brought to you by .{ CORE

View metadata, citation and similar papers at core.ac.uk

provided by UT Digital Repository

THE ASTROPHYSICAL JOURNAL, 675:723-745, 2008 March 1
© 2008. The American Astronomical Society. All rights reserved. Printed in U.S.A.

EUROPIUM, SAMARIUM, AND NEODYMIUM ISOTOPIC FRACTIONS IN METAL-POOR STARS

1 2 1
IaN U. ROEDERER, JaMES E. LAWLER,” CHRISTOPHER SNEDEN, JOHN J. COWAN,3

JENNIFER S. SOBECK,1’4 AND CATHERINE A. PrLacHowski®
Received 2007 August 15; accepted 2007 November 12

ABSTRACT

We have derived isotopic fractions of europium, samarium, and neodymium in two metal-poor giants with differing
neutron-capture nucleosynthetic histories. These isotopic fractions were measured from new high-resolution (R ~
120,000), high signal-to-noise ratio (S/N ~ 160—1000) spectra obtained with the 2d-coudé spectrograph of McDonald
Observatory’s 2.7 m Smith telescope. Synthetic spectra were generated using recent high-precision laboratory measure-
ments of hyperfine and isotopic subcomponents of several transitions of these elements and matched quantitatively to
the observed spectra. We interpret our isotopic fractions by the nucleosynthesis predictions of the stellar model, which
reproduces s-process nucleosynthesis from the physical conditions expected in low-mass, thermally pulsing stars on the
AGB, and the classical method, which approximates s-process nucleosynthesis by a steady neutron flux impinging on
Fe-peak seed nuclei. Our Eu isotopic fraction in HD 175305 is consistent with an r-process origin by the classical
method and is consistent with either an 7- or an s-process origin by the stellar model. Our Sm isotopic fraction in HD
175305 suggests a predominantly r-process origin, and our Sm isotopic fraction in HD 196944 is consistent with an
s-process origin. The Nd isotopic fractions, while consistent with either 7-process or s-process origins, have very little
ability to distinguish between any physical values for the isotopic fraction in either star. This study for the first time ex-
tends the n-capture origin of multiple rare earths in metal-poor stars from elemental abundances to the isotopic level,

strengthening the r-process interpretation for HD 175305 and the s-process interpretation for HD 196944.

Subject headings: atomic data — nuclear reactions, nucleosynthesis, abundances — stars: abundances —

stars: Population II

Online material: color figures, machine-readable tables

1. INTRODUCTION

Awealth of observational studies over the last decade have fo-
cused on measuring precise abundances of neutron (r)-capture
elements in metal-poor stars. The heart of this enterprise is iden-
tifying the origin of the nuclides with Z > 30 in our Galaxy. These
nuclides are produced in stars through either the rapid (r)-process
or the slow (s)-process. Rapid-process nucleosynthesis occurs in
environments with high neutron fluxes and densities, allowing
many neutrons to be captured by existing nuclei much more rap-
idly than the timescales for 5-decay. Slow-process nucleosynthesis
occurs where the neutron densities are lower, with 3-decay time-
scales generally shorter than the times between n-capture events.
To build heavy nuclei through the s-process, a chain of stable or
long-lived nuclei must exist from the existing seed nucleus to the
final product. The r-process and s-process lead to the creation of
different sets of heavy nuclei, some of which can only be created
in one process or the other (““pure-s” or “pure-r nuclei), and
some of which are created by both processes (see, e.g., Cowan
& Sneden 2006). While the precise astrophysical site(s) of the
r-process have yet to be identified, s-process nucleosynthesis takes
place in low- and intermediate-mass stars on the asymptotic giant
branch (AGB) (e.g., Busso et al. 1999).
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To illustrate the effects of both n-capture processes, in Figure 1
we show a table of nuclides covering portions of the atomic num-
ber domain 60 < Z < 63. The s-process can add only one neutron
before a 3-decay occurs for an unstable nucleus. On the other
hand, the r-process quickly floods a target nucleus with many neu-
trons, overwhelming the 3-decay rates. When neutrons are no
longer being added, the nucleus will 3-decay repeatedly until it
reaches stability. For isotopes produced primarily in the s-process
(e.g., '“°Nd, 148:150Sm), a stable isotope with one less nuclide
always exists. For isotopes produced primarily or wholly by the
r-process (e.g., PONd, 147.149,152,154Sm), there is a clear path for
(-decay from unstable nuclei to the lower right (in the table of
nuclides) of the stable r-process isotope, sometimes unreachable
by the s-process.

The nucleosynthetic signatures of the s- and »-processes stand
in sharp contrast to one another. The solar system (S.S.) isotopic
abundances are well established from studies of CI meteorites,
as summarized in, e.g., Anders & Grevesse (1989) and Lodders
(2003). Two primary methods are used to decompose the S.S.
isotopic abundances into their constituent s- and »-process ori-
gins. In the “standard” or “classical” method, first articulated by
Clayton etal. (1961) and Seeger et al. (1965) and with abundances
later updated by, e.g., Képpeler et al. (1989), Burris et al. (2000),
Simmerer et al. (2004), and Cowan et al. (2006), the s-process is
modeled as a slowly varying function of neutron exposure. This
method attempts to smoothly fit the “oN;” curve (the product of
the n-capture cross section and the S.S. s-process abundances)
using laboratory measurements of ¢ to determine N;. In the
“stellar” model of Arlandini et al. (1999), isotopic abundances
for s-process nucleosynthesis in 1.5-3.0 M, stars are predicted
based on nuclear physics cross sections and stellar model calcula-
tions for thermally pulsing (TP) stars on the AGB. In both of these
cases, the r-process abundances are then derived as residuals
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Fic. 1.—A small region of the table of nuclides, showing increasing mass number (4) on the horizontal axis and increasing atomic number (Z) on the vertical axis.
Naturally occurring isotopes are represented by the gray squares. The figure highlights the naturally occurring isotopes of neodymium (Nd, Z = 60), samarium (Sm,
Z = 62), and europium (Eu, Z = 63); promethium (Pm, Z = 61) has no naturally occurring isotopes. We also show the predicted percentage of r-process material in the
S.S. abundance for each isotope as given by Cowan et al. (2006). This figure illustrates the pathways by which the s and r-processes operate and the resulting differences in

the s or 7 fraction of S.S. material.

between the total S.S. abundances and the s-process products.
Both approaches have strengths and weaknesses. The classical
method is model-independent, but it assumes an empirical,
smoothly varying relationship for the oN; abundance curve
(which relies on the measured S.S. abundances) and ignores de-
tails of the nuclear physics. The stellar model does not depend
on knowledge of the S.S. abundance distribution, but is heavily
dependent on nuclear physics laboratory measurements and com-
plex stellar AGB model calculations.

These models can also be used to predict the relative amounts
of s- or r-process nucleosynthesis products in metal-poor stars.
Several key rare-earth elements are commonly used to assess
r-/s-process abundance dominance in stars.® Eu is commonly
used as a surrogate for r-process nucleosynthesis because it is so
predominantly composed of r-process material and has several
easily observed spectral lines. Similarly, Ba or La are commonly
used as surrogates of s-process nucleosynthesis. Thus, many stud-
ies have employed [Ba/Eu]’ ratios in metal-poor stars to esti-
mate the relative contributions from the s- and r-processes (e.g.,
Spite & Spite 1978; Gratton & Sneden 1994; Burris et al. 2000;
Mashonkina et al. 2003; Honda et al. 2004a; Barklem et al.
2005; Frangois et al. 2007), which in turn constrain models of
chemical evolution in the early Galaxy (Travaglio et al. 1999,
2001; Cescutti et al. 2006; Kratz et al. 2007). Recently, [ La/Eu]
ratios have been employed as an alternative to [ Ba/Eu] to avoid
difficulties in Ba abundance determinations (see, e.g., Simmerer
et al. 2004; Jonsell et al. 2006; Winckler et al. 2006).

Elemental abundances, the sums of abundances of their natu-
rally occurring constituent isotopes, are more easily measured in
stars than the isotopic abundances; however, isotopic abundances

© The s-process percentages for some of the commonly studied rare earth el-
ements, predicted by the stellar model and classical method, respectively, are: Ba
(five naturally occurring isotopes), 81.1% or 85.3%; La (one isotope), 62.1% or
75.4%; Nd (seven isotopes), 58.8% or 57.9%; Sm (seven isotopes), 30.7% or
33.1%; Eu (two isotopes), 5.8% or 2.3%.

