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Abstract

We report the discovery of RAVE J203843.2−002333, a bright (V = 12.73), very metal-poor ( Fe H[ ] = −2.91),
r-process-enhanced ( Eu Fe[ ] = +1.64 and Ba Eu[ ] = −0.81) star selected from the RAVE survey. This star was
identified as a metal-poor candidate based on its medium-resolution (R ∼ 1600) spectrum obtained with the
KPNO/Mayall Telescope, and followed up with high-resolution (R ∼ 66,000) spectroscopy with the Magellan/
Clay Telescope, allowing for the determination of elemental abundances for 24 neutron-capture elements,
including thorium and uranium. RAVE J2038−0023 is only the fourth metal-poor star with a clearly measured U
abundance. The derived chemical abundance pattern exhibits good agreement with those of other known highly
r-process-enhanced stars, and evidence suggests that it is not an actinide-boost star. Age estimates were calculated
using U/X abundance ratios, yielding a mean age of 13.0 ± 1.1 Gyr.

Key words: galaxy: halo – stars: abundances – stars: atmospheres – stars: individual (RAVE J203843.2-002333) –
stars: Population II – techniques: imaging spectroscopy
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1. Introduction

Advances in observations and theory in the past few years are

converging on identifying the likely astrophysical site(s) of the

rapid neutron-capture process (r-process), some sixty years after it

was first suggested to account for the production of roughly half

of the heavy elements beyond iron (Burbidge et al.1957;

Cameron 1957). The recent discovery of highly r-process-

enhanced stars in the ultra-faint dwarf galaxy Reticulum II

(Ji et al. 2016; Roederer et al. 2016) opens a new observational

window into the origin of the r-process. The observed enhance-

ments point to enrichment by a rare astrophysical event that

copiously produces r-process elements. The presently favored site

that fits these characteristics (high temperatures, densities, and flux

of free neutrons on short timescales; Burbidge et al. 1957) is the

outflow from binary neutron star mergers (NSMs; Meyer 1989;

Bauswein et al. 2013; Rosswog et al. 2014). This environment has

been argued to be a possible source of the r-process since the work

of Lattimer & Schramm (1974). If this hypothesis is correct, it

would be possible to link all the r-process-enhanced stars observed

to date (including those in the halo field) to a common formation

site and/or class of parent progenitors, which would add important
constraints to theoretical predictions for the chemical evolution of

the Galaxy and the universe. Other possible sites of the r-process,

including the so-called magnetorotational supernovae (MR-SNe),

which address several concerns raised about NSMs as the single

site (e.g., Cescutti et al. 2015; Tsujimoto & Nishimura 2015;

Wehmeyer et al. 2015; Beniamini et al. 2016), are currently being

explored (Nishimura et al. 2015, 2017).
Observations of stars in ultra-faint dwarf galaxies are

challenging due to their faint magnitudes (g  17). Because

of that, (brighter) field halo stars can provide more detailed

information on the r-process element abundances, to help better

constrain its origins. The modern era of detailed exploration of

this question opened with the discovery of the highly r-process-

enhanced star CS 22892-052 (Sneden et al. 1994), an extremely

metal-poor (EMP) star (originally identified in the HK Survey

of Beers and collaborators; Beers et al. 1985; Beers et al. 1992)

with r-process elemental-abundance ratios exceeding 10 times

the solar values. These stars are known as r-II stars ( Eu Fe[ ]

1.0> + and Ba Eu[ ] 0.0;< Beers & Christlieb 2005). Other

examples of such stars have been identified over the past few

decades, as the result of dedicated searches (e.g., HERES, the

Hamburg/ESO R-process Enhanced Star survey; see Christlieb

et al. 2004; Barklem et al. 2005) and other large high-resolution

spectroscopic studies of very metal-poor (VMP; Fe H[ ]
10

2.0;< - Beers & Christlieb 2005; Frebel & Norris 2015) and
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* Based on observations gathered with the 6.5 m Magellan Telescopes located
at Las Campanas Observatory, Chile; Kitt Peak National Observatory, National
Optical Astronomy Observatory (NOAO Prop. ID: 14B-0231; PI: Placco),
which is operated by the Association of Universities for Research in
Astronomy (AURA) under cooperative agreement with the National Science
Foundation. The authors are honored to be permitted to conduct astronomical
research on Iolkam Du’ag (Kitt Peak), a mountain with particular significance
to the Tohono O’odham.
9
Visiting astronomer, Kitt Peak National Observatory, National Optical

Astronomy Observatory, which is operated by the Association of Universities
for Research in Astronomy (AURA) under a cooperative agreement with the
National Science Foundation.

10
A B[ ] = N N N Nlog logA B A B - ( ) ( ) , where N is the number density of

atoms of a given element in the star (å) and the Sun (e), respectively.
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EMP ([Fe/H] 3.0< - ) stars in the Galactic halo (e.g., Cayrel
et al. 2004; Roederer et al. 2014a), and now number on the
order of 25 stars.

The remarkable agreement between the r-process-element
pattern observed in r-II stars and the solar system suggests that
either the r-process elements were well-mixed into the
interstellar medium, or, more likely, that the production of
r-process elements resulted from a contribution from a unique
astrophysical site in the early Galaxy. Furthermore, suggestions
that the r-process enhancement in stars could be the result of
peculiarities in the atmospheres of evolved stars or be
associated with mass-transfer binaries have been disproven
as a result of (i) the identification of r-process-enhanced
stars in essentially all stages of stellar evolution (Roederer et al.
2014b), and (ii) the binary frequency of such stars revealed by
long-term radial-velocity monitoring (18± 6%; Hansen et al.
2015) being similar to the frequency of other halo stars lacking
this signature (16± 4%; Carney et al. 2003).

The identification of r-II stars requires high-resolution
spectroscopy. Among the ∼25 r-II stars with published
analyses (Suda et al. 2008; Frebel 2010), the abundances of
both thorium and uranium could only be measured in three
cases (CS 31082-001; Hill et al. 2002, HE 1523-0901; Frebel
et al. 2007, and CS 29497-004; Hill et al. 2016). The star BD
+17°3248 ( Eu Fe[ ] = 0.9;+ Cowan et al. 2002) is considered
by the authors to have a tentative U detection. A higher-quality
spectrum of this star is needed to better constrain the U
abundance. The abundances of radioactive isotopes of elements
such as Th and U can also place constraints on the age of the
universe, and be used to validate their early production, within
the first ∼0.5–1.5 Gyr following the Big Bang. Age estimates
are obtained by application of the nucleo-chronometry
technique, pioneered for metal-poor stars by Butcher (1987)
using theoretical production ratios and abundance ratios of
stable r-process elements and radioactive isotopes (e.g., 232Th,
half-life 14.0 Gyr, and 238U, half-life 4.5 Gyr). In the case
that both U and Th are measured in the star, the U/Th
chronometer pair can be used (Cayrel et al. 2001; Hill et al.
2002, 2016).

