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A B S T R A C T 

Classical barium stars are red giants that receive from their evolved binary companions material exposed to the slow neutron- 
capture nucleosynthesis, i.e. the s -process. Such a mechanism is expected to have taken place in the interiors of Thermally-Pulsing 

Asymptotic Giant Branch (TP-AGB) stars. As post-interacting binaries, barium stars figure as powerful tracers of the s -process 
nucleosynthesis, evolution of binary systems, and mechanisms of mass transfer. The present study is the fourth in a series of 
high-resolution spectroscopic analyses on a sample of 180 barium stars, for which we report tungsten (W, Z = 74) abundances. 
The abundances were derived from synthetic spectrum computations of the W I absorption features at 4843.8 and 5224.7 Å. We 
were able to extract abundances for 94 stars; the measured [W/Fe] ratios range from ∼0.0 to 2.0 dex, increasing with decreasing 

metallicity. We noticed that in the plane [W/Fe] versus [ s /Fe], barium stars follow the same trend observed in post-AGB stars. 
The observational data were also compared with predictions of the FRUITY and Monash AGB nucleosynthesis models. These 
expect values between −0.20 and + 0.10 dex for the [W/hs] ratios, whereas a larger spread is observed in the program stars, with 

[W/hs] ranging from −0.40 to + 0.60 dex. The stars with high [W/hs] ratios may represent evidence for the operation of the 
intermediate neuron-capture process at metallicities close to solar. 

Key words: nuclear reactions, nucleosynthesis, abundances – stars: abundances – stars: A GB and post-A GB – stars: chemically 

peculiar. 
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 I N T RO D U C T I O N  

 large fraction of elements beyond the iron-peak ( Z > 30) is
roduced in the interiors of Thermally-Pulsing Asymptotic Giant
ranch stars (TP-AGB; Gallino et al. 1998 ; Straniero, Gallino &
ristallo 2006 ; Karakas & Lattanzio 2014 ) through the slow neutron-
apture mechanism ( s -process; K ̈appeler et al. 2011 ; Lugaro et al.
023 ). From conv ectiv e mixing episodes, the newly synthesized
uclei are brought to the stellar surface, changing the chemical
omposition of the star. Subsequently, the enriched material is ejected
o the interstellar medium via stellar mass-loss events. In addition to
 -elements, AGB stars can also play an important role in the Galactic
hemical evolution of C, N, and F (e.g. Kobayashi, Karakas & Lugaro
020 ). Generally, these objects are observed as S-type stars. Indeed,
he detection of the radioactive 99 Tc on their atmospheres (Merrill
952 ) provided an unambiguous observ ational e vidence that the s -
rocess nucleosynthesis is on-going within these stars. 
On the other hand, observations also show that about 50 per cent

f S-type stars do not show Tc absorption features in their spectra
see Van Eck, Shetye & Siess 2022 ). These outlier stars are probably
 E-mail: michelle@on.br 
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Published by Oxford University Press on behalf of Royal Astronomical Socie
Commons Attribution License ( https:// creativecommons.org/ licenses/ by/ 4.0/ ), whi
rst ascent giants, therefore unable to internally produce the heavy
lements observed in their envelopes. In fact, they are thought to
e members of post-interacting binary systems, where mass transfer
ook place and their chemical peculiarities originated (e.g. Jorissen
t al. 1998 , 2019 ). In that frame work, the observed stars recei ved
rom their evolved companion the s -processed material. Thus, they
re referred to as extrinsic , instead of being intrinsic S stars. The s -
ich sub-class of the Carbon-Enhanced Metal-Poor stars (i.e. CEMP-
 ; Beers & Christlieb 2005 ), giant CH stars (Keenan 1942 ), and
lassical barium stars (Bidelman & Keenan 1951 ) are representative
f such extrinsic stars. 
The classical barium stars are the warmest extrinsic s -rich stars;

hey are G/K spectral-type giants with ef fecti ve temperatures ranging
rom 4000 to 6000 K. The abnormal strengthening of the Ba II and
r II absorption lines, along with the relatively intense CH, CN, and
 2 molecular bands observed in their spectra posed a challenge to
arly stellar evolution models. McClure, Fletcher & Nemec ( 1980 )
rst reported radial velocity variations in these systems and shed