7 We adopt the usual spectroscopic notations that [A/B] = log(Na/Ng), —
log(Na/NB).,, and that log e(A) = log(Na/Ny) + 12.00, for elements A and B.

should be more fundamental indicators of n-capture nucleosyn-
thesis because they can be directly compared to r-process and
s-process predictions without the smearing effect of multiple
isotopes. Much recent evidence (e.g., the growing number of
r-process-enhanced stars that conform to the scaled-S.S. r-process
elemental abundance distribution) supports the hypothesis of a
universal 7-process mechanism for elements with Z > 56. Itis im-
portant to demonstrate that the r-process elemental abundance
pattern extends to the isotopic level. Such agreement would greatly
strengthen the argument for a universal -process mechanism for
the heavy n-capture elements.

Most isotope fractions, unlike elemental abundances, are very
insensitive to the model atmosphere parameters. The wavelength
of a spectral line is split by two effects, hyperfine structure (HFS)
and isotope shifts, and the isotopic fractions can be measured by
detailed comparisons of an observed absorption line profile to syn-
thetic spectra of these line substructures. If this splitting is com-
parable to or greater than the combined effects of stellar thermal,
macroturbulent, and rotational broadening and the broadening
caused by the spectrograph slit, then it may be possible to mea-
sure the isotopic fractions. In principle, unlike with elemental
abundances, any n-capture element with multiple naturally occur-
ring isotopes that are produced in different amounts by the s- and
r-processes can be used to assess the relative s- and r-process con-
tributions to the stellar composition. In practice, the availability of
quality atomic data has limited studies of isotopic fractions of rare-
earth elements in stars, but the relatively recent increase in labora-
tory spectral line substructure studies has led to the identification of
a few lines of a few elements that might be analyzed at the isotopic
level.

Cowley & Frey (1989) and Magain & Zhao (1993a) first sug-
gested that the width of the Ba 11 4554 A line in stellar spectra
would be sensitive to the isotopic fraction. Magain & Zhao (1993a),
Magain (1995), and Lambert & Allende Prieto (2002) all examined
the Ba isotopic fraction in the metal-poor subgiant HD 140283.
Their measured isotopic fractions had uncertainties too large to
unambiguously discern the Ba nucleosynthetic origin in this star.
A recent series of papers by Mashonkina et al. (1999, 2003) and
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Mashonkina & Zhao (2006) have measured Ba isotopic fractions
in thin- and thick-disk stars. Their approach is to set the Ba ele-
mental abundance from lines not affected by HFS or isotope shifts
and then to derive the isotopic fraction from the 4554 A line, whose
shape is sensitive to both its elemental abundance and isotopic com-
position of Ba. Mashonkina & Zhao (2006) clearly show that a
higher fraction of 7-process Ba isotopes is present in thick-disk
stars than in S.S. material and thin-disk stars, and they also show
that a smooth trend of increasing s-process contributions occurs
with increasing metallicity. Since only the 4554 A line is useful
for examining the Ba isotopic mix, and the profile of this line is
known to suffer from non-LTE effects in metal-poor stars (e.g.,
Mashonkina et al. 1999; Short & Hauschildt 2006), we do not
attempt to assess the Ba isotopic fractions in this study. The
Mashonkina et al. studies of the Ba isotopic fraction do, however,
employ non-LTE calculations.

Eu isotopic fractions in metal-poor stars were first reported by
Sneden et al. (2002), who found that the isotopic ratio in three
r-process-rich giants was consistent with the S.S. isotopic ratio.
Subsequent studies by Aoki et al. (2003a, 2003b) found that Eu
isotopic ratios could marginally distinguish s- and r-process con-
tributions in stars that had previously been shown to exhibit such
chemical signatures. Lundqvist et al. (2007) have investigated the
Sm isotopic fractions in a very metal-poor r-process-enriched star,
qualitatively showing that the isotopic mix is in agreement with
an r-process origin. No measurements of the Nd isotopic fraction
have been made outside of the S.S., and no study has yet attempted
to measure isotopic fractions of multiple n-capture elements in the
same star.

In our study, we analyze the isotopic fractions of Eu, Sm, and
Nd in two metal-poor giant stars. Our observations and methods
of analysis are described in § 2 and 4, respectively. We summarize
the available atomic data for each species in § 3. Our measure-
ments of the elemental abundances and isotopic fractions are pre-
sented in § 5 and § 6. In § 7 we discuss the implications of our
measurements in the context of using isotopic fractions of multi-
ple species to constrain the s- and r-process nucleosynthetic his-
tories. In § 8 we use Eu and Pb abundances collected from the
literature to assess the s-process model predictions for the >'Eu
isotope, since pure-7- and pure-s-process nucleosynthesis reac-
tions produce such contrasting abundances of these elements. We
also make suggestions in § 9 for how future studies might utilize
measurements of #-capture isotopic fractions to make similar com-
parisons for other isotopes. We summarize our results in § 10. In the
appendices, we include comments describing the nuances associ-
ated with analyzing each line of each species (Appendix A), and
give our computations of the hyperfine structure subcomponents
for both Sm (Appendix B) and Nd (Appendix C).

2. OBSERVATIONS
2.1. Selection of Target Stars

We choose two bright, metal-poor giants for our analysis, HD
175305 and HD 196944. The technical requirements of achiev-
ing high signal-to-noise ratios (S/N) at very high resolution on a
telescope with a moderate aperture mandate that we select bright
(V < 8.5) targets. We select metal-poor giant stars for this anal-
ysis because (1) metal-poor stars present significantly less crowd-
ing of strong absorption features in the blue spectral region where
the lines of interest are concentrated, (2) absorption lines of all
species will exhibit greater line depth in giants than in dwarfs, be-
cause of the decrease in the continuous opacity with decreasing
electron pressure in giants, and (3) at a given metallicity, molec-
ular formation will be less in giants than in dwarfs. To maximize
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the expected contrast in the isotopic fractions, we have deliber-
ately selected stars with different chemical enrichment histories.
Although these stars have been well studied, no previous attempts
have been made to examine their isotopic fractions.

HD 175305 is a metal-poor ([Fe/H] = —1.6), bright (V' ~ 7.2)
giant that was selected because it shows evidence of r-process
enrichment ([Eu/Fe] ~ 40.5, [Ba/Eu] < 0.0, [La/Eu] ~ —0.4;
Burris et al. 2000; Fulbright 2000; Cowan et al. 2005). HD 175305
isnot enriched in carbon ([C/Fe] = +0.2; Wallerstein et al. 1979).
Although only a handful of heavy n-capture abundances have been
measured previously, the high [ Eu/Fe] and low [ Ba/Eu] ratios are
suggestive of an r-process origin. Combining Cowan et al.’s (2005)
abundance measurements of osmium (Os, Z = 76), iridium (Ir,
Z = 77), and platinum (Pt, Z = 78) from UV spectra and Lawler
et al.’s (2007) measurement of hafnium (Hf, Z = 72) with addi-
tional heavy n-capture elemental abundances measured in our
spectra will produce a more thorough understanding of this
star’s enrichment history to complement our isotopic fraction
measurements.

HD 196944 is a very metal-poor ([ Fe/H]= —2.4), bright (V' ~
8.4) giant with clear s-process signatures. This star has high C,
N, and O abundances ([C/Fe] ~ +1.3, [N/Fe] ~ +1.3, [O/Fe] ~
+1.4; Zacs et al. 1998; Aoki et al. 2002; Jonsell et al. 2005),
high Ba and La abundances ([Ba/Fe] ~ +1.1, [La/Fe] ~ +0.9),
a low Eu abundance ([Eu/Fe] ~ 40.2), and a large overabun-
dance of lead ([ Pb/Fe] ~ +2.0; Van Eck et al. 2001, 2003; Aoki
et al. 2002). HD 196944 also exhibits radial velocity variations
(Lucatello et al. 2005), indicating that it is a member of a binary
or multiple star system. These characteristics have led to the classi-
fication of HD 196944 as a carbon-enhanced metal-poor s-enriched
(CEMP-s) star, as defined in Beers & Christlieb (2005). Gallino
etal. (2005) have shown that the abundance pattern of HD 196944
can be reproduced by assuming mass transfer of material enriched
in s-process elements from a companion star with an initial mass of
1.5 M, that passed through the TP-AGB phase.

We also observed HD 122563 in our study; at V' ~ 6.2, this
star is the brightest very metal-poor ([Fe/H] = —2.8) star in the
sky. Unfortunately the lines of Eu, Sm, and Nd proved to be too
weak to provide any assessment of the isotopic fractions. This is
unfortunate, because Honda et al. (2007), following studies of
this star by Cowan et al. (2005) Aoki et al. (2005) and Honda et al.
(2006), have suggested that HD 122563 and HD 88609 may be the
first two known representatives of a class of stars whose n-capture
enrichment has been dominated by the weak r-process, which pro-
duces an abundance pattern distinctly different from that of the
main r-process.® Our analysis of HD 122563 did allow us to assess
the location and strength of blending features for some of our
lines of interest. It is possible that the Eu i1 lines at 3819, 3907,
and 4129 A, which were not covered in our spectrum, may give
some hint to the Eu isotopic fraction.