In this paper we report the discovery of the r-II star RAVE
J203843.2−002333 (hereafter RAVE J2038−0023; Fe H[ ]

2.91= - ), the fourth low-metallicity star where abundances of
both Th and U could be confidently measured. This star was
originally selected as a bright (V = 12.7) VMP candidate
from the RAVE (RAdial Velocity Experiment; Steinmetz et al.
2006) fourth data release (DR4; Kordopatis et al. 2013)11,
and medium-resolution spectroscopy with the KPNO/Mayall

telescope revealed that this target is indeed a low-metallicity

giant without carbon enhancement. Subsequent high-resolution

follow-up with the MIKE spectrograph on the Magellan/Clay
Telescope confirmed the presence of enhancements in

r-process elements, such as Ba, Eu, Th, and U, which are

reported here.
This paper is outlined as follows. Section 2 describes the target

selection for the medium-resolution spectroscopic investigation

and the high-resolution follow-up observations, followed by the

determinations of the stellar parameters in Section 3. Section 4

provides details on the abundance determinations. Section 5

discusses the r-process abundance pattern of RAVE J2038−0023

compared with other r-II stars, including those with previously

detected U, and obtains age estimates for RAVE J2038−0023

based on selected chronometry pairs. Our conclusions and a brief

discussion are provided in Section 6.

2. Target Selection and Observations

RAVE J2038−0023 was selected as a metal-poor candidate

star from RAVE DR4, part of a sub-sample with 4500 <
T 5750eff < and Fe H[ ] 1.8< - . These targets were then

followed up with medium-resolution spectroscopy on a variety

of telescopes, in order to validate their atmospheric parameters

and obtain carbon abundance estimates. High-resolution

spectroscopic follow-up was then carried out for the most

interesting candidates. A full description of the target selection

and spectroscopic follow-up will be provided in a forthcoming

paper.

2.1. Medium-resolution Spectroscopy

Medium-resolution spectroscopic follow-up was carried out

with the Mayall 4 m Telescope at Kitt Peak National

Observatory. The observations were obtained in semester

2014B, using the R-C spectrograph, with the KPC007 grating

(632 l mm 1- ), the blue setting, a 1. 0 slit, and covering the

wavelength range [3500, 6000] Å. This combination yielded a

resolving power of R ∼ 1600, and signal-to-noise ratio S/N
∼80 per pixel at 4550 Å. The calibration frames included FeAr

exposures (taken following the science observation), quartz-

lamp flat-fields, and bias frames. All reduction tasks were

performed using standard IRAF12 packages. Table 1 lists

details of the observations from RAVE, and also the medium-

and high-resolution spectroscopic follow-ups.

Table 1

Observational Data

RAVE J2038−0023 Mayall Magellan2014 Magellan2016 RAVE

α (J2000) 20:38:43.2 Date 2014 09 15 2014 09 25 2016 04 16 L

δ (J2000) −00:23:33 UT 02:19:52 04:17:03 08:46:14 L

V (mag) 12.73 Exptime (s) 600 900 5400 L

B−V 0.99 R 2000 38,000 66,000 8000

g (mag) 13.32 Vr (km s−1) −332.9 −321.7 −321.6 −319.6

g−r 0.87 S/N (3860 Å) 50 30 100 L

J (mag) 10.73 S/N (4550 Å) 80 90 220 L

J−K 0.41 S/N (7900 Å) L 150 L L

11
A later data release, DR5 (Kunder et al. 2017), published after the analysis

presented in the present work, provides refined parameter estimates.
12
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2.2. High-resolution Spectroscopy

High-resolution spectroscopic data were obtained during the
2014B and 2016A semesters, using the Magellan Inamori
Kyocera Echelle (MIKE; Bernstein et al. 2003) spectrograph on
the Magellan/Clay Telescope at Las Campanas Observatory.
For the 2014B run, the observing setup included a 0. 7 slit with
2 × 2 on-chip binning, yielding a resolving power of R ∼
38,000 (blue spectral range) and R ∼ 30,000 (red spectral
range), measured from the arc lamp spectral features. The S/N
at 4550Å is ∼90. MIKE spectra have nearly full optical
wavelength coverage ([∼3500, 9000] Å). For the 2016A run,
the observations were carried out using the 0. 35 slit with 2 × 2
on-chip binning, yielding a resolving power of R ∼ 66,000.
The S/N at 3860Å (close to the U spectral feature) is ∼100,

and ∼220 at 4550Å (near a prominent Ba II feature). The data
were reduced using the data reduction pipeline developed for
MIKE spectra, which has been described by Kelson (2003).13

Figure 1 shows the spectrum of RAVE J2038−0023, compared
with the r-II stars HE 1523−0901 (Teff =4630 K,
Fe H[ ] = −2.95, and Eu Fe[ ] = 1.81;+ Frebel et al. 2007)
and CS 22892−052 (Teff = 4690 K, Fe H[ ] = −3.24, and
Eu Fe[ ] = 1.35;+ Roederer et al. 2014a), in regions where
absorption features of neutron-capture elements are present
(upper and middle panels), as well as in the region of the
molecular CH G-band feature (lower panel).

3. Stellar Parameters

3.1. Medium-resolution Spectrum

The stellar atmospheric parameters (Teff , glog , and [Fe/H]),
and the carbon abundance from the medium-resolution
spectrum were obtained using n-SSPP, a modified version of
the SEGUE Stellar Parameter Pipeline (SSPP; Lee et al. 2008a,
2008b; Lee et al. 2013). The values for Teff , glog , and Fe H[ ],
determined from photometry, line-indices, and matching with a
synthetic spectral library (see Beers et al. 2014, for further
details), were used as first estimates for the high-resolution
analysis. The results are listed in Table 2.

3.2. High-resolution Spectra

From the high-resolution MIKE spectrum, we determined
the stellar parameters spectroscopically (see details below),
using the SMH software developed by Casey (2014).
Equivalent-width measurements were obtained by fitting
Gaussian profiles to the observed absorption lines within SMH.
Table 3 lists the lines used in this work, their measured
equivalent widths, and the derived abundance from each line.
We employed one-dimensional plane-parallel model atmo-
spheres with no overshooting (Castelli & Kurucz 2004),
computed under the assumption of local thermodynamic
equilibrium (LTE).

The effective temperature of RAVE J2038−0023 was
determined by minimizing trends between the abundances of
202 Fe I lines and their excitation potentials, and applying the
temperature correction to the photometric scale suggested by
Frebel et al. (2013). The microturbulent velocity was
determined by minimizing the trend between the abundances
of Fe I lines and their reduced equivalent widths. The surface

gravity was determined from the balance of the two ionization
stages of iron, Fe I and Fe II. RAVE J2038−0023 also had its
stellar atmospheric parameters determined from the moderate-
resolution (R ∼ 8000) RAVE spectrum by Kordopatis et al.
(2013). These values, together with our determinations
from the medium- and high-resolution spectra, are listed in
Table 2. For completeness, we also include the parameters
from the most recent release, RAVE DR5 (Kunder et al.
2017), and also those from the RAVE-on catalog (Casey et al.
2017).
There is very good agreement between the effective

temperatures derived from the medium- and high-resolution
spectra used in this work; the RAVE DR5 value is less than
∼150 K cooler. The surface gravities are all within 1σ, and the
high-resolution and RAVE DR5 glog values are nearly
identical. The surface gravity estimates from RAVE DR4 and
KPNO ( glog = 0.82 and 0.85, respectively) are expected to be
similar, as both of these estimates come from isochrone
matching, while the high-resolution estimate ( glog = 1.20)
was determined spectroscopically. The Fe H[ ] estimates from
RAVE DR4 appear significantly higher than those reported
from RAVE DR5 and the medium- and high-resolution results;
the latter two of which are in good agreement with one another.
The RAVE-on metallicity is in better agreement with our high-
resolution estimate than either DR4 or DR5 from RAVE.
However, despite the RAVE-on result having a reduced chi-
squared value of 0.63, this star was excluded from the RAVE-
on release because the RAVE pre-processing pipeline, SPARV,
flagged RAVE J2038−0023 as being a star with much higher
temperature (Teff > 10,000 K).