ight on the binary nature of barium stars. Over the years, such a
cenario has been confirmed and e xtensiv ely e xplored from data
f radial velocity monitoring programs (Jorissen & Mayor 1988 ;
orissen et al. 1998 ; Escorza et al. 2019 ; Jorissen et al. 2019 ;
scorza & De Rosa 2023 ). As post-interacting binary systems, the
© The Author(s) 2024. 
ty. This is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 
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rbital elements of barium stars have provided valuable observational 
onstraints to binary evolution models, as well as clues on mass
ransfer mechanisms. 

Beginning with the first quantitative abundance analysis of the 
arium star HD 46407 (Burbidge & Burbidge 1957 ), many studies
ave found moderated carbon enhancements ([C/Fe] ≈ 0.30) 1 and 
 -process a verage ab undances that can reach values [ s /Fe] > 1.0 in
arium stars. Although a lower limit in the [ s /Fe] index to categorize
n object as a barium star is not well established, de Castro et al.
 2016 ) suggested [ s /Fe] > 0.25. Irrespective of the degree of C
nd s -enhancement observed in various barium stars, they figure as
owerful s -process tracers of their cooler counterparts (i.e. intrinsic 
-stars), providing strong constraints to the nucleosynthesis models 
e.g. Allen & Barbuy 2006a , b ; Smiljanic, Porto de Mello & da Silva
007 ; Pereira et al. 2011 ; de Castro et al. 2016 ; Yang et al. 2016 ;
seh et al. 2018 ; Karinkuzhi et al. 2018 ; Shejeelammal et al. 2020 ;
oriz et al. 2021a , b ; Cseh et al. 2022 ). To trace back the envelope
bundances of a barium star to the former TP-AGB companion, now 

uietly orbiting it as a dim white dwarf, it is important to explore all
vailable elemental abundances on its atmosphere. 

The present paper is the fourth in a series of studies started by
e Castro et al. ( 2016 , hereafter Paper I ), who conducted a chemical
nd kinematic analysis for a large sample of barium giant stars based
n high-resolution spectroscopic data. In Paper I , ∼180 targets were 
ubjected to statistical analysis. Later, Rb abundances were extracted 
or these stars in Roriz et al. ( 2021a , hereafter Paper II ), since Rb
s a key element to constrain the neutron source of the s -process
see van Raai et al. 2012 ). In Paper II , we found [Rb/Zr] < 0 for
hese systems. In the light of theoretical s -process nucleosynthesis 

odels, this is expected when 13 C acts as the main neutron source of
he s -process (Gallino et al. 1998 ). In other words, Paper II provided
n additional evidence for the low-mass nature (i.e. � 3 M �) of the
ormer AGB stars that contaminated the envelopes of the observed 
arium stars. In Roriz et al. ( 2021b , hereafter Paper III ), we re-derived
he La abundances previously reported in Paper I , and extracted 
ew abundances for other neutron-capture ( n -) elements, namely 
r, Nb, Mo, Ru, Sm, and Eu. Most importantly, for the elements
b, Mo, and Ru, which are nuclei between the first (Sr, Y, Zr) and

econd (Ba, La, Ce) s -process peaks, the observations were at odds
ith nucleosynthesis models. We found abundances systematically 
igher than theoretical predictions from the s -process, which led us to
uggest alternative nucleosynthesis paths to interpret the observations 
see also Cseh et al. 2022 ; den Hartogh et al. 2023 ). 