2.2. Description of Observations

For a set of lines of a given species with the same ionization
state in a stellar atmosphere, the relative strength of each line de-
pends on its transition probability, excitation potential, wavelength,
and the continuous opacity of the atmosphere at that wavelength
(see, e.g., Gray 2005, p. 389). In metal-poor stars the continuous
opacity (from H™) increases slowly over the visible wavelength
region as the wavelength increases; these two terms take oppo-
site signs in calculations of the line strength and roughly offset

8 Please see, e.g., Wasserburg et al. (1996), Qian & Wasserburg (2000),
Wasserburg & Qian (2000), Johnson & Bolte (2002a), Wanajo & Ishimaru (2006),
and Kratz et al. (2007) for further discussion of these two processes.
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each other. To first approximation, then, the relative strengths of
individual absorption lines are determined by the transition prop-
erties of the lines themselves. Figure 10 of Lawler et al. (2006)
illustrates this point for the case of Sm 1 lines. For the n-capture
species considered in our study, the first-ionized state is dominant
in our stars, and most of the transitions have similar excitation po-
tentials (~ 0.0—0.7 eV), so the oscillator strengths most signifi-
cantly affect the relative line strength. The log (gf') values generally
decrease when moving from the near-UV to the near-IR spectral
regions, so the strongest lines in stellar spectra tend to lie in the
near-UV and blue end of the visible spectrum. This is unfortunately
where the most severe blending with other spectral features is likely
to occur. The isotope shifts increase with increasing wavelength;
this broadens the stellar line profiles, making it easier to measure
the isotopic fraction. The decrease in line strength, decrease in
blending features, and the increase in isotopic shifts at longer
wavelengths compete against each other, producing a range in
the visible spectrum from ~4400 to 5100 A where isotopic frac-
tions are most easily measured.

We acquired new observations of our target stars using the
2d-coudé cross-dispersed echelle spectrograph (Tull et al. 1995)
on the 2.7 m Harlan J. Smith Telescope at the W. J. McDonald
Observatory. Observations of HD 122563 and HD 196944 were
made on 2006 June 12—18, and observations of HD 175305 were
made on 2006 August 08—12. Sets of 30 minute exposures
were taken with a Tektronix 2048 x 2048 CCD (“TK3”). Around
5000 A, to sample the full width of a line profile (~0.2 A) with
at least 10 points requires A4 = 0.02 per pixel and a two-pixel
resolution of R ~ 125,000. This requirement dictates the spec-
tral resolution necessary to complete our analysis. Our data have
FWHM resolving powers R ~ 120,000. Lines in our Th—Ar com-
parison spectra can be fit with a pure Gaussian function, and no
variation in the instrumental profile was found from night to night
over the course of either observing run. Due to the limited wave-
length coverage at this setup, we have observed each star with
three grating settings to increase the wavelength coverage. Our
spectra cover 4200 < 4 < 6640 A inHD 122563 and HD 196944
and 4120 < 1 < 5890 A in HD 175305; however, even when us-
ing multiple grating settings our wavelength coverage is still in-
complete within these ranges.

Image processing, order extraction, and wavelength calibration
were performed using standard IRAF? tasks in the echelle and
onedspec packages. Echelle orders were cross-correlated and co-
added, and the continuum normalization was performed with the
SPECTRE software package (Fitzpatrick & Sneden 1987). Our
final S/N values (per pixel) range from ~160 at 4130 A to ~330
at 5100 A in HD 175305, ~160 at 4200 A to ~400 at 5000 A
in HD 196944, and ~430 at 4200 A to ~1000 at 5000 A in
HD 122563.

3. ATOMIC DATA
3.1. HF'S Structure and Isotope Shifts

HFS is primarily caused by the magnetic interaction between
an electron and the nucleus of an atom. This interaction occurs
when the nucleus has a magnetic dipole moment that results from
anonzero angular momentum, which occurs when the nucleus has
an odd number of protons and/or an odd number of neutrons. The
strength of this interaction is characterized by the magnetic dipole
“A” constant, which can be measured in laboratory studies. We

° IRAF is distributed by the National Optical Astronomy Observatories, which
are operated by the Association of Universities for Research in Astronomy, Inc.,
under cooperative agreement with the National Science Foundation.
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also include the measured electric quadrupole interaction “B”’
constant in our HFS computations, but magnetic interaction is
usually dominant. In stellar spectra, HFS is manifest as a broad-
ening of a single line of a particular atom due to the energy shifts.
Isotope shifts, on the other hand, are slight rearrangements of the
energy levels of one isotope of a particular species relative to an-
other isotope of the same species. The most useful lines of heavy
atoms—such as those considered in this study—usually have iso-
tope shifts dominated by the field shift. This shift is from the finite
volume occupied by the nucleus of an atom. Proton charge is dis-
tributed within the nucleus, and not concentrated at the origin;
hence the electric field inside the nucleus does not have a 1/r
dependence. For electrons that have a significant probability of
existing at small 7, such as the 65 electron in the ground state con-
figuration of Eu 1, this can have a sizable effect. Both the reduced
mass shifts and specific mass shifts of the upper and lower levels
also contribute to the total isotope shifts of a line. Isotope shifts for
our elements have been measured in laboratory experiments. In
stellar spectra, the effect of isotope shifts is to broaden the absorp-
tion line profile when more than one isotope of the same atom are
present in the stellar atmosphere.

3.2. Europium Atomic Data

There are two naturally occurring isotopes of Eu: '*'Eu (47.8%
S.S.) and '33Eu (52.2%). Both Eu isotopes exhibit HFS. Both
isotopes of Eu are produced in roughly equal amounts in the
r-process, which dominates over the s-process as the origin of
the S.S. Eu. Because there are only two Eu isotopes, it is straight-
forward to measure the isotopic fraction by measuring the fraction
of one of these isotopes relative to the total amount of Eu. The
fraction fi5; is defined as

N(lSlEu)

ﬁ51 :W

(1)

In Table 1, we list the fraction of '*!Eu that would be expected if
all the Eu present in a given star were to have originated in only
the s-process or the r-process for both the stellar model and clas-
sical method. The stellar model predicts an f;’; abundance that
is consistent with two (r + s)-enriched stars (Aoki et al. 2003Db,
2006), but the classical method predicts an f}’5; abundance that
is nearly 30 times smaller. We also note that even the predictions
for the pure-s-process abundance of *'Eu vary greatly within dif-
ferent sets of classical method calculations (Arlandini et al. 1999;
Cowan et al. 20006), so this discrepancy is not limited to only the
classical method versus stellar model predictions. Lengthy discus-
sion of this discrepancy will be taken up further in § 8.

We adopt the Eu 11 log (gf) values of Lawler et al. (2001b).
The hyperfine and isotopic components are taken from Ivans et al.
(2006). The HFS of the three Eu 1 lines that we consider is very
wide, ~0.2-0.3 A, which facilitates our ability to measure the iso-
topic fraction.

3.3. Samarium Atomic Data

There are seven naturally occurring isotopes of Sm: '#4Sm
(3.1%5S.8.), '7Sm (15.0%), 148Sm (11.2%), '4°Sm (13.8%), 1*°Sm
(7.4%), 152Sm (26.7%), and '3*Sm (22.8%). The 44Sm isotope is
exclusively produced by the p-process; fortunately for this analysis,
this isotope only comprises 3.1% of the Sm in the S.S., so we can
neglect its contribution to the isotopic mix. According to the stellar
model and classical method, '**Sm and '3°Sm are produced exclu-
sively by the s-process, while the 7-process dominates the produc-
tion of the other four isotopes.
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TABLE 1
IsoToPE MIXES FOR PURE s- AND 7-PROCESS MATERIAL AND MEASURED IsoTopic FrRacTiONS

STELLAR MoDEL?

CrassicAL METHOD®

SPECIES s Only 7 Only s Only 7 Only SOLAR SYSTEM® HD 175305 HD 196944
Ba: fodd = oreveeeeeeeereeeeeeenee 0.11 0.46 0.09 0.72 0.178
Nd: fiazs1a4 0.67 0.32 0.69 0.27 0.510 0.21153¢ 0.36105¢
Sm: fisa 1154 . 0.21 0.64 0.20 0.64 0.495 0.51+0.08 0.35+0.14
EU: f151 = reeereeeeeeeeeeeeeeeennan 0.54¢ 0.47 0.044 0.47 0.478 0.50 + 0.04

& Arlandini et al. (1999).
° Simmerer et al. (2004); Cowan et al. (2006).
¢ Rosman & Taylor (1998).

9 The classical fit ( based on assuming a smoothly varying abundance curve) predicts a much smaller s-process contribution to '*'Eu than does the
stellar s-process model of Arlandini et al. (1999). See § 8 for further discussion.