4. Chemical Abundances

Chemical abundances for RAVE J2038−0023 were calcu-
lated by equivalent-width analysis and spectral synthesis, using
the MOOG code (2014 July version; Sneden 1973), which
includes a proper treatment of scattering (see Sobeck et al.
2011, for details). The set of atmospheric parameters used for
the abundance analysis is the one derived from the Magellan
spectra. Tables 3 and 4 list the derived abundances for
individual lines for light elements (C–Zn) and neutron-capture
elements (Sr–U), respectively. The excitation potentials and
oscillator strengths for the lines employed are taken from a
variety of sources, including the compilations of Aoki et al.
(2002), Barklem et al. (2005), and Roederer et al. (2012), as
well asthe VALD database (Kupka et al. 1999) and the
National Institute of Standards and Technology Atomic Spectra
Database (NIST; Kramida et al. 2013). Elemental-abundance
ratios, X Fe[ ], are calculated adopting solar photospheric
abundances from Asplund et al. (2009). The average
abundances for 39 elements, derived from the Magellan/
MIKE spectra, are listed in Table 5. The σ values are the
standard deviation and the s are the standard error of the mean.
For elements where s is lower than 0.10, we adopt a fixed
value of 0.10 (see the discussion in Section 4.6 of Placco et al.
2013).
Uncertainties in the abundance determinations, as well as the

systematic uncertainties due to changes in the atmospheric
parameters, were treated using the same procedures described
in Placco et al. (2013, 2015). Table 6 shows the changes in the
derived chemical abundances due to variations (within the
quoted uncertainties) in each atmospheric parameter. Also13

http://code.obs.carnegiescience.edu/python
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listed is the total uncertainty, calculated from the quadratic sum

of the individual estimates. This calculation only used spectral

features with abundances determined by equivalent-width

analysis. The variations are +100 K for Teff , +0.2 dex for

glog , and +0.2 km s−1 for ξ.

Figure 1. Selected regions of the spectrum of RAVE J2038−0023, compared with the r-II stars HE 1523−0901 (Frebel et al. 2007) and CS 22892−052 (Roederer
et al. 2014a). The upper and middle panels show regions where absorption features of Fe, Mg, and neutron-capture elements are present. The lower panel shows the
CH G-band, used for carbon abundance determinations. The data used to create this figure are available.

Table 2

Derived Stellar Parameters for RAVE J2038−0023

Teff (K) glog (cgs) Fe H[ ] ξ(km s−1)

RAVE (DR4) 4315 (105) 0.82 (0.40) −2.17 (0.10) L

RAVE (DR5) 4502 (51) 1.18 (0.21) −2.60 (0.14) L

RAVE-on 4801 (82) 1.49 (0.15) −2.74 (0.07) L

KPNO 4655 (150) 0.85 (0.35) −3.10 (0.20) L

Magellan 4630 (100) 1.20 (0.20) −2.91 (0.10) 2.15 (0.20)

Table 3

Equivalent-width Measurements for RAVE J2038−0023

Ion λ χ gflog W log  (X)

(Å) (eV) (mÅ)

Na I 5889.950 0.00 0.108 171.69 3.72

Mg I 3829.355 2.71 −0.208 153.47 5.08

Mg I 3832.304 2.71 0.270 192.31 4.97

Mg I 3986.753 4.35 −1.030 21.60 5.10

Mg I 4057.505 4.35 −0.890 23.68 5.00

Mg I 4167.271 4.35 −0.710 35.18 5.05

Mg I 4571.096 0.00 −5.688 62.43 5.13

Mg I 4702.990 4.33 −0.380 60.66 5.02

Mg I 5172.684 2.71 −0.450 182.51 5.04

Mg I 5183.604 2.72 −0.239 208.96 5.08

(This table is available in its entirety in machine-readable form.)
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4.1. C to Zn

The carbon abundance for RAVE J2038−0023 was derived

from the CH molecular feature at λ4313 ( C Fe[ ] 0.44= - ).

Since this star is on the upper red-giant branch, the measured

Table 4

Individual Abundance Measurements of Neutron-capture Elements for RAVE
J2038−0023

Ion λ χ gflog log  (X)

(Å) (eV)