In the present study, we aim to extend the abundance pattern of
arium stars by e v aluating tungsten (W, Z = 74) abundances in our
ample of 180 barium giants. As far as we are aware, W stellar
bundances (or upper limits) have been reported in the literature just
or a few sources: the barium star HD 46407 (Burbidge & Burbidge
957 ), 8 post-AGB stars (Reyniers & Van Winckel 2003 ; Reyniers
t al. 2004 ; De Smedt et al. 2012 ; van Aarle et al. 2013 ; De Smedt
t al. 2016 ), and 5 metal-poor ([Fe/H] � −1.50) stars (Siqueira Mello
t al. 2013 ; Roederer et al. 2014 , 2016 , 2022 ). More recently, Roriz
t al. ( 2023 ) derived W abundances in 1 new barium giant (HE 0457-
805), 1 new CH star (HE 1255-2324), and 1 probable CH star (HE
207-1746). W is an element located between the second and third
Pb) s -process peaks, and its solar abundance is predicted to have a
ontribution of 62 per cent from the s -process (Bisterzo et al. 2014 ).
 Throughout this study, the standard spectroscopy notation is used, namely 
A/B] = log ( N A / N B ) � − log ( N A / N B ) �, where the � symbol refers to solar 
alues, together with log ε(A) = log ( N A / N H ) + 12. 

L
t
a  

s  

m  
he abundance of W produced by the s -process mostly follows that
f the second peak at Ba and La and can be used as a diagnostic
f the neutron flux (see, e.g. Reyniers & Van Winckel 2003 ). For
xample, Lugaro et al. ( 2015 ) demonstrated that the relatively high
 and low Pb abundances in post-AGB stars cannot be explained by

he s -process, which calls for the intermediate ( i -) neutron-capture
rocess (Cowan & Rose 1977 ) to be responsible for the observed
attern. 
The paper is organized as follows. In Section 2 , we provide a

ummary of the target stars. In Section 3 , we describe the approach
n deriving W abundances and estimating their uncertainties. We 
iscuss the no v el results in Section 4 , and analyse the data set in the
ight of the s -process nucleosynthesis models in Section 5 . Finally,
n Section 6 , we draw our conclusions. 

 P RO G R A M  STARS  

he program stars comprise 166 sources of Paper I , 11 metal-rich
[Fe/H] ≥ 0.10) barium stars previously analysed by Pereira et al. 
 2011 ), two barium stars identified by Katime Santrich, Pereira &
e Castro ( 2013 ) in the open cluster NGC 5822 (#2 and #201),
nd the barium star HD 10613 from Pereira & Drake ( 2009 ).
herefore, a total of 180 targets. The atmospheric parameters adopted 
ere are the same previously adopted in Papers II and III. For
ompleteness, they are shown in Table A1 . In summary, these stars
ere observed between the years 1999 and 2010, and their high-

esolution spectra were acquired with the Fiber-fed Extended Range 
ptical Spectrograph (FEROS; Kaufer et al. 1999 ) attached to the
.52 and 2.2 m ESO telescopes at La Silla (Chile). The instrument
as a spectral co v erage within the range from ∼3900 to 9200 Å with
 resolving power R = λ/�λ ∼ 48 000. 

 A BU N DA N C E  ANALYSI S  

.1 Abundance deri v ation 

s previously mentioned, W abundances have been reported so 
ar only for 17 stars. In addition to the limited number of useful
iagnostic lines, spectral blends make difficult the task of deriving 
he chemical abundance of W. Previous works, based on near- 
ltraviolet spectra of metal-poor stars, reported W abundances from 

ight W II lines, mainly the transitions at 2088.204 and 2118.875 Å
see Siqueira Mello et al. 2013 ; Roederer et al. 2014 , 2016 , 2022 ).
n the optical window, the W I line at 5053.280 Å (van Aarle et al.
013 ) and the W II line at 5104.432 Å (Reyniers & Van Winckel 2003 ;
eyniers et al. 2004 ; De Smedt et al. 2012 , 2016 ) were detected in

he spectra of post-AGB stars. Recently, also in the optical domain,
oriz et al. ( 2023 ) used two absorption features of W I centred at
843.810 and 5224.661 Å to derive W abundances for the stars HE
457-1805, HE 1255-2324, and HE 2207-1746 already mentioned 
n the Introduction. 