The two odd-4 isotopes exhibit HFS structure in addition to
the energy shifts between all seven isotopes. The Sm isotope shifts
are ~0.05-0.10 A, which is slightly larger than the Sm HFS split-
tings, ~0.05 A, yet both the Sm isotope shifts and HFS split-
tings are significantly smaller than the Eu HF'S splittings. The two
heaviest isotopes, '3°Sm, and '3*Sm, have large isotope shifts rela-
tive to the isotope shifts of the lighter five isotopes in many of the
transitions we analyze here (cf. Figs. 1 and 2 of Lundqvist et al.
2007). Therefore, it makes sense to define the isotopic fraction in
terms of these two heaviest isotopes. The quantity fis;4 154 is de-
fined by

N(]SZSm) +N(]54Sm) 2
N(Sm) ' @)

Sisoti54 =

In Table 1, we also list the isotopic fraction of Sm that would be
expected if all the Sm present in a particular star were to have
originated in only the s-process or the r-process for both the
stellar model and classical method. Note that this definition more
easily distinguishes pure-s and pure-7 isotopes of Sm than the fyqq
definition suggested in § 7 of Lawler et al. (2006). In addition, the
pure-s and pure-r isotope fractions predicted by the stellar model
and classical method do not differ significantly when expressed in
terms of fisy+154.

We have computed the HFS structure patterns for 13 Sm lines
in this wavelength range using the hyperfine A and B constants
and isotope shifts of Masterman et al. (2003) when available, sup-
plemented with additional values from Lundqvist et al. (2007) and
others as described in Appendix B. Three of these lines (4719,
5052, and 5103) do not have complete sets of hyperfine A and B
constants reported in the literature. To gauge the impact of the
HEFS splitting on our stellar syntheses, we have compared two
syntheses of lines with full sets of hyperfine A and B constants,
one including the HFS splitting and isotope shifts and one in-
cluding only the isotope shifts. Syntheses with a lower fraction of
fis2+154 are slightly more broadened in the case of full HFS treat-
ment than when only the isotope shifts are considered. The dif-
ferences are small; the synthesis including HFS is ~5%—6% wider
at FWHM than the synthesis with no HFS (when the percentage of
isotopes exhibiting HFS is maximized in the synthesis). Never-
theless, we recommend that lines lacking complete sets of hyper-
fine A and B constants should not be used to measure the isotopic
fraction by fitting the shape of the line profile; however, they
should still be useful for other methods of measuring the isotopic
fraction and for elemental abundance analyses and are included in
the discussion here for this reason. We adopt the Sm 1 log (gf")
values of Lawler et al. (20006).

3.4. Neodymium Atomic Data

Nd, like Sm, has seven naturally occurring isotopes in S.S.
material: "4?Nd (27.2% S.S.), "Nd (12.2%), '*Nd (23.8%),
145Nd (8.3%), 146Nd (17.2%), '**Nd (5.7%), and '"°Nd (5.6%).
The lightest isotope is only produced in the s-process, the two
heaviest isotopes are almost exclusively produced in the 7-process,
and the other four isotopes are produced in a combination of the
two processes. The two odd-4 isotopes exhibit HFS structure,
like Sm. Rosner et al. (2005) have measured the isotope shifts
and HFS A and B constants for Nd transitions between 4175 and
4650 A. For the lines examined in our study, the Nd i HFS is
comparable in scale to the Sm m HFS, <0.05 A, while the Nd
isotope shifts are relatively small, usually only <0.025 A. Den
Hartog et al. (2003) measured log (gf') values for many of these
transitions and noted that several of the yellow-red lines (mostly
redward of 5100 A) exhibited a doublet or triplet structure in their
FTS profiles.

We collect the Nd isotopes into fractions that might provide a
good indication of pure-s- and pure-r-nucleosynthesis, while mak-
ing sensible choices about which sets of isotopes are shifted the
most from one another. We adopt the Nd isotopic fraction defined
by

N(*Nd) + N("*Nd)
N(Nd)

3)

Siar1144 =

Predictions for this isotopic fraction are displayed in Table 1. Note
that the pure-s and pure-r predictions of the stellar model and clas-
sical method generally agree well for fi4;.144. In Appendix C we
present our calculations of the HFS structure patterns for six Nd
lines in the wavelength region covered by our spectra.

4. ANALYSIS
4.1. Radial Velocities

To measure the radial velocities, we find the centroid of ~17—
19 Fe1lines and calibrate to the wavelengths in Learner & Thorne
(1988),'® which are accurate to better than 0.3 mA. We find our
wavelength scale zero point from a small number of telluric lines
in the reddest orders of our spectra. Heliocentric velocities for
each observation are calculated using the IRAF rvcorrect task.

10 Whaling et al. (2002) propose a change in the Learner & Thorne (1988) Fe
wavenumber scale, who calibrated to the absolute Ar 1 wavenumber scale from
Norlén (1973). The proposed change, a multiplicative correction of 1 + 67(8) x
10~?, amounts to a correction of ~0.001-0.002 cm~" or 0.3-0.5 mA in the vis-
ible spectral region examined in our study. This correction is negligible for our
purposes.
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For HD 175305 and HD 122563, we measure heliocentric radial
velocities of —184.2 + 0.3 and —26.0 £ 0.3 km s~ !, respec-
tively, which are both consistent with measurements made by pre-
vious studies to suggest no radial velocity variation (HD 175305:
Carney et al. 2003; Nordstrom et al. 2004; HD 122563: Bond
1980; Gratton & Sneden 1994; Barbuy et al. 2003; Honda et al.
2004b; Aoki et al. 2005, 2007). For HD 196944, we measure a
heliocentric radial velocity of —166.4 4 0.3 km s~!. The scatter
in our radial velocity measurements of this star from individ-
ual observations over the very small date range 2006 June 12—
18 is consistent with a single value. Lucatello et al. (2005) com-
piled recent radial velocity measurements for this star (ranging
from —174.76 + 0.36 km s~! [Aoki et al. 2002] to —168.49 +
0.11 km s~! [Lucatello et al. 2005]; see additional references
therein) and concluded that it does exhibit radial velocity varia-
tions, consistent with their assertion that all carbon-enhanced,
s-process-rich, very metal-poor stars are members of binary (or
multiple) star systems. Our measurement supports the inclusion of
HD 196944 in this category of stars.

4.2. Equivalent Width Measurements

Our high-resolution and high-S/N observations of these stars
are superior to spectra analyzed in previous studies, so we rederive
the atmospheric parameters for these stars. We combine the line
lists and adopt log (g /") values from Fulbright (2000), Honda et al.
(2004b), and Ivans et al. (2006). Equivalent widths of isolated
lines are measured in IRAF by fitting Gaussian profiles or by di-
rect integration. We later discard the equivalent width measure-
ments of lines that are approaching saturation, as indicated by their
position on an empirical curve of growth. In each of our stars,
equivalent widths are measured for ~40—50 Fe 1 lines, ~8 Fe 11
lines, ~10 Ti1lines, and ~7 Tin lines. A comparison of our equiv-
alent width measurements with previous high-resolution stud-
ies of these reveals that there are no systematic differences in
the measured equivalent widths between our study and their stud-
ies. We find mean offsets of only AEW = (previous study) —
(our study) = +0.5 + 1.2 mA for HD 122563 (Honda et al.
2004b), AEW = —1.0 + 2.2 mA for HD 175305 (Fulbright
2000), and AEW = —0.8 4 2.3 mA for HD 196944 (Zads et al.
1998).

4.3. Atmospheric Parameters

We use Kurucz (1993) model atmospheres without convective
overshooting for HD 175305 and HD 196944 and with over-
shooting for HD 122563, because its metallicity is beyond the
range of atmospheres provided without overshooting. Interpola-
tion software for the Kurucz grids has been kindly provided by
A. McWilliam and I. Ivans (2003, private communication).

We have obtained V' —J, V — H, and V — K colors for our
stars from the SIMBAD'! and 2MASS'*"? (Skrutskie et al. 2006)
databases. We adopt zero reddening values for these stars as rec-
ommended by previous studies (HD 122563, Honda et al. 2004a;
HD 175305, Wallerstein et al. 1979; HD 196944, Zacs et al. 1998,
Jonsell et al. 2005). We derive effective temperatures for these

"' This research has made use of the SIMBAD database, operated at CDS,
Strasbourg, France.

12 This research has made use of the NASA /IPAC Infrared Science Archive,
which is operated by the Jet Propulsion Laboratory, California Institute of Tech-
nology, under contract with the National Aeronautics and Space Administration.