Sr II 4161.792 2.94 −0.502 0.56

Sr II 4215.519 0.00 −0.170 0.43

Y II 3747.556 0.10 −0.910 −0.34

Y II 4398.013 0.13 −1.000 −0.49

Y II 4682.324 0.41 −1.510 −0.38

Y II 4883.684 1.08 0.070 −0.52

Y II 4900.120 1.03 −0.090 −0.72

Zr II 3573.055 0.32 −1.041 0.42

Zr II 3836.761 0.56 −0.120 0.38

Zr II 3991.127 0.76 −0.310 0.28

Zr II 3998.954 0.56 −0.520 0.36

Zr II 4317.299 0.71 −1.450 0.38

Zr II 4050.316 0.71 −1.060 0.38

Ba II 5853.675 0.60 −1.010 −0.03

Ba II 6141.713 0.70 −0.077 0.08

Ba II 6496.898 0.60 −0.380 0.25

La II 3794.774 0.24 0.140 −0.60

La II 3988.515 0.40 0.170 −0.80

La II 3995.745 0.17 −0.100 −0.70

La II 4086.709 0.00 0.230 −0.70

La II 4123.218 0.32 0.110 −0.85

La II 4429.905 0.24 −1.490 −0.90

Ce II 3940.330 0.32 −0.270 −0.35

Ce II 3942.151 0.000 −0.22 −0.37

Ce II 3999.237 0.30 0.090 −0.23

Ce II 4014.897 0.53 0.140 −0.48

Ce II 4072.918 0.33 −0.710 −0.14

Ce II 4073.474 0.48 0.230 −0.32

Ce II 4137.645 0.52 0.440 −0.35

Ce II 4138.096 0.924 −0.08 −0.32

Ce II 4165.599 0.91 1.420 −0.36

Ce II 4222.597 0.12 0.020 −0.41

Ce II 4562.359 0.48 0.381 −0.37

Ce II 4449.330 0.61 0.080 −0.51

Pr II 3964.812 0.06 −0.180 −0.93

Pr II 3965.253 0.20 −0.195 −0.88

Pr II 4179.393 0.20 0.293 −0.88

Pr II 4189.479 0.37 0.175 −0.86

Pr II 4222.934 0.06 0.018 −0.88

Pr II 4408.819 0.00 −0.278 −0.92

Pr II 4449.823 0.20 −0.436 −0.90

Nd II 3862.566 0.18 −0.760 −0.18

Nd II 3863.408 0.00 −0.010 −0.23

Nd II 3900.215 0.47 0.100 −0.24

Nd II 3991.735 0.00 −0.260 −0.14

Nd II 4021.728 0.18 −0.310 −0.37

Nd II 4051.139 0.38 −0.300 −0.12

Nd II 4061.080 0.47 1.380 −0.12

Nd II 4110.470 0.00 −0.710 −0.18

Nd II 4179.580 0.18 −0.640 −0.23

Nd II 4178.635 0.18 −1.030 −0.14

Nd II 4177.320 0.06 −0.100 −0.12

Sm II 3896.970 0.04 −0.670 −0.56

Sm II 4188.128 0.54 −0.440 −0.40

Sm II 4318.926 0.28 −0.250 −0.55

Sm II 4424.337 0.49 0.140 −0.58

Sm II 4421.126 0.38 −0.490 −0.58

Eu II 3724.930 0.00 −0.090 −0.74

Eu II 3907.107 0.21 0.170 −0.78

Eu II 4129.720 0.00 0.220 −0.66

Eu II 4205.040 0.00 0.210 −0.73

Eu II 4435.578 0.21 −0.110 −0.86

Table 4

(Continued)

Ion λ χ gflog log  (X)

(Å) (eV)

Eu II 6645.060 1.38 0.120 −0.78

Gd II 3549.359 0.24 0.290 −0.39

Gd II 3697.733 0.03 −0.340 −0.40

Gd II 3768.396 0.08 0.210 −0.35

Gd II 3796.384 0.03 0.020 −0.29

Gd II 3844.578 0.14 −0.460 −0.33

Gd II 4191.075 0.43 −0.480 −0.29

Gd II 4215.022 0.43 −0.440 −0.39

Gd II 4251.731 0.38 −0.220 −0.49

Tb II 3702.850 0.13 0.440 −1.30

Tb II 3747.380 0.40 0.130 −1.30

Tb II 3848.730 0.00 0.280 −1.20

Tb II 3874.168 0.00 0.270 −1.26

Tb II 4002.566 0.64 0.100 −1.08

Dy II 3757.368 0.10 −0.170 −0.20

Dy II 3944.680 0.00 0.110 −0.24

Dy II 3996.689 0.59 −0.260 −0.42

Dy II 4050.565 0.59 −0.470 −0.40

Dy II 4073.120 0.54 −0.320 −0.44

Dy II 4077.966 0.10 −0.040 −0.26

Dy II 4103.306 0.10 −0.380 −0.26

Dy II 4449.700 0.00 −1.030 −0.42

Ho II 3796.730 0.00 0.160 −1.02

Ho II 3810.738 0.00 0.142 −1.00

Ho II 3890.970 0.08 0.460 −1.06

Er II 3692.649 0.06 0.138 −0.28

Er II 3906.311 0.00 −0.052 −0.28

Er II 3729.524 0.00 −0.488 −0.47

Er II 3786.836 0.00 −0.644 −0.35

Er II 3830.481 0.00 −0.365 −0.47

Er II 3896.233 0.06 −0.241 −0.48

Er II 3938.626 0.00 −0.610 −0.43

Tm II 3700.255 0.03 −0.380 −1.19

Tm II 3701.362 0.00 −0.540 −1.20

Tm II 3795.759 0.03 −0.230 −1.21

Tm II 3848.019 0.00 −0.140 −1.26

Tm II 3996.510 0.00 −1.200 −1.20

Yb II 3694.190 0.00 −0.320 −0.51

Lu II 3472.476 1.54 −0.220 −1.35

Lu II 3507.380 0.00 −1.160 −1.50

Hf II 3719.276 0.61 −0.810 −0.50

Hf II 3793.379 0.37 −1.110 −0.68

Hf II 3918.090 0.45 −1.140 −0.69

Hf II 4093.150 0.45 −1.150 −0.79

Os I 4135.775 0.52 −1.260 0.31

Os I 4260.848 0.00 −1.440 −0.14

Os I 4420.520 0.33 −0.430 0.11

Ir I 3800.120 0.00 −1.450 −0.02

Pb I 4057.807 1.32 −0.170 0.12

Th II 4094.747 0.00 −0.885 −1.17

Th II 4086.521 0.00 −0.929 −1.28

Th II 4019.129 0.00 −0.228 −1.27

U II 3859.571 0.036 −0.07 −2.14

(This table is available in machine-readable form.)
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carbon abundance does not reflect the chemical composition of
its natal gas cloud. Using the procedure described in Placco
et al. (2014a), we determined that the expected carbon
depletion due to CN processing for RAVE J2038−0023 is
0.67 dex. Taking this into account, the corrected value for the
carbon abundance is C Fe[ ] = 0.23+ . Abundances of Na, Mg,
Al, Si, Ca, Sc, Ti, V, Cr, Mn, Co, Ni, and Zn were determined
by equivalent-width analysis and spectral synthesis. Individual
line determinations are listed in Table 3, and final abundances
are provided in Table 5.

4.2. Neutron-capture Elements

The chemical abundances for the neutron-capture elements
were determined via spectral synthesis performed using
MOOG. The results for individual lines are given in Table 4.
Below we provide details on these measurements. Note that the

uncertainty on individual synthesis measurements is typically
set as ±0.2 dex, as the measured abundance is well-bound
between these limits (see, e.g., Figure 2).
Strontium, Yttrium, Zirconium. These three elements belong

to the first r-process peak, and are often attributed to the weak
r-process (Wanajo & Ishimaru 2006). Their abundances are
mostly determined from absorption lines in blue spectral
regions, which can be affected by the presence of carbon
features in CEMP stars, which does not apply to our current
analysis. Siqueira Mello et al. (2014) have contrasted the
behavior of these elements in r-I and r-II stars, finding that they
are generally more enhanced in r-I stars, and suggested the
possible existence of different nucleosynthesis pathways for
these two sub-classes of r-process-enhanced stars.
The Sr λ4077 is saturated, but λ4215 could be successfully

synthesized. The Sr line at λ4161 is a much weaker feature, and
yields a slightly higher abundance than the λ4215 line. The left