To extract W abundances in the program stars, we have followed
he same approach carried out by Roriz et al. ( 2023 ). In other
ords, we fitted synthetic spectra to the W I features at 4843.810 and
224.661 Å. To model the theoretical spectra, we run the synth drive
f the radiative-transfer code MOOG (Sneden 1973 ; Sneden et al.
012 ), which assumes a plane–parallel stellar atmosphere and the 
ocal Thermodynamic Equilibrium (LTE) conditions. To compute 

he synthetic spectra, MOOG needs as inputs an atmospheric model 
nd a linelist containing the lab data of rele v ant transitions in that
pectral re gion. We hav e also adopted here the 1D plane–parallel
odel atmospheres of Kurucz ( 1993 ), as done in previous papers.
MNRAS 528, 4354–4363 (2024) 



4356 M. Roriz et al. 

M

N
or

m
al

iz
ed

 F
lu

x

log ε(W) = 1.71
log ε(W) = 2.01
log ε(W) = 2.31

4842.8 4843.2 4843.6 4844.0 4844.4
0.2

0.4

0.6

0.8

1.0
N

or
m

al
iz

ed
 F

lu
x

log ε(W) = 1.85
log ε(W) = 2.15
log ε(W) = 2.45

5224.0 5224.4 5224.8 5225.2 5225.6
0.2

0.4

0.6

0.8

1.0

1.2

Wavelength (A° )

Figure 1. A portion of the spectral region around the W I lines at 4843.8 Å
(top panel) and 5224.6 Å (bottom panel). The black dots represent the 
observed spectrum of the star HD 107541, and the curves are synthetic spectra 
computed for different W abundances, as indicated in each panel. The best-fit 
syntheses are shown in red, whereas the blue curves are spectra computed for 
� log ε(W) = ±0.3 around the adopted solution. In cyan, we show theoretical 
spectra computed without W contribution. 
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or the W lines, we adopted the line parameters provided by the
ienna Atomic Line Database (VALD; Ryabchikova et al. 2015 ).
he transition at 4843.810 Å has an excitation potential χ = 0.412 eV
nd log gf = −1.54, while the other at 5224.661 Å has χ = 0.599 eV
nd log gf = −1.70. Tungsten has five stable isotopes, among which
nly the 183 W presents a non-zero nuclear spin ( I = 1/2); ho we ver,
yperfine structure data are not available for that nuclide. 

In Fig. 1 , we show as an example the spectral regions close to the
wo W I lines observed for the star HD 107541, as well as synthetic
pectra computed for different W abundances. Note that the W I line
t 4843.8 Å is clearly present in the spectrum of this star, as shown
n the upper panel of the figure. On the other hand, as seen in the
ower panel of Fig. 1 , the absorption at 5224.6 Å is a blended feature;
o we ver, to fit the observation, the contribution of W I at 5224.661 Å
n the spectral synthesis computations is necessary. In Table A1 , we
rovide the abundances derived from each line for the target stars,
s well as the adopted values in this work. A further inspection of
able A1 shows that abundances derived from the two W I lines
gree reasonably well, which confirms the reliability of the tungsten
etermination in our sample of barium stars. Tungsten abundances
ere derived for a total of 94 out of the 180 stars analysed here.
ll of these, except one (HD 88562), exhibited in their spectra the

ine at 4843.810 Å, whereas the line at 5224.661 Å was detected in
3 of them. For the other 86 program stars, the two W I lines were
bsent or weakly detectable, so that abundances were not e v aluated.
emperature and the degree of s -enrichment are two rele v ant factors
or the appearance of the W I lines in the spectra of the target stars.
his follows directly from the Saha–Boltzmann formulas, as well as

he fact that the line intensity grows with the increase of atmospheric
 abundance. 
NRAS 528, 4354–4363 (2024) 
For the chemical species considered in Papers I , II , and III , the rec-
mmendations of Grevesse & Sauval ( 1998 ) for the solar photosphere
bundances were systematically used. Such an assumption implies
n a mean difference of −0.04 ± 0.04 with respect to the updated
alues of Asplund et al. ( 2009 ). On the other hand, as far as W is
oncerned, its solar photosphere abundance reported by Grevesse &
auval, log ε(W) � = 1.11, is flagged as less accurate, and a much

o wer meteorite v alue is recommended by these authors, namely
og ε(W) � = 0.65. The recommendations of Asplund et al. ( 2009 )
or the solar photosphere and meteorite abundances are log ε(W) � =
.85 and 0.65, respectively, and also present an offset, but in a lesser
xtent than in Grevesse & Sauval. Thus, in view of that issue and to
erform a fair comparison with theoretical predictions (Section 5 ),
hich are computed from meteorite abundances, we have adopted in

his work the meteorite value of 0.65, the same value adopted in the
ucleosynthesis models. F or consistenc y, we hav e also normalized
he data compiled from the literature to that value. 