13 This publication makes use of data products from the Two Micron All Sky
Survey, which is a joint project of the University of Massachusetts and the Infra-
red Processing and Analysis Center/California Institute of Technology, funded
by the National Aeronautics and Space Administration and the National Science
Foundation.
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stars using the empirical color-7¢g calibrations given by Ramirez
& Meléndez (2005) using interpolation software kindly provided
by I. Ramirez. Their work recalibrated and extended the range of
color and metallicity applicability of earlier work by Alonso et al.
(1996, 1999), who employed the infrared flux method to deter-
mine effective temperatures of F, G, and K dwarfs and giants. There
is a rather small amount of scatter among giants in the temperature
and metallicity ranges we are using (see Fig. 4 of Ramirez &
Meléndez 2005). The uncertainties intrinsic to the scatter of these
calibrations and in the scatter of the temperatures predicted by each
individual color lead us to adopt 100 K as the uncertainty in our
effective temperatures.

To determine the remainder of the model atmosphere param-
eters, we use the most recent version of the LTE spectrum anal-
ysis code MOOG (Sneden 1973). We allow for slight (~20 K)
modifications to the photometric temperatures to ensure that the
abundances derived from lines with both high and low excitation
potentials agree in our final atmospheric model. We derive the
surface gravity by requiring that the abundances derived from
neutral and ionized lines of Fe and Ti agree; we adopt £0.3 as the
uncertainty in log g. The microturbulence is measured by requir-
ing that the abundances derived from strong and weak lines of
each atomic species agree; we adopt £0.3 km s~! as the uncer-
tainty in our microturbulence. These parameters are varied itera-
tively until we arrive at our final values.

We employ synthetic spectra to measure the macroturbulent
broadening in our stars by fitting the line profiles of ~5-10 clean
Fe 1 and Fe 1 lines in each star. Uncertainties of 0.3—0.4 km s~!
were found for the macroturbulent velocities. Our line profiles are
well fit by the convolution of the Gaussian (instrumental) and
macroturbulent (stellar) broadening terms.

Our metallicity is defined to be the derived Fe 1 abundance,
with an adopted uncertainty of 0.15 dex. This uncertainty rep-
resents the systematic uncertainties associated with determin-
ing Ter (~0.09-0.12 dex) and the intrinsic line-to-line scatter
(~0.10 dex). Each of these stars are known to be a-enhanced
(HD 175305: [a/Fe] = +0.3, Fulbright 2000; HD 196944:
[a/Fe]= +0.35, Zacs et al. 1998; HD 122563: [a/Fe] = 4-0.4,
Honda et al. 2004a). We have increased the overall metal abun-
dance in our model atmosphere, [M/H], by 0.2 dex relative to
the Fe 1 abundance to account for the extra electron-donating
a-elements (see, e.g., Brown etal. 1991; Sneden et al. 1994).14
For elemental abundance ratios (e.g., [ X/Fe]) measured in our
study, we reference neutral species to the Fe 1 abundance and
ionized species to the Fe i abundance.

Our final model atmosphere parameters are listed in Table 2.
For comparison, we show the atmospheres derived in previous
studies of these stars. Table 2 indicates that our atmospheric pa-
rameters are in good agreement with these studies.

4.4. Line Profile Analysis

To measure the isotopic fractions, the observed absorption lines
are fit by synthetic spectra. Although our line lists are initially gen-
erated from the extensive lists of Kurucz & Bell (1995),!5 we

14 We have performed a test to compare abundances measured from equiva-
lent widths of Ti, Fe, and Eu using three different Kurucz model atmospheres. For a
typical metal-poor star, we adopt ey = 5000 K, log g = 2.0, and v; = 2.0 kms~!
in all three models. For atmosphere 1, [Fe/H]= —2.0 and [«/Fe]= +0.0. For at-
mosphere 2, [Fe/H]= —1.8 and [a/Fe]= +0.0. For atmosphere 3, [ Fe/H]= —2.0
and [/ Fe] = +0.4. Atmospheres 1 and 2 use the Kurucz grid of a-normal atmo-
spheres, while atmosphere 3 uses the Kurucz grid of c-enhanced atmospheres.
The derived abundances are equivalent to within 0.02 dex in all cases, and this
systematic effect is completely negligible for the purposes of our study.

15" Available online at http://kurucz.harvard.edu/linelists.html.
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TABLE 2
COMPARISON OF MODEL ATMOSPHERE PARAMETERS

Tewr Vmicro Vmacro
Reference (K) logg [M/H] [Fe/H]* (kms™') (km s~
HD 122563
This study .......cccoeeieneee 4430 0.55 —2.63 —2.83 2.4 4.4
Fulbright (2000) ... 4425 0.6 —2.6 2.75
Johnson (2002) ............... 4450 0.50 —2.65 -—2.75 2.30
Honda et al. (2004a)....... 4570 1.1 .. —-2.77 2.2
Simmerer et al. (2004)...... 4572 136 ... —-2.72 2.90
HD 175305
This study ......ccccevvereuenne 4870 2.15 —1.40 —1.60 1.2 4.6
Fulbright (2000).............. 4575 2.4 —1.30 1.4
Burris et al. (2000) ......... 5100 2.50 —1.50 —1.40 1.40
Cowan et al. (2005)........ 5040 2.85 ... —1.48 2.00
HD 196944
This study ......cccceveereuenne 5170 1.80 —-2.26 —2.46 1.7 6.8
Zacs et al. (1998)........... 5250 1.7 =20 245 1.9
Aoki et al. (2002)........... 5250 1.8 —2.25 1.7

* [Fe1/H]is listed here. We find [Fe i/H] = —2.79 for HD 122563, [Fen/H] =
—1.62 for HD 175305, and [Fe n/H] = —2.43 for HD 196944.

employ experimental wavelengths and log (gf') values for all lines
of interest and blended features whenever possible. Our Eu, Sm,
and Nd lines are synthesized by accounting for the individual
hyperfine and isotopic components; the isotope fraction and el-
emental abundance are varied to provide a best fit to the observed
profiles.

At the spectral resolution employed in this study, some of our
unblended Fe 1 and 1 lines exhibit a slight profile asymmetry.
This observation is consistent with our assumption that the macro-
turbulent velocity arises, at least in part, from large-scale convec-
tive motions in the stellar photosphere. These asymmetries account
for ~1%-2% of the total equivalent width of the line, and the
typical bisector amplitude is ~200—300 m s~!. The shapes of our
line bisectors are consistent with those observed for K giants,
e.g., Arcturus, by Dravins (1987). We have not explored any at-
tempts to introduce three-dimensional (3D) modeling of the stellar
atmospheres into our analysis; such models are not yet available
for metal-poor giant stars. In this study we restrict ourselves to the
use of one-dimensional, plane-parallel model atmospheres com-
puted for the LTE case.

In contrast to the challenge of detecting the presence of °Li
from the Li16707 A line profile, which likely requires 3D-NLTE
modeling to account for the convective asymmetry that can mimic
the presence of °Li (Cayrel et al. 2007), the change in the line pro-
file that we analyze is very different. The presence of the °Li com-
ponent may account for only a few tenths of a percent of the total
flux in the red wing of the 7Li line, which is a very subtle effect.
The magnitude of the HFS for Eu causes gross changes in the
shape of the entire line profile (see § 6.1). Sm and Nd each have
seven naturally occurring isotopes, so the shape of the line profile
will be asymmetric along all parts of the line and not just along
the red wing, where convective asymmetries are most prominent.
Therefore, our choice to compute 1D synthetic line profiles in LTE
will not significantly affect our results for these species.

4.4.1. Detailed Examination of the Absorption Line Profile

Isotope shifts and HFS alter the shape of the line profile, and
the isotopic fraction can be assessed by examining the line pro-
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file from detailed comparisons between the observed and syn-
thetic spectra. This method has been used previously by Sneden
et al. (2002) and Aoki et al. (2003a, 2003b) to assess the Eu iso-
topic fraction. We quantify our measurements of the isotopic frac-
tions using a x° algorithm (after, e.g., Smith et al. 2001; Aoki et al.
2003a; Asplund et al. 2006),

% :<(0‘C)> 4)

O;
Here O — C is the difference between the observed and syn-
thetic spectra at the ith spectrum point, and o is defined as o; =
[(S/N)(£)"?]"", where S/N is the approximate signal-to-noise
ratio of the continuum and f'is the depth of the ith point relative
to the continuum. Our best estimate of the isotopic fraction and
abundance for each line is given by minimizing x?. Uncertain-
ties are estimated at 1, 2, and 3 ¢ confidence intervals from
Ax? = x? —x2., = 1,4, and 9, respectively. We consider the
number of degrees of freedom in the fit to be the number of points
in the spectral window plus the continuum normalization, abun-
dance, and wavelength offset, all of which were allowed to vary
in our fits. Reduced x? values are ~1, differing by less than a
factor of 2, which is still larger than would be expected for a nor-
mal distribution of errors (e.g., Press et al. 1992). We attribute the
scatter in the reduced x? values to our estimation of the S/N ra-
tio. The relative x> values for a given line, represented by Ax?,
however, do exhibit well-determined minima. We fix the macro-
turbulence, as determined in § 4.3, but we also estimate the un-
certainties in the isotopic fraction introduced by the uncertainty
in the macroturbulence, Viacro & A Vinacro- Only our Eu and Sm
lines with complete sets of hyperfine constants (see § 3) can be
assessed by this method.