Table 5

Final Abundance Estimates for RAVE J2038−0023

Ion log  (X) log  (X) X H[ ]/ X Fe[ ]/ σ s n

C (CH) 8.43 5.08 −3.35 −0.44 0.20 0.20 1

C (CH) 8.43 5.75 −2.68 +0.23a 0.20 0.20 1

Na I 6.24 3.72 −2.52 +0.39 0.10 0.10 1

Mg I 7.60 5.05 −2.55 +0.36 0.05 0.10 10

Al I 6.45 3.09 −3.36 −0.45 0.10 0.10 1

Si I 7.51 5.19 −2.32 +0.59 0.03 0.10 2

Ca I 6.34 3.59 −2.75 +0.16 0.07 0.10 13

Sc II 3.15 0.21 −2.94 −0.03 0.04 0.10 8

Ti I 4.95 2.12 −2.83 +0.08 0.03 0.10 12

Ti II 4.95 2.16 −2.79 +0.12 0.03 0.10 34

V II 3.93 1.30 −2.63 +0.28 0.04 0.10 2

Cr I 5.64 2.45 −3.19 −0.28 0.04 0.10 16

Mn I 5.43 2.01 −3.42 −0.51 0.02 0.10 7

Fe I 7.50 4.59 −2.91 +0.00 0.12 0.10 202

Fe II 7.50 4.57 −2.93 −0.02 0.05 0.10 13

Co I 4.99 2.25 −2.74 +0.17 0.04 0.10 6

Ni I 6.22 3.22 −3.00 −0.09 0.07 0.10 15

Zn I 4.56 1.73 −2.83 +0.08 0.04 0.10 2

Sr II 2.87 0.50 −2.38 +0.54 0.11 0.11 2

Y II 2.21 −0.49 −2.70 +0.21 0.07 0.10 5

Zr II 2.58 0.37 −2.21 +0.70 0.02 0.10 6

Ba II 2.18 0.10 −2.08 +0.83 0.10 0.10 3

La II 1.10 −0.76 −1.86 +1.05 0.07 0.10 6

Ce II 1.58 −0.35 −1.93 +0.98 0.04 0.10 12

Pr II 0.72 −0.89 −1.61 +1.30 0.01 0.10 7

Nd II 1.42 −0.19 −1.61 +1.30 0.03 0.10 11

Sm II 0.96 −0.53 −1.49 +1.42 0.03 0.10 5

Eu II 0.52 −0.75 −1.27 +1.64 0.04 0.10 6

Gd II 1.07 −0.37 −1.44 +1.47 0.02 0.10 8

Tb II 0.30 −1.23 −1.53 +1.38 0.04 0.10 5

Dy II 1.10 −0.33 −1.43 +1.48 0.03 0.10 8

Ho II 0.48 −1.03 −1.51 +1.40 0.02 0.10 3

Er II 0.92 −0.39 −1.31 +1.60 0.03 0.10 7

Tm II 0.10 −1.21 −1.31 +1.60 0.01 0.10 5

Yb II 0.84 −0.51 −1.35 +1.56 0.20 0.20 1

Lu II 0.10 −1.43 −1.53 +1.39 0.09 0.10 2

Hf II 0.85 −0.67 −1.52 +1.40 0.07 0.10 4

Os I 1.40 0.09 −1.31 +1.60 0.15 0.15 3

Ir I 1.38 −0.02 −1.40 +1.51 0.20 0.20 1

Pb I 1.75 −0.10 −1.85 +1.06 0.20 0.20 1

Th II 0.02 −1.24 −1.26 +1.65 0.04 0.10 3

U II −0.54 −2.14 −1.60 +1.31 0.20 0.20 1

Note.
a

C Fe[ ] = +0.23 using corrections of Placco et al. (2014b).
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panel of Figure 2 shows the spectral synthesis of the Sr λ4215

line for three different abundances, and also for the absence

of Sr.
The Y λ4398, λ4682, λ4883, and λ4900 lines are strong,

well-isolated, and unsaturated. The feature at λ4982 is weak,

but its abundance agrees well with the other four features.
Although most features of Zr are weak in the spectrum of

RAVE J2038−0023, they are of sufficient strength to extract an

abundance estimate from spectral synthesis; a total of six Zr

features were used.
The final adopted abundances for the first-peak elements are

Sr Fe 0.54= +[ ] , Y Fe 0.21= +[ ] , and Zr Fe 0.70= +[ ] .
Barium, Lanthanum. These elements constitute the second

r-process peak. The Ba lines on the blue spectral range were

mostly saturated, so only the three lines at λ5853, λ6141, and

λ6496 were used to determine the overall Ba abundance.

Hyperfine splitting was accounted for in the spectral synthesis.

The middle panel of Figure 2 shows the spectral synthesis of

the Ba λ5853 line for three different abundances, and also

for the absence of Ba. r-process isotopic fractions were

derived from solar abundances (Arlandini et al. 1999). These

approximate the isotopic splitting of barium in RAVE J2038

−0023 in order to produce a more accurate synthetic fit.
Six lines of La II were identified, and their derived

abundances agree within 0.3 dex.
The final abundances of the second-peak elements are

Ba Fe 0.83= +[ ] and La Fe 1.05= +[ ] .
Cerium, Praseodymium, Neodymium, Samarium. A total of

12 Ce II lines were used to determine the abundance of cerium,

more features than for any other neutron-capture element in

RAVE J2038−0023. All Ce lines agree with the adopted

abundance of Ce Fe 0.98= +[ ] within 0.2 dex.
Seven strong praseodymium lines were used to find the Pr II

abundance. There are two Pr II lines near the wings of the wide

Ca II H feature at λ3968, but abundances derived from these

lines still agree with the final abundance of Pr Fe 1.30= +[ ] .

Similarly, the feature at λ4179 shows a blend with Nd II, but

still agrees well with the adopted abundance.

There are many strong lines of neodymium, but several are
blended with absorption features of other elements. In total, 11
Nd II features were used to determine the final abun-
dance Nd Fe 1.30= +[ ] .
Five strong lines of samarium were used to determine the

Sm II abundance. Although some lines showed a blend with
other elements, all were taken into account, and the derived
abundances agree with the final abundance Sm Fe 1.42= +[ ]

within 0.2 dex.
Europium. There are six europium lines with good

agreement in their derived abundances, yielding an average
Eu Fe 1.64= +[ ] . The middle panel of Figure 3 shows the
spectral syntheses of the Eu λ4129 line for three different
abundances, and also for the absence of Eu. Similar to Ba, the
strong lines of Eu are sensitive to hyperfine splitting between
the isotopes 151Eu and 153Eu. With high-resolution spectrosc-
opy, this splitting has to be accounted for in spectral synthesis
in order to fit the Eu II absorption features and measure the
abundance. An isotopic ratio of Eu Eu 0.902151 153 = (from
solar r-process residuals; Arlandini et al. 1999) was used to
approximate the effect of hyperfine splitting on the Eu II

absorption features. For example, the left panel of Figure 3
shows the effect of varying the isotopic fraction Eu Eu151 153 at
constant overall log Eu ( ) abundance. Clearly, only consider-
ing one isotope of Eu is not sufficient to describe the line shape.
However, the specific isotopic fraction cannot be measured this
way. We only used it to calculate the Eu II abundance.
Gadolinium, Terbium, Dysprosium, Holmium, Erbium.