.2 Uncertainty estimates 

o e v aluate the uncertainties associated to the W abundances, we
ave grouped the stars into three ranges of ef fecti ve temperatures. In
roup 1, we selected stars with temperatures between 5000 and
400 K; in Group 2, stars with 4700 and 4950 K; in Group 3,
tars with 4100 and 4600 K. In our previous studies, the stars BD
14 ◦2678, HD 119185, and HD 130255 were taken as templates

f Groups 1, 2, and 3, respecti vely. Ho we ver, as the W lines were
eakly detectable in these targets, they were replaced by the stars
D 114678, HD 29370, and HD 211954, respectively. 
By varying the atmospheric parameters, i.e. ef fecti ve temper-

ture ( T eff ), surface gra vity (log g ), microturb ulent velocity ( ξ ),
nd metallicity ([Fe/H]), we computed the corresponding changes
ntroduced in log ε(Fe) and log ε(W). Additionally, to take into
ccount the random error ( σ ran ) due to continuum uncertainties,
e computed the minimal abundance variations for which a clear
isual difference is seen between the synthetic and observed spectra.
he total uncertainties in log ε(Fe) and log ε(W) for the template
tars were estimated by adding quadratically the changes introduced
n abundance and extracting the root square. In this approach,
e assume that the errors are independent. The total abundance
ncertainties are shown in the last column of Table 1 . These values
ere applied to the objects of the respective subsample, as shown

n Table A1 . Finally, for the [W/Fe] ratios, the uncertainties were
stimated according to the relationship σ 2 

[W/Fe] = σ 2 
W 

+ σ 2 
Fe . 

 DI SCUSSI ON  

n Fig. 2 , we plot the [W/Fe] ratios observed in our barium giants
grey dots) as a function of metallicity. We found W abundances
panning within the interval 0.0 � [W/Fe] � + 2.0. Data for [W/Fe]
vailable in the literature for post-AGB stars, metal-poor stars, and
ther chemically peculiar systems are also added in the same plot
s black symbols; these are properly identified in the figure caption.
s Fig. 2 shows, five W abundances are available for metal-poor

tars, among which three are upper limits for the [W/Fe] ratios. The
ata do not evidence any trend for [Fe/H] � −1.50. Additionally,
n this metallicity range, s -process nucleosynthesis is not expected
o play a significant role. Indeed, the Galactic chemical evolution
GCE) models of Kobayashi, Karakas & Lugaro ( 2020 ), performed
or elements from C to U, predict [W/Fe] ∼ 0.40, if contributions
rom magnetorotational supernovae are taken into account (see Fig.
 ); otherwise, values close to [W/Fe] ∼ −0.70 are predicted. 
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Table 1. Abundance uncertainty estimates for the template stars HD 114678, HD 29370, and HD 211954, performed for the elements iron and tungsten. Columns 
from 2 to 6 give the variations introduced in abundances owing by changes in T eff , log g , ξ , [Fe/H], and equivalent width measurements ( W λ), respectively. 
Column 7 gives the random errors. Finally, the composed uncertainties are shown in Column 8. 