4.4.2. Set the Absolute Wavelength Scale
from Nearby Wavelength Standards

In principle, the absolute wavelengths of the observed and syn-
thetic spectra can by matched using wavelength standard Fe 1 and
Ti 1 lines, and then the peak wavelength of the rare-earth line of
interest can be measured. The isotopic fraction can be assessed
because the isotope shifts—much more than the HFS—affect the
peak absorption wavelength. Lundqvist et al. (2007) have used
this method to qualitatively demonstrate that the Sm isotopic mix
in CS 31082—001 is consistent with an r-process origin.

For our Sm lines, a small wavelength shift (~0.02—0.04 A) is
the dominant effect of changing the isotopic fraction; for our Nd
lines, the shift is even smaller (~0.01 A). In both cases, broaden-
ing of the line profile is a secondary effect. Therefore, given the
small magnitudes of these shifts, it is critical that we match the
wavelength scales of our synthetic and observed spectra with great
accuracy. The absolute wavelengths of some of our Sm HFS com-
ponents are accurate to +1 mA, as determined by the FTS mea-
surements of 1>*Sm by Lundqvist et al. (2007) (see Appendix B),
while the absolute wavelengths of the Sm lines not included in that
study are accurate to ~2 mA. Unlike Sm, however, the atomic
data for Nd do not include FTS measurements of individual iso-
tope positions, so our reported absolute wavelengths of Nd com-
ponents are based solely on measurements of the Nd energy levels.
To avoid mixing measurements of energy levels from different
studies, we adopt the energy levels from Blaise et al. (1984). They
estimate an uncertainty of +0.005 cm ~! for each level. Doubling
this uncertainty translates to an uncertainty of ~1.5-2.0 mA across
the region where our Nd lines are located. We note that the relative
HFS component wavelengths—measured from FTS spectra—are
more accurate than this in all cases. The absolute wavelengths
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of the wavelength standard lines (Fe 1: Learner & Thorne 1988,
Nave et al. 1994; Tim: Pickering et al. 2001, 2002) have a reported
absolute accuracy in their FTS measurements of ~40.001 cm™!
(<0.3 mA) in our wavelength regions. The uncertainties from our
wavelength scale and co-addition of individual orders are no larger
than £0.9 mA, and we have verified that, after the wavelength so-
lution has been applied, the Th-Ar emission lines are correctly
identified to within ~41 mA. All of these uncertainties are suf-
ficiently small to enable reliable measurement of the isotopic
fraction.

In each echelle order containing a rare-earth line of interest, we
locate 1-6 wavelength standard lines and match the wavelength
scales of the observed and synthetic spectra at each of these lines,
typically with a precision of ~1 mA per line. When multiple
wavelength standards are used, the scatter in our measured wave-
length offsets necessary to ensure the matching of each line is
~5 mA, much greater than anticipated. This scatter appears to
be independent of the ionization state, species, excitation poten-
tial, and relative strength of the wavelength standards, each of
which could be expected to introduce small systematic offsets
among lines with these different characteristics (see, e.g., Dravins
etal. 1981, 1986; Asplund et al. 2000). The isotopic fraction we
would derive from our rare-earth lines of interest is therefore en-
tirely dependent on our choice of which wavelength standard
line(s) we adopt and how many of these lines are present in the
echelle order with the rare-earth line.

To further understand this matter, we have also attempted to
match the observed and synthetic spectra for wavelength stan-
dards in the solar spectrum. We compare both the Kurucz et al.
(1984) integrated-disk solar spectrum, obtained with the FTS on
the McMath solar Telescope at Kitt Peak National Observatory,
and daylight sky spectra, obtained using the same instrumental
configuration on the McDonald Observatory 2d-coudé echelle
spectrograph as our stellar observations and reduced in an identi-
cal fashion. It is well known that astronomical echelle spectro-
graphs and cameras can introduce a variety of nonlinear distortions
to the wavelength scale, whereas the spectrum obtained with the
FTS should be immune to many of these distortions. We synthe-
size a spectral region from 4997 to 5010 A (one echelle order)
using an interpolated Holweger & Miiller (1974) empirical solar
model photosphere. We apply our matching technique to the five
unblended Fe 1 wavelength standard lines in common to the two
spectra. We measure the same line-to-line wavelength offsets for
these lines in both spectra (agreement within our measurement
precision, ~1 mA), suggesting that the wavelength scale of our
2d-coudé spectra is consistent with the Kitt Peak FTS spectra.
Nevertheless, the scatter in the absolute wavelength scale as deter-
mined from each of these lines in the FTS spectrum is still ~5 mA,
indicating that there is a more fundamental problem that does not
result from our spectral reduction techniques or our ability to match
the observed and synthetic spectra. Unable to further identify and
quantify the source of this discrepancy, we are unable to proceed
with confidence by this method of analysis.

4.4.3. Set the Relative Wavelength Scale at the Point
of Insensitivity to the Isotopic Mix

We also develop one additional method of quantifying the iso-
topic fraction that does not rely on nearby wavelength standard
lines or fits to the shape of the line profile. The reason for devel-
oping such a method is our desire to assess the isotopic mix from
all lines with maximum isotopic shifts =15 mA and from which
an elemental abundance can be measured. This allows us to ex-
amine additional Sm lines that do not have full sets of measured
hyperfine A and B constants, as well as all of the Nd lines.
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lines, respectively. The observed spectrum is represented by the histogram. The
point at which the pure-s and pure-r-process syntheses intersect is defined to be the
point of insensitivity to the isotopic mix. We adjust the wavelength of the synthetic
spectra so that the point of insensitivity coincides with the center of the nearest pixel
in the observed spectrum. The isotopic fraction can then be measured using the fitting
algorithm. The vertical lines represent the positions and relative strengths of the in-
dividual hyperfine components; solid lines represent the '32Sm and '**Sm isotopes,
while dashed lines represent the remaining five isotopes.

This method attempts to match the observed and synthetic
spectrum using the point in the synthetic spectrum that is insensi-
tive to the s- or r-process mix. First, for each line, an isotopic frac-
tion is assumed in the synthesis, and we always adopt /= 0.50
by default. Then an elemental abundance is derived from a syn-
thesis with this isotopic fraction. Using this elemental abundance,
two new syntheses (one with a pure-s-process mix of isotopes and
one with a pure-r-process mix) are created. The intersection of
these two syntheses is defined to be the point of insensitivity to
the isotopic fraction. The relative wavelength offset between the
point of insensitivity and the observed spectrum is then adjusted
until the point of insensitivity is coincident with the flux of the
nearest pixel of the observed spectrum.

Next, we adopt this relative wavelength offset and generate a
set of synthetic spectra with a range of isotopic fractions but the
same elemental abundance. A new isotopic fraction is then mea-
sured by minimizing the sum of the squares of the differences
between the observed and synthetic spectra. This isotopic fraction
is then used as the input to derive an elemental abundance, and the
process is repeated until the elemental abundance and isotopic
fraction have each converged. We show an example where the
point of insensitivity has been matched to the observed spectrum
in Figure 2.

The uncertainty in the matching process is given by the width
of one pixel; therefore, the uncertainty in the derived isotopic frac-
tion is estimated by shifting the synthetic spectrum relative to the
observed spectrum by £wpixe1/2. Even at a spectral resolution of
R ~ 120,000, the width of one pixel is still a substantial fraction
of the width of the absorption line itself. This method also places a
disproportionate amount of weight on the one or two flux mea-
surements closest to the point of insensitivity, rather than taking
into account the information from the full width of the line to
match the observed and synthetic spectra. The precision achieved
by this method is hardly adequate to clearly assess the isotopic
mix (particularly for Nd), but it does provide a consistent set of
measurements for all of our lines of Sm and Nd.

5. NEUTRON-CAPTURE ELEMENTAL ABUNDANCES

Our mean elemental abundance of Euin HD 175305, [Eu/Fe] =
+0.46 + 0.07, is in good agreement with Fulbright’s (2000) abun-
dance, [ Eu/Fe] = +0.48 & 0.105, and Cowan et al.’s (2005)
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TABLE 3 B I B This sltudy I I Pt
Heavy n-CapTure ELEMENTAL ABUNDANCES IN HD 175305 1.0 - I Ba Fulbright (2000) 0s )y T
: by Cowan et al. (2005) ]
log(gf) logen - Lawler et al. (2007)

Species Z loge [X/Fe] o MNines log es Reference Reference | i Ce Nd Gd by 7
Bai.... 56 +091  +0.40 0.16 1 2.I3 1 10 0 00 E 2 Sm E } o ]
La..... 57 -0.29 +0.20 0.13 3% 1.13 2 2 2 L E I .

