&Br However, the process is not expected to be
efficient at low metallicity due to the lack of neutron solgce
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Figure 4: Chemical abundance pattern of the r/s star CS 31062—05(Qaximg with the solar-system r-
process and s-process abundance patterns (dashed anhsslidespectively).

on their abundances for another CEMP star, LP 625-44. Thasease very metal-poor ([Fe/H]
—2.5) subgiants. Moreover, variations of radial velocities detected in these stars, indicating
that these stars belong to binary systems. Figure 4 compaesemental abundance pattern of
CS 31062-050 [42, 41] with the r- and s-process componergslaf-system material, which are
normalized to La. While the overall abundance pattern ofhaeeutron-capture elements agree
with the s-process abundance pattern, Eu shows a clearsdxessthat. The Os and Ir abundances
are also much higher than the values of the s-process abcmgattern. Since Os and Ir are almost
pure r-process elements, the result confirms a significamttibation of r-process to thes stars.

It should be noted that the upper limits of Os and Ir abundsricelP 62544 are lower
than the abundances of these elements in CS 31062-050 [4H.Ld/Eu ratio of LP 625-44
([La/Eu]= +0.74) is also higher than that of CS 31062—0500(33). Although these two stars
have similar enhancements of carbon and neutron-captemeegits, the processes responsible for
their enrichment might be quite different.

Observational results for neutron-capture-enhanced st@ complied by Jonsell et al. [43].
One important fact is that a significant fraction of s-preceshanced stars are r/s stars [43], while
the r-process-enhanced stars with no excess of s-proeaeemls are quite rare among very metal-
poor stars £ 5% [9]). Another interesting result is that the r/s starséhéarger enhancements
of heavy neutron-capture elements on average than thelhsteirsy only s-process enhancements.
These results suggest a close relation between the s- andegses that form the abundance pat-
terns of r/s stars.

One interpretation for such r/s stars is to assume that tleypsystem including the low-mass
star we currently observe was formed from a cloud pollutec Isypernova that yielded r-process
elements, and which might trigger the formation of nextayation, lower-mass stars. The s-
process elements were then provided by the former primarydstring its AGB phase. However,



Neutron-Capture Processes in the Early Galaxy Wako Aoki

this simple idea mighbot be able to naturally explain the two observational resuksitioned in
the previous paragraph.

A possible alternative scenario for the r-process contidiouis to assume pollution by r-
process-enhanced material on the surface of the low-massfs¢r the s-process has already oc-
cured. Wanajo et al. [44] proposed a model that the progeisitan 8—10 M, star which operated
the s-process during its AGB phase, followed by the r-preahsing the supernova explosion.
However, it is not clear how much of the s-process materia} b produced by such massive
AGB stars [45].

Thus, there is still no established model that explains thandance patterns of r/s stars, nor
their frequency of occurence. Further modeling of these séas well as more observational studies,
are required for understanding the origins of these stars.

6. Summary and concluding remarks

Recent abundance studies for very metal-poor stars havevered a variation of the abun-
dance patterns of neutron-capture elements produced iratg Galaxy. In this paper, obser-
vational studies for objects having large excesses in thyit neutron-capture elements and the
r's stars have been summarized. These studies suggestittnatr fvariation of neutron-capture
processes may result from future observations of largepsesnFurther systematic surveys of ex-
tremely metal-poor stars, and detailed abundance measutsrior selected stars are both strongly
desired.

The author thanks Dr. T. C. Beers for reading carefully thegpand improving the presenta-
tion.
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