Species � T eff � log g �ξ � [Fe/H] �W λ
( a) σran 

( b) 
√ 

	σ 2 

Group 1 – HD 114678 
( + 100 K) ( + 0.2 dex) ( + 0.3 km s −1 ) ( + 0.1 dex) ( + 3 m Å) 

Fe I + 0.10 0.00 −0.11 −0.01 + 0.06 0.02 0.16 
W I + 0.23 0.00 0.00 0.00 – 0.20 0.30 

Group 2 – HD 29370 
( + 100 K) ( + 0.2 dex) ( + 0.3 km s −1 ) ( + 0.1 dex) ( + 3 m Å) 

Fe I + 0.08 + 0.01 −0.13 0.00 + 0.05 0.02 0.16 
W I + 0.20 + 0.03 0.00 + 0.03 – 0.15 0.25 

Group 3 – HD 211954 
( + 90 K) ( + 0.2 dex) ( + 0.3 km s −1 ) ( + 0.1 dex) ( + 3 m Å) 

Fe I + 0.03 + 0.02 −0.16 + 0.02 + 0.06 0.03 0.18 
W I + 0.18 + 0.03 −0.20 + 0.03 – 0.18 0.33 

Note. ( a ) Evaluated only for the iron lines, from data of Paper I . ( b ) For the iron lines, σ ran is e v aluated as σobs / 
√ 

N , where σ obs is the standard deviation and N is 
the number of iron lines used, from data of Paper I . 
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Figure 2. Tungsten-to-iron abundance ratios observed in barium giant stars 
(grey dots) as a function of metallicity. For the sake of clarity, only a typical 
error bar of data set is shown. Black symbols are data reported in the 
literature for metal-poor stars (inverted triangles; from Siqueira Mello et al. 
2013 ; Roederer et al. 2014 , 2016 , 2022 ), post-AGB stars (up triangles; from 

Reyniers & Van Winckel 2003 ; Reyniers et al. 2004 ; De Smedt et al. 2012 ; 
van Aarle et al. 2013 ; De Smedt et al. 2016 ), and other chemically peculiar 
stars (squares; from Roriz et al. 2023 ). As far as we are aware, no other 
stellar W abundances have been reported in the literature in addition to these 
data. The magenta lines mimic the GCE models computed by Kobayashi, 
Karakas & Lugaro ( 2020 ), as seen in their fig. 32. Blue curves are some 
examples of theoretical expectations of the s -process for TP-AGB stars of 
3.0 M � computed by the Monash group (solid line) and FRUITY data base 
(dashed line); these models will be discussed in Section 5 . 
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For [Fe/H] > −1.0, the data shown in Fig. 2 reflect directly the
 -process nucleosynthesis. This is noticeable by the [W/Fe] ratios 
ecreasing with increasing [Fe/H], a typical feature of the s -process
Busso et al. 2001 ; Cseh et al. 2018 ). Post-AGB stars typically show
he highest [W/Fe] values. For normal field stars in this metallicity 
ange, W abundances are not available. Examples of theoretical 
W/Fe] ratios, expected by AGB nucleosynthesis models of 3 M �
nd able to reach [ s /Fe] > 0.25, are also shown in Fig. 2 (blue
urv es). The y are plotted in this figure only to illustrate how much
 these models are able to produce. They should not be compared

irectly with our observational data set, since the material received 
y the barium stars is further diluted on their conv ectiv e env elopes.
hese models will be discussed in detail in Section 5 . 
In Fig. 3 , the [W/Fe] ratios are plotted as a function of the s -process
ean abundance, denoted by the [ s /Fe] index. This index is e v aluated

s the average of [X/Fe] ratios derived for the Sr, Y, Zr, La, Ce, and Nd
elements of the first and second s -process peaks. The [ s /Fe] values

re given in the last column of Table A1 and lie in the range of + 0.23
MNRAS 528, 4354–4363 (2024) 
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as in Fig. 2 . 

s  

s  

o  

(  

C  

C  

(
 

h  

&  

i  

d  

2  

t  

i  

(  

t  

a  

h  

m  

o  

t
 

a  

d  

[  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/528/3/4354/7582035 by guest on 31 July 2024
[ s /Fe] ≤+ 1.59. 2 As previously mentioned, there is no consensus
oncerning the lower limit for the [ s /Fe] index to consider an object
s a barium star. We have adopted here the condition [ s /Fe] ≥0.25 dex
ssumed in Papers I , II , and III . We have also observed that for barium
tars with [ s /Fe] < 0.40 dex, the two W I lines are not detectable in
heir spectra (see also Table A1 ). Fig. 3 clearly demonstrates the
trong correlation between [W/Fe] and [ s /Fe] (as well as [Fe/H])
bserved in our barium stars. Such a correlation confirms that W
s produced within the former polluting TP-AGB stars, since the s -
rocess enrichment levels are accompanied by higher W abundances.
 least square fitting of the data set provides a relationship given by