Cer.... 58 40.05  +0.09 0.13 3 1.8 3 10 L la ¥ W
Ndu..... 60 +0.09 +0.21 0.13 10 1.50 4 10 - Eu

Smiu..... 62  —025 +0.37 0.11 9 1.00 5 5 -1.0~ Hp 175305 ]
Eu....... 63 —0.65 +0.46 0.07 3  0.51 6 10 i
Gdu.... 64 +0.00 +0.50 0.15 4 1.12 7 10 [ scaled Solar r-process abundance
Dy i ... 66  +0.01 4049 0.16 1 1.14 8 10 '5:5""6'0-"'6'5-" -7'0"' 7'5
Pbi...... 82 < 40.10 < +0.45 1 1.95 9 10

Notes.—lonized species abundance ratios are referenced to the Fe n abundance
in Table 3. We adopt the solar photospheric Fe abundance log £, (Fe) = 7.52 from
Sneden et al. (1991).

? We synthesize these La 1 lines using the HFS patterns listed in Table 4 of
Ivans et al. (2006).

Rererences.— (1) Klose et al. 2002; (2) Lawler et al. 2001a; (3) Palmeri
et al. 2000; (4) Den Hartog et al. 2003; (5) Lawler et al. 2006; (6) Lawler et al.
2001b; (7) Den Hartog et al. 2006; (8) Wickliffe et al. 2000; (9) Biémont et al.
2000; (10) Grevesse & Sauval 2002.

abundance, [ Eu/Fe] = 40.55 &+ 0.10. Our synthesis of the Eu
4205 A line in HD 122563 does permit measurement of the
Eu elemental abundance, [ Eu/Fe] = —0.55 4 0.06, assuming
12¢/13C = 5 (Lambert & Sneden 1977; Honda et al. 2004a) and a
Eu isotopic fraction of f;s; = 0.5. The Eu abundance changes by
£0.03 dex when the assumed isotopic ratio is varied by 0.2 dex.
This elemental abundance agrees very well with the value found
by Honda et al. (2006), [Eu/Fe] = —0.52, and with many pre-
vious studies of this star. The 4205 A line in HD 196944 is far too
sensitive to the C abundance to derive a meaningful Eu elemental
abundance.

We measure Sm elemental abundances of [Sm/Fe] = —0.56 £
0.12 from one line in HD 122563, [Sm/Fe] = 40.37 £ 0.11 from
nine lines in HD 175305, and [Sm/Fe] = +0.88 + 0.08 from six
lines in HD 196944. Previous studies of Sm elemental abundances
in these stars have found [Sm/Fe] = —0.40 £ 0.17 in HD 122563
(Honda et al. 2006) and [Sm/Fe] = 4+0.78 £ 0.23 in HD 196944
(Aoki et al. 2002); Sm has not been measured previously in HD
175305. Unlike the uncertainties in the isotopic fractions, the un-
certainties in the elemental abundances are dominated by the sys-
tematic uncertainties in the model atmosphere parameters and are
affected somewhat less by internal scatter from the log (gf") values.

We measure Nd elemental abundances of [Nd/Fe] = +0.22 +
0.13 from 12 lines in HD 175305 and [Nd/Fe] = +-0.95 £ 0.13
from 11 lines in HD 196944. Previous studies of Nd elemental
abundances in these stars have found [Nd/Fe] = +0.34 (Burris
et al. 2000) in HD 175305 and [Nd/Fe] = +0.93 £+ 0.09
(Van Ecketal. 2001), [Nd/Fe] = +0.94 4+ 0.17 (Zacs etal. 1998),
and [Nd/Fe] = 40.86 + 0.20 (Aoki et al. 2002) in HD 196944.

We have also measured elemental abundances for five addi-
tional heavy n-capture elements in HD 175305. These abundances
are listed in Table 3 along with our Eu, Sm, and Nd abundances.
The uncertainties listed in the table reflect the uncertainties in the
atmospheric parameters, continuum placement, line-to-line scat-
ter, and log (gf’) values, all added in quadrature. In cases where
only one line of a species was available for analysis, we substitute
the uncertainty in the spectral synthesis fit to the observed spec-
trum in place of the line-to-line statistical scatter in this formula.
In Figure 3 we plot our elemental abundances, combined with
measurements from Fulbright (2000), Cowan et al. (2005), and
Lawler et al. (2007), against the scaled S.S. r-process abundance

Atomic Number

Fic. 3.—Heavy n-capture elemental abundances for HD 175305. Black squares
indicate our observed abundances. Gray triangles indicate the observed Ba and Eu
abundances from Fulbright (2000). Gray circles indicate the observed Os, Ir, and Pt
abundances from Cowan et al. (2005). The gray diamond indicates the observed
Hf abundance from Lawler et al. (2007). The dotted line shows the scaled S.S.
r-process abundances of Simmerer et al. (2004) normalized to Fulbright (2000)’s
Eu abundance. The figure suggests that the scaled solar r-process abundances
provide a respectable fit to the observed abundances beyond Ba.

pattern of Simmerer et al. (2004). While not a perfect fit, this
figure suggests that the scaled S.S. r-process abundance pattern
provides a respectable fit of the observed r-capture abundances
beyond Ba. HD 175305 may not be a star with pristine »-process
material, but the r-process appears to have contributed the ma-
jority of the n-capture species present. We have also used the Keck
I HIRES spectrum of HD 175305, obtained for the Cowan et al.
(2005) study, to determine an upper limit for Pb from the 4057 A
line.

6. NEUTRON-CAPTURE ISOTOPIC FRACTIONS

‘We emphasize that measurements of isotopic fractions are highly
insensitive to the choice of atmospheric parameters. Separate iso-
topic components of a line all share the same initial and final en-
ergy levels (since the HFS of these levels is negligible relative
to the energy differences themselves), eliminating systematic errors
associated with the excitation and ionization states of each isotope.

6.1. The Europium Isotopic Fraction
6.1.1. In the Sun

For S.S. material, the n-capture isotopic abundances are pre-
cisely known from studies of terrestrial meteorites. The Eu 11 iso-
topic fraction in the solar spectrum was first studied by Hauge
(1970, 1972), who found !33Eu/">'Eu = (48 + 6)/(52 F 6) (or
fis1 = 0.52 in our notation). Lawler et al. (2001b) reevaluated
the solar Eu isotopic fraction, finding fis; = 0.50 4= 0.07 from
the 4129 A line. We do not repeat this measurement here.

6.1.2. In Metal-Poor Stars

From the Eu 4129 A line in HD 175305, we measure an iso-
topic fraction of fis; = 0.50 4 0.04, as shown in Figure 4. The
Ax? values are shown in Figure 5 for different values of the iso-
topic fraction and macroturbulent velocity. The minimum A y?
values have well-defined minima, leading to the small uncertain-
ties in the derived isotopic fraction. As noted in Appendix A.1, we
cannot trust our syntheses of the Eu 1 lines at 4205 and 4435 A at
the precision necessary to measure an isotopic fraction. For the
sake of comparison, in Figures 6 and 7 we show our synthesis
of these two lines in HD 175305 given our best estimate of the
blending features, but we emphasize that these syntheses dis-
play the best-fit isotopic fraction derived from the 4129 A line.
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FiG. 4—Our synthesis of the Eu 1 line at 4129 A in HD 175305. We have
measured an isotopic fraction of fis; = 0.50 £ 0.04 for this line. The observed
spectrum is indicated by open squares. In panel a, we show the syntheses with the
extreme values of fi5; as well as the pure-s and pure-r-process syntheses. In
panel b, the solid curve represents our best-fit isotopic fraction, while the dotted
curves represent the 3 o uncertainties. In both panels, the long-dashed curve is a
synthesis with no Eu present, indicating that this line is generally free of blending
features. The vertical lines represent the positions and relative strengths of the
individual hyperfine components; dotted lines represent '3'Eu, while solid lines
represent '3Eu. Note that the Eu elemental abundance reported is the best-fit value
for this synthesis and not our derived Eu abundance for HD 175305.
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Fi6. 6.—Our synthesis of the Eu n line at 4205 A in HD 175305. Symbols are
the same as in Fig. 4. We emphasize that the isotopic fraction shown in panel b is
the value derived from the 4129 A line and not a fit to this line. Note the strong
blends. The isotope fraction derived from the 4129 A line provides a reasonable fit
to the 4205 A line as well, requiring only small changes in the elemental abundance.

The Eu 14129 A line was not covered in our spectra of either
HD 196944 or HD 122563.