Gadolinium features are often blended with neighboring lines
or are located in the wings of strong hydrogen features, making
their abundance measurements difficult. Still, all nine features
agree within 0.2 dex of the adopted value of Gd Fe 1.47= +[ ] .
Five lines of terbium were used to estimate the Tb II

abundance. The three Tb II lines at λ3702, λ3747, and λ3848
are blended with other features. However, two clean features at
λ3874 and λ4002 yield similar abundances as those derived
from the other three lines. The final adopted abundance
is Tb Fe 1.38= +[ ] .
The dysprosium abundances derived from eight Dy II

absorption features show a spread of 0.24 dex, yielding
abundances around either log Dy 0.42 = -( ) or log Dy =( )

0.25- . The final abundance is taken to be Dy Fe 1.48= +[ ]

by averaging all eight lines.
Three features of holmium were used to estimate its

abundance. The Ho II lines at λ3810 and λ3890 in particular
are blended with Fe features. However, since the estimates for
the three lines agree within less than 0.1 dex, all were used for
determining the final abundance, Ho Fe 1.40= +[ ] .
The abundance of erbium was estimated from seven Er II

lines, all agreeing to within 0.2 dex of the adopted
value, Er Fe 1.60= +[ ] .
Thulium, Ytterbium, Lutetium, Hafnium. Many Tm II features

are found in the blue ( 4000l < Å) region of the spectrum.
Five lines were used, and their estimates are in good agreement,
yielding Tm Fe 1.60= +[ ] .
Only one strong Yb II line can be measured in the spectrum

of RAVE J2038−0023. It neighbors a blended Fe-Ni feature
to the blue. Regardless, the line at λ3694 was sufficiently
strong to measure a ytterbium abundance with confidence
( Yb Fe 1.56= +[ ] ). The right panel of Figure 2 shows the
spectral synthesis of the Yb λ3694 line for three different
abundances, and also for the absence of Yb. Since the Yb II

Table 6

Example Systematic Abundance Uncertainties for RAVE J2038−0023

Elem ΔTeff Δ glog xD ns tots
+100 K +0.2 dex +0.2 km s−1

Na I 0.10 −0.10 −0.11 0.10 0.21

Mg I 0.08 −0.08 −0.04 0.04 0.13

Al I 0.03 −0.16 −0.11 0.10 0.22

Si I 0.07 −0.06 −0.04 0.10 0.14

K I 0.09 −0.01 −0.01 0.10 0.14

Ca I 0.07 −0.03 −0.02 0.03 0.08

Sc II 0.03 0.03 −0.03 0.04 0.07

Ti I 0.12 −0.03 −0.02 0.04 0.13

Ti II 0.01 0.02 −0.05 0.02 0.06

Cr I 0.11 −0.04 −0.04 0.03 0.13

Mn I 0.05 −0.14 −0.17 0.06 0.23

Fe I 0.10 −0.05 −0.05 0.01 0.12

Fe II −0.01 0.04 −0.01 0.04 0.06

Co I 0.09 −0.07 −0.06 0.05 0.14

Ni I 0.10 −0.01 −0.01 0.04 0.11

Zn I 0.03 0.02 −0.00 0.10 0.11

Sr II 0.06 −0.05 −0.12 0.10 0.17

Ba II 0.09 −0.03 −0.11 0.06 0.16
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feature is well-described within a ± 0.2 dex variation from the

adopted values, an uncertainty of ± 0.2 dex is assigned to the

Yb II abundance.
Similarly, only two Lu II lines could be accurately fit with

spectral synthesis. Both lines appear far in the blue, around

3500Å, near the edge of the spectrum. The line at λ3472

appears blueward of a strong Ni I feature, so the line was fit by

analyzing the asymmetry of the blended feature and fitting the

blue wing. The line at λ3507 is blended with an iron feature,

but its synthetic abundance agrees with that of the line at

λ3472Å, yielding a lutetium abundance of Lu Fe 1.39= +[ ] .
Four hafnium lines were used to estimate the final abundance

of Hf II. The cleanest feature at λ3719 yielded the highest

abundance, log Hf 0.5 = -( ) . The two features at λ3793 and

3918 are uncertain, but agree with each other. The feature at

λ4093 has the lowest derived abundance, log Hf 0.79 = -( ) .

The adopted hafnium abundance, from an average of all four

lines, is Hf Fe 1.40= +[ ] .
Osmium and Iridium. Osmium and iridium represent the

third r-process peak.

Three lines of Os I were used. The individual abundances

calculated from these lines disagree (range of 0.45 dex), but it

is still clear that the features are present. We obtain a final

estimate of Os Fe 1.60= +[ ] by averaging the three individual

measurements.
Only the line at λ3800 could be used to estimate the iridium

abundance. This feature appears in a crowded part of the

spectrum, but the line is unblended, and could be well-fit by

spectral synthesis. The adopted abundance of Ir I from this line

is Ir Fe 1.51= +[ ] .
Lead. This third-peak element is typically largely produced

by the s-process (Travaglio et al. 2001) in metal-poor stars.

However, since RAVE J2038−0023 exhibits no s-process

enhancement, and its neutron-capture elements likely result

from only r-process events, the presence of Pb in RAVE J2038

−0023 is not indicative of s-process enrichment. Rather,

Wanajo et al. (2002) call attention to the importance of the

third-peak element Pb for understanding the nature of the

r-process, since it is mainly synthesized by the same α-decay

chains as Th and U.

Figure 3. Observed spectra (squares) and syntheses (lines) for varying isotopic ratios of Eu II (left panel), and varying abundances of Eu II (middle panel), and Pb I

(right panel).

Figure 2. Observed spectra (squares) and synthesis (lines) for varying abundances of Sr II (left panel), Ba II (middle panel), and Yb II (right panel).
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Only the line at λ4057 was used to obtain the Pb I

abundance. The right panel of Figure 3 shows the spectral
synthesis of this line for three different abundances,
and also for the absence of Pb. The final abundance
is Pb Fe 1.06= +[ ] .

Thorium and Uranium. Thorium and uranium are radioactive
actinides, and the heaviest observable elements in a stellar
spectrum. These can only be synthesized in an r-process event.
Furthermore, their presence allows the calculation of stellar
ages (see Section 5.2).

Figure 4. Observed spectra (squares) and syntheses (lines) of varying abundances of U II λ3859 (left and middle panels) and Th II λ4019 (right panel).

Figure 5. Top: full neutron-capture elemental-abundance pattern for RAVE J2038−0023 compared with the solar system r-process component (Arlandini et al. 1999),
normalized to Eu. Middle: difference between RAVE J2038−0023 abundances and the solar system r-process component, normalized to Eu. Bottom: same as the
middle panel, for the stars: CS 22892−052 (Sneden et al. 2008), CS 29497−004 (Hill et al. 2016), CS 31082−001 (Hill et al. 2002), and HE 1523−0901 (Frebel et al.
2007).
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Three lines of Th II were used to determine the final
abundance. The feature at λ4019 (right panel of Figure 4) is the
strongest, and is blended with CH, Ni, and Pr features, which
were accounted for in the synthesis. The other two Th features
at λ4086 and λ4094 agree well with the adopted abun-
dance, Th Fe 1.65= +[ ] .

Only one U II feature could be measured with accuracy. The
λ3859 line appears at the far edge of a strong iron line, between
a Nd II and a CN feature. After the abundances of neodymium
and carbon were well-determined, the uranium feature was fit,
and an abundance of U Fe 1.31= +[ ] fits the data most
accurately (see the left and middle panels of Figure 4). From
inspection of this figure, it is clear that a higher S/N spectrum
would be useful to better constrain this determination.

5. Discussion

5.1. Heavy-element Pattern for RAVE J2038−0023

The top panel of Figure 5 compares the measured neutron-
capture elemental-abundance pattern with the scaled solar
system r-process pattern, normalized to the Eu abundance. The
abundances of RAVE J2038−0023 agree well, and deviations
from the solar system r-process pattern (shown in the middle
panel of Figure 5, normalized to Eu) indicate a suppression in
the first r-process peak (elements Sr, Y, and Zr).

The first-peak elements are of particular interest, as they
have been suggested by Siqueira Mello et al. (2014) and others
to be associated with production by the weak, rather than the
main, r-process (perhaps by neutrino-driven winds in core-
collapse SNe—Arcones et al. 2007; Wanajo 2007; Arcones &
Thielemann 2013). The slight under-abundance of the first-
peak elements in RAVE J2038−0023 may support the
argument for multiple r-process sites in which a weak
r-process efficiently produces first-peak neutron-capture ele-
ments, but cannot robustly synthesize elements beyond the
second peak. Furthermore, Siqueira Mello et al. (2014) have
also presented evidence that the first-peak elements for
moderately r-process-enhanced (r-I) stars generally exceed
the levels found for r-II stars, and that this may indicate the
operation of different nucleosynthesis pathways for these
classes of stars.

Among the heaviest stable neutron-capture elements, it is
worth noting that Pb is most discrepant from the scaled solar
system r-process pattern, for both RAVE J2038−0023 and CS
29407-004. This is due to the fact the the solar r-process pattern
is derived from subtracting the s-process component of the total
solar abundance pattern. The s-process at higher metallicity
produces less Pb compared to other neutron-capture elements.
This leads to an overestimated r-process Pb contribution when
comparing a scaled solar r-process pattern and a low-metallicity
star, as seen in Figure 5. For a more accurate comparison, a
“low-metallicity” solar-process pattern would have to be
derived. RAVE J2038−0023 has a Pb Eu[ ] 0.68= - , which
is consistent with the production by the r-process at low
metallicities (see Roederer et al. 2010 and Figure 15 of Placco
et al. 2013).

The bottom panel of Figure 5 compares the residual
abundances of four other r-II stars with reported measurements
(and upper limits) of U. Although there appears to be some
small differences in the derived abundances between the U
stars, their patterns largely agree within the uncertainties. Even
among the r-II stars, there appears to be some real scatter in the

first-peak elements Sr, Y, and Zr, with RAVE J2038−0023
being generally lower than the other U stars. For Th and U,
RAVE J2038−0023 appears commensurate with CS 29407
−004 and HE 1523−0901, which are not actinide-boost
stars,14and all three are lower than the one U star known to
exhibit an actinide boost, CS 31082−001. The actinide boost
has also been recognized in HE 1219−0312, another r-II star
with measurable Th, but lacking a detectable uranium feature
(Barklem et al. 2005), given its faint magnitude. The
overabundance of the actinides in some r-II stars might suggest
different r-process formation scenarios involving one or
multiple r-process from sources, such as a high-entropy wind
from SN II and the ejecta from NSMs (see Mashonkina et al.
2010 for further details).

5.2. Age Determinations

The presence of radioactive elements Th and U in RAVE
J2038−0023 allows for the determination of the star’s age (or
more correctly, the time that has passed since the production of
these elements) through radioactive-decay dating. Radioactive-
decay ages are estimated by measuring the relative abundances
of long-lived radioactive elements (i.e., 232Th: t 14.0 Gyr1 2 = ,
and 238U: t 4.51 2 = Gyr) to stable elements (i.e., the ratios Th/
X and U/X, where X is a stable element) or the ratio between
the radioactive elements themselves (Th/U).
To make use of radioactive-decay dating, a set of initial

production ratios (PRs: Th X0, U X0, and Th U0) must be
estimated. For the present work, we use PRs from (i) the r-
process waiting-point calculations of Schatz et al. (2002) and
from (ii) Hill et al. (2016) based on the high-entropy wind
model of Farouqi et al. (2010). With PRs in hand, the ages t are
calculated as follows:

t 46.67 Gyr log Th X log Th X , 10 obs = -[ ( ) ( ) ] ( )

t 14.84 Gyr log U X log U X , 20 obs = -[ ( ) ( ) ] ( )

and

t 21.80 Gyr log U Th log U Th , 30 obs = -[ ( ) ( ) ] ( )

where log Th X 0 ( ) is the initial PR corresponding to element

formation at t = 0, and log Th X obs ( ) is the observed ratio

after the radioactive elements Th and U have decayed for a time

t. The half-lives of Th and U are contained in the constant.

Table 7 lists the PRs used in the above equations and the ages

derived from these abundance ratios. The calculated U/X and

Th/X ages using the PRs from Hill et al. (2016) are shown in

Figure 6. The solid horizontal line marks the mean age for

RAVE J2038−0023 (see details below), and the dashed

horizontal line is the age of the universe, determined by the

Planck mission (Planck Collaboration et al. 2016).
Arithmetic means were taken for all four sets of ages: U/X

and Th/X, each using the two different sets of PRs described
above. All U/X and Th/X ages agree within 2s of their
arithmetic means, except for ages calculated from Hf ratios in
the Schatz et al. (2002) model (see Table 7). The small
uncertainty on the Hf abundance suggests that the discrepancy
between X/Hf and other ages is driven by the predicted
production ratio for this chronometer pair by both r-process
models considered above. The same inconsistency of X/Hf

14
Stars with enhancements in Th and U abundance ratios relative to the rare

earth elements (Schatz et al. 2002; Roederer et al. 2009).
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ages was also noticed by Hill et al. (2016) in their analysis of
the U star CS 29497−004.

The uncertainties in Table 7 reflect only the propagated error
from the abundance measurement uncertainty; systematic
errors from the model atmosphere parameters as well as
uncertainties from the r-process models considered here were
not included. Since only one U II feature could be measured,
the uncertainty associated with the U II abundance is set to 0.2
dex. The syntheses in Figure 4 show the best-fit abundance as
well as ±0.2 dex from the best fit. Since the feature is well-
described within these limits, an uncertainty of 0.2 dex is
suitable for the uranium abundance.

Although the uncertainty on the uranium abundance is larger
than that of thorium (0.2 and 0.04 dex, respectively), the

individual U/X ages vary much less than the Th/X ages. This
apparent contradiction results primarily from the longer half-
life of 232Th (and therefore the larger constant in Equation (1)),
causing Th/X ages to be much more sensitive to variations on
the measured Th/X abundance ratios. On the other hand, U/X
ages—albeit carrying large uncertainties—agree with the
expected ages of VMP/EMP stars.
From Figure 6, it is interesting to note that the ages

calculated for Ba, Eu, Gd, and Er, using both Th/X and U/X
ratios, agree with each other and with the Th/U age of
13.4 Gyr, using the PRs of Hill et al. (2016). The mean age for
Th/X, using Ba, Eu, Gd, and Er, is 12.7 ± 1.6 Gyr, while the
mean age for U/X with the same four elements is 13.2 ±

1.5 Gyr. The fact that these elements present a much smaller

Table 7

Ages of RAVE J2038−0023 Calculated from Th and U Chronometer Pairs

X/Y log X Y obs ( ) PR Age PR Age σ

(i) (Gyr) (ii) (Gyr) (Gyr)

Th/Baa −1.34 ± 0.10 L L −1.058 13.16 4.80

Th/La −0.48 ± 0.08 −0.60 −5.52 −0.362 5.58 3.83

Th/Ce −0.89 ± 0.05 −0.79 4.63 −0.724 7.71 2.50

Th/Pr −0.35 ± 0.04 −0.30 2.20 −0.313 1.59 1.81

Th/Nd −1.05 ± 0.05 −0.91 6.62 −0.928 5.78 2.13

Th/Sm −0.71 ± 0.05 −0.61 4.48 −0.796 −4.20 2.38

Th/Eua −0.49 ± 0.05 −0.33 7.28 −0.240 11.48 2.51

Th/Gda −0.87 ± 0.05 −0.81 2.98 −0.569 14.22 2.10

Th/Tb −0.01 ± 0.06 −0.12 −5.04 L L 2.64

Th/Dy −0.91 ± 0.05 −0.89 0.93 −0.827 3.87 2.24

Th/Ho −0.21 ± 0.04 L L −0.071 6.64 2.00

Th/Era −0.85 ± 0.05 −0.68 7.73 −0.592 11.84 2.19

Th/Tm −0.03 ± 0.04 0.12 6.91 0.155 8.54 1.86

Th/Hf −0.58 ± 0.04 −0.20 17.50 −0.036 25.16 1.86

Th/Os −1.33 ± 0.16 −1.15 8.56 −0.917 19.43 7.39

Th/Ir −1.22 ± 0.20 −1.18 1.87 −0.839 17.78 9.50

Th/U 0−90 ± 0.20 0.22 14.82 0.283 13.45 4.44

Th/X (averagea) 12.68 1.55

U/Bab −2.24 ± 0.22 L L −1.341 13.34 3.29

U/La −1.38 ± 0.21 −0.81 8.48 −0.645 10.93 3.05

U/Ce −1.79 ± 0.20 −1.01 11.56 −1.007 11.61 3.02

U/Pr −1.25 ± 0.20 −0.52 10.79 −0.596 9.66 2.97

U/Nd −1.95 ± 0.20 −1.13 12.20 −1.211 10.99 2.99

U/Sm −1.61 ± 0.20 −0.83 11.52 −1.079 7.82 3.01

U/Eub −1.39 ± 0.20 −0.55 12.41 −0.523 12.81 3.02

U/Gdb −1.77 ± 0.20 −1.03 11.04 −0.852 13.68 2.99

U/Tb −0.91 ± 0.20 −0.33 8.64 L L 3.03

U/Dy −1.81 ± 0.20 −1.11 10.39 −1.110 10.39 3.00

U/Ho −1.11 ± 0.20 L L −0.354 11.27 2.98

U/Erb −1.75 ± 0.20 −0.90 12.55 −0.875 12.92 3.00

U/Tm −0.93 ± 0.20 −0.10 12.29 −0.128 11.87 2.97

U/Hf −1.48 ± 0.21 −0.42 15.66 −0.319 17.16 3.15

U/Os −2.23 ± 0.25 −1.37 12.81 −1.200 15.33 3.75

U/Ir −2.12 ± 0.28 −1.40 10.68 −1.122 14.81 4.20

U/Th −0.90 ± 0.20 −0.22 14.82 −0.283 13.45 4.44

U/X (averageb) 13.19 1.53

Final averagec 12.99 1.09

Notes. Initial production ratios (PR: log X Y 0 ( ) ) are taken from (i) the r-process waiting-point calculations by Schatz et al. (2002) and (ii) the high-entropy wind r-

process models reported by Hill et al. (2016), based on Farouqi et al. (2010).
a
Abundance ratios used for Th/X average.

b
Abundance ratios used for U/X average.

c
Average calculated from ratios marked with a, b, and U/Th.
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scatter between the Th/X and U/X ratios suggests that these
are more likely to represent a realistic age for RAVE J2038
−0023. Then, by averaging Th/X and U/X ratios for Ba, Eu,
Gd, and Er, and Th/U (with PRs from Hill et al. 2016), we
adopt an age of 13.0 ± 1.1 Gyr for RAVE J2038−0023.

6. Conclusions

We have presented results for the first r-II star discovered
from the RAVE survey, RAVE J2038−0023, and only the
fourth r-II star with measured Th and U. This star was first
identified as a metal-poor candidate from the RAVE DR4, and
then followed up with medium- and high-resolution spectrosc-
opy with the Mayall and Magellan telescopes, respectively.

A detailed high-resolution abundance analysis reveals that
the chemical abundance pattern of RAVE J2038−0023 nearly
duplicates the scaled solar system r-process pattern, similar to
the other three known U stars and other r-II stars. With
measured abundances for the actinides thorium and uranium,
we were able to determine radioactive-decay ages for RAVE
J2038−0023 from Th/X and U/X abundance ratios, using
initial production ratios from an r-process high-entropy
wind model. The estimated age for RAVE J2038
−0023 (13.0± 1.1 Gyr) is consistent with expectations for
the epoch in which VMP/EMP stars formed. We note that the
yields of a NSM r-process may differ from the standard
scenarios considered here. We plan to update our age estimates
as realistic yields from these events become available.

We are presently extending our effort to identify large
numbers of r-II (and r-I) stars, based on medium-resolution
spectroscopy of a large number (∼2000–2500) of bright targets
with [Fe/H] 2.0< - from a number of sources, in addition to
RAVE. High-resolution spectroscopic follow-up of these
targets, already underway, should identify on the order of 75
new r-II (and 350 new r-I) stars. This would provide a
sufficiently large sample to carry out detailed tests of the likely
astrophysical site(s) of the production of the r-process elements
in the early Galaxy, and tests of the association of r-II (and r-I)
stars in the field with particular environments, such as the

ultra-faint and canonical dwarf galaxies in which similar stars
have been previously identified (see Hansen et al. 2017 and
references therein).

We thank Ian Roederer for providing the high-resolution
spectra of CS 22892−052 used in Figure 1. The authors
acknowledge partial support for this work from grant PHY 14-
30152 from the Physics Frontier Center/JINA Center for the
Evolution of the Elements (JINA-CEE), awarded by the US
National Science Foundation. A.F. acknowledges support from
NSF CAREER grant AST-1255160.
Software: gnuplot (Williams & Kelley 2015), IRAF

(Tody 1986, 1993), Matplotlib (Hunter 2007), MIKE data
reduction pipeline (Kelson 2003), MOOG (2014 July version;
Sneden 1973), n-SSPP (Beers et al. 2014), SMH (Casey 2014).
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