W/Fe] = (1.49 ± 0.06) × [ s /Fe] − (0.41 ± 0.06). Interestingly, we
ote that the sources previously investigated in the literature fall very
losely the linear fit, except for the metal-poor stars HD 108317,
D 128279, and HD 94028, for which only upper limits could be
etermined (Roederer et al. 2014 , 2016 ). 

 C O M PA R I S O N  TO  NUCLEOSYNTHESIS  

O D E L S  

GB stars experience thermal instabilities and dredge-up episodes,
hich, in turn, fa v our nucleosynthesis via s -process (Gallino et al.
998 ; Busso, Gallino & Wasserburg 1999 ; Busso et al. 2001 ;
traniero, Gallino & Cristallo 2006 ; Karakas & Lattanzio 2014 ;
ugaro et al. 2023 ). Between the He- and H-burning shells, which
re alternately acti v ated in the TP-AGB phase, there is a small
ntershell region ( ∼10 −2 M �) rich in He and C, where the s -process
ucleosynthesis takes place. For low-mass stars, the 13 C( α, n ) 16 O
eaction provides the major neutron reservoir of the s -process. This
eaction is acti v ated at T ∼ 10 8 K in radiati ve conditions during the H-
urning shell (interpulse period) (Straniero et al. 1995 ; Gallino et al.
998 ). The other neutron source, the 22 Ne( α, n ) 25 Mg reaction, does
ot play a rele v ant role as neutron source for this mass range. It is
arginally acti v ated at T ∼ 3 × 10 8 K, during the brief and recurrent
e-burning shell episodes (thermal-pulse; TP), which temporarily

xtinguish the H fusion. Additionally, the CNO cycle in the H-
urning shell does not leave in the intershell the required 13 C amounts
o drive the s -process (Gallino et al. 1998 ). Therefore, to model the
ucleosynthesis of heavy elements, a partial mixing zone is assumed
n the top layers of intershell, allowing the penetration of protons from
he conv ectiv e env elope during the third dredge-up (TDU) episodes.
hese protons are combined with the 12 C nuclei present there to

orm a 13 C pocket, where 13 C burns in the next interpulse. Ho we ver,
he exact mechanism that leads to the formation of the 13 C pocket
n the intershell is not well understood, which introduces the major
ncertainty source in predictions (see, e.g. Karakas & Lattanzio 2014 ;
ugaro et al. 2023 ). 
Theoretical predictions for the s -process yields produced in TP-

GB stars for a wide range of masses (1.0 < M /M � < 8.0) and
etallicities ( −1.2 � [Fe/H] � + 0.3) are tabulated and made

ublicly available by the INAF group (Cristallo et al. 2009 , 2011 ,
015 ), through the FRUITY 

3 data base, and the Monash group
Fishlock et al. 2014 ; Karakas & Lugaro 2016 ; Karakas et al. 2018 ).
ince that metallicity range co v ers the interval observed in barium
NRAS 528, 4354–4363 (2024) 

 In Paper III , we included in the computations of [ s /Fe] ratios abundances of 
b, as well as abundances of the elements Nb, Mo, and Ru, which are located 
etween the first and second s -process peaks. Here, we have adopted only 
lements of the first and second s -process peaks. 
 FUll-Network Repository of Updated Isotopic Tables & Yields, online at: 
ttp:// fruity.oa-teramo.inaf.it/ 
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tars, we examine our observations in light of these two sets of
 -process nucleosynthesis models. Because the abundance profiles
bserved in barium stars have evidenced the most likely low-mass
 M � 3.0 M �) nature of their former polluting TP-AGB stars (e.g.
seh et al. 2018 ; Karinkuzhi et al. 2018 ; Shejeelammal et al. 2020 ;
seh et al. 2022 ; Paper II ; Paper III ), we concentrate our attention in