Although only two naturally occurring isotopes of Eu exist,
only a small spread is predicted between f}5; and f/5, (see Fig. 4a).
It is difficult even with very high-resolution (R = 100,000) and
high-S/N (~ few hundred) data on one or more lines to achieve
sufficiently small uncertainties on isotopic abundances to determine
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Fi6. 7.—Our synthesis of the Eun line at 4435 A in HD 175305. Symbols are
the same as in Fig. 4. We emphasize that the isotopic fraction shown in panel b is
the value derived from the 4129 A line and not a fit to this line. Note the strong
blend with the saturated Ca1line at 4535.67 A. The isotope fraction derived from
the 4129 A line provides a reasonable fit to the 4435 A line as well, requiring only
small changes in the elemental abundance.
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FiG. 8.—Our synthesis of the Sm 1 line at 4424 A in HD 175305. The ob-
served spectrum is indicated by open squares. In panel a, we show an (O — C) plot
for the pure-s and pure-r-process syntheses shown in panel 5. The unshaded region
indicates the wavelengths over which we measure the isotopic fraction using the 2
algorithm. In panel b, we show syntheses for the pure-s and pure-r-process syn-
theses (dot-dashed and short-dashed curves, respectively), illustrating the con-
trast between these extremes. In panel ¢, we show the synthesis of our best fit,
represented by the solid curve, and the 3 o uncertainties, represented by the dotted
curves. The long-dashed curve is a synthesis with no Sm present, indicating the
presence of blending features. The vertical lines represent the positions and rela-
tive strengths of the individual hyperfine components; solid lines represent the

two heaviest isotopes, while dashed lines represent the lighter five isotopes. We

measure a Sm isotopic fraction of fisy+154 = 0.55f8:}‘3‘ for this line, which sug-

gests an r-process origin. Note that the Sm elemental abundance reported is the
best-fit value for this line only and not our mean [Sm/Fe] in HD 175305.

the nucleosynthetic source of the Eu. Sneden et al. (2002) and Aoki
et al. (2003a, 2003b) have successfully shown that the Eu s- and
r-process nucleosynthetic signatures can be distinguished at the
isotopic level, using approximately three lines in each of seven
stars. The measurements made from individual lines in each star in
these studies have a large degree of scatter, causing the final Eu
isotopic fraction to be mildly sensitive to the set of lines chosen.
For example, we note that Aoki et al.’s (2003a) two measurements
of fis, from the 4435 A line appear systematically higher than the
results obtained from the 4205 A line by ~10%—15%, which is
roughly the same as the change in the Eu isotopic fractions that are
trying to be distinguished. Although we do not measure an iso-
topic fraction from the 4435 A line in HD 175305, our syntheses
hint at a similar result in the small region without obvious blends
(4435.40—4435.50 A). Additional measurements of the Eu iso-
topic fraction from these lines would be helpful to confirm or re-
fute these possible systematic trends. If such systematic trends
exist, they likely result from the presence of blending features, and
the measured isotopic fractions may be as sensitive to the blending
features as to the Eu isotopes themselves. There is little hope of
being able to distinguish Eu isotopic fractions with any greater
precision than has already been achieved using these methods on
this set of lines, including the Eu n lines at 3819 and 3907 A.

6.2. The Samarium Isotopic Fraction
6.2.1. In the Sun

Ekeland & Hauge (1975) analyzed the Sm isotopic fraction in
the solar photosphere from two lines, 4467 and 4519 A, finding
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FiG. 9.—Our synthesis of the Sm 11 line at 4424 A in HD 196944. Symbols are

the same as in Fig. 8. We measure a Sm isotopic fraction of fisy+154 = 0.35f8:;}J

for this line, which moderately suggests an s-process origin. Note that the Sm
elemental abundance reported is the best-fit value for this line only and not our
mean [Sm/Fe] in HD 175305.

isotopic fractions consistent with the meteoritic values. The 4467 A
line is broadened slightly by HFS, with almost zero broadening re-
sulting from the isotope shifts, while the 4519 A line is broadened
slightly by isotope shifts. High-precision single-frequency laser
measurements of the isotope shifts for '4’Sm and '#°Sm have not
been measured in the lab for the 4519 A line, so we do not attempt
synthesis of this line.

We synthesize the 4467 A line using the Holweger & Miiller
(1974) model atmosphere and the Kurucz et al. (1984) solar spec-
trum. We fix the broadening from nearby Fe lines. The total
spread in the HFS and isotope shifts for this line are <0.05 A
and <0.01 A, respectively, and we cannot measure the isotopic
fraction, in terms of either fyqq or fis52+4154, from the line-profile-
fitting method even when a high-quality solar spectrum is used.
Ekeland & Hauge (1975) provide very little information about
their method of measuring the Sm isotopic fraction, and their very
small uncertainties ( fogg = 0.28 £ 0.07) for a line with relatively
small HFS and isotope shifts give us some reservation in accept-
ing their result. All of the other Sm transitions listed in Appen-
dix A.2 are either far too weak or severely blended with strong
transitions of other species to measure reliable isotopic fractions
in the solar spectrum, so we are unable to make any measurements
of the Sm isotopic fraction in the solar photosphere. We remind
the reader that the blended lines may be reliable for measurements
of the Sm elemental abundance, but we cannot trust our syntheses
of the blending features at a precision necessary to measure iso-
topic fractions.

6.2.2. In Metal-Poor Stars

Figures 8 and 9 show our syntheses of the Sm 11 line at 4424 A
in HD 175305 and HD 196944, respectively, and the results from
our line profile fits. We also include the Cr abundance of the Cr1
4424.28 A line, which blends the blue wing of the Sm line, as a
free parameter. In HD 122563, this Sm line has a relative depth of
~2%. We do not claim measurements of either the elemental abun-
dance or isotopic fraction of Sm from this line in HD 122563; it is
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FiG. 10.—Our synthesis of the Sm n line at 4604 A in HD 175305. Symbols are

the same as in Fig. 8. We measure a Sm isotopic fraction of fisyi 154 = 0.50f8j(1’2

from this line, which suggests an r-process origin. Note that the Sm elemental abun-
dance reported is the best-fit value for this line only and not our mean [Sm/Fe] in
HD 175305.

clear that this line is simply too weak to warrant further analysis.
In HD 175305, we measure a Sm isotopic fraction of fisp4154 =
0.55 &+ 0.14. In HD 196944, we measure a Sm isotopic fraction of
fisa+154 = 0.357: é(l) In addition to showing the best-fit curves and
their uncertainties in Figures 8 and 9, we also show the syntheses
for pure-s- and pure-r-process nucleosynthesis and the (O — C)
curves for these syntheses, illustrating the contrast between the two
extremes. In each of these figures, the pure-s- and pure-r-process
syntheses in panel b are compared to the observed spectra in
panel a, illustrating the degree to which the observed spectrum
tends toward one synthesis or the other.

Figure 10 shows our synthesis of the Sm 11 line at 4604 A in
HD 175305. We measure a Sm isotopic fraction of fisp. 154 =
0. 50*8 (1)491 This line is weak, with a relative depth of only 5%. Fig-
ure 11 shows the Ax? values for our fit to this line; Ax? values
from the Sm 4424 A line in both stars are similar to the 4604 A
line.

If instead we match the observed and synthetic spectra at the
point of insensitivity to the isotopic fraction, we find fisy1 154 =
0.41 £ 0.32 from the 4424 A line, fis2154 = 0.49 & 0.17 from
the 4604 A line, and fisy.154 = 0.49 & 0.20 from the 4719 A
line in HD 175305. In HD 196944, we find fsy1154 = 0.37 £
0.28 from the 4424 A line. While we regard the line profile fits as
the superior measurements of the isotopic fraction, the agree-
ment between the sets of measurements from the two methods is
reassuring.

6.3. The Neodymium Isotopic Fraction
6.3.1. In the Sun

We check our Nd isotopic fraction measurements against the
solar spectrum. We are aware of no previous attempts to examine
the Nd isotopic mix in the solar photosphere, but the individual
S.S. isotopic abundances have been established from studies of
terrestrial meteorites. The Nd i line at 4446 A would appear to be
the most reliable indicator of the Nd isotopic fraction due to its

0.0

0.40 0.50 0.60
Sm isotopic fraction fg,, s,

Fi. 11.—Ay? values for the Sm 4604 line in HD 175305, shown for three
values of Vinacero- Symbols are the same as in Fig. 5. Here the macroturbulence has
only a small effect on the derived isotopic fraction. Similar results are found for
the Sm 4424 line in both HD 175305 and HD 196944.

relative strength and freedom from blending features. The line
profile shape does not change enough to allow us to apply our
fitting algorithm to measure the isotopic fraction, and we can find
no good candidate Fe 1 or Ti it lines nearby to m