non-rotating) models of masses equal to 1.5, 3.0, and 4.0 M �. 
A careful comparison between FRUITY and Monash models,

ighlighting their similarities and differences, is provided by Karakas
 Lugaro ( 2016 ), to which we refer the reader. Generally speaking,

n the FRUITY models, the 13 C pocket is generated via a time-
ependent conv ectiv e o v ershoot implementation (Cristallo et al.
009 ). In the Monash models, instead, a post-processing is performed
o compute the detailed nucleosynthesis. In this step, the 13 C pocket
s formed from a parametric approach, in which a mass of protons
 M mix ) is artificially inserted in the top layers of the intershell during
he TDU (Karakas & Lugaro 2016 ). Additionally, different physical
nd nuclear inputs are used in the FRUITY and Monash models. We
ave selected here only the models with the standard choice of the
ass of 13 C pocket, able to reach [ s /Fe] > 0.25. We then compare

ur observations with predictions computed at the stellar surface at
he end of the AGB evolution. 

In Fig. 2 , models of 3.0 M � are shown as examples. Note that they
re able to produce [W/Fe] ratios increasing from ∼0.5 to ∼2.2 with
ecreasing metallicities. As we previously mentioned, the predicted
W/Fe] ratios cannot be directly compared to observations, since the
odels do not account for the mass transfer and the further dilution

f the s -processed material in the atmospheres of barium stars. In
ny case, the predictions behave similarly to the observations, since
ilution has the effect of lowering the predicted W abundances but
ithout changing the shape of the distribution (see, e.g. Cseh et al.
022 ). In order to eliminate dilution effects and compare theoretical
redictions with observations, we evaluated ratios between elements
rom different s -process peaks. In Fig. 4 , we plot the ratios [W/hs] =

http://fruity.oa-teramo.inaf.it/
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W/Fe] − [hs/Fe] as a function of metallicity, where [hs/Fe] denotes 
he average abundance of the elements La, Ce, and Nd, belonging to
he second s -process peak. As shown in this figure, the [W/hs] ratios
bserved in barium stars span between −0.40 and + 0.60, and most
f the stars ( ∼90 per cent of the targets for which W abundances
ere e v aluated) exhibit [W/hs] < 0. The s -process model results

re mostly controlled by the relati vely well-kno wn neutron-capture 
ross-sections of the isotopes involved. Predicted trends show mild 
ariations, of up to + 0.3 dex when decreasing [Fe/H], and are not
ble to co v er the full observational spread. Some of this spread may
e attributed to the observational error bars, ho we ver, there are a
ew data points that show significant excesses of W. These may be
nterpreted as a signature of the i -process (see Lugaro et al. 2015 ). 

 C O N C L U S I O N S  

e have reported new observational data of tungsten abundances for 
 sample of 180 barium giant stars. So far, abundances (or upper
imits) of this element are found in the literature only for 17 targets.
ased on the LTE assumptions, W abundances were derived for 94 
arium stars via spectral synthesis of two W I absorption features 
entred at 4843.8 and 5224.7 Å. For the remaining 86 stars of the
ample, these two W I lines were either absent or weakly detectable in
heir spectra. We found [W/Fe] ratios spanning from ∼0.0 to 2.0 dex,
ncreasing for lower metallicities, and with typical uncertainties 
f the order of ±0.30 dex. As discussed, such abundances cannot 
e explained as a consequence of the GCE. In fact, GCE models
redict no more than + 0.50 dex (Kobayashi, Karakas & Lugaro 
020 ). The strong correlation between the [W/Fe] and [ s /Fe] ratios
bserved in the atmospheres of program barium stars evidences 
hat the W was produced by the s -process nucleosynthesis. We also
oticed that in the plane [W/Fe] versus [ s /Fe] barium stars follow
he same trend observed in post-AGB stars, as shown in Fig. 3 .
inally, the [W/hs] ratios were compared with predictions from the 
RUITY and Monash nucleosynthesis models, which expect −0.20 
 [W/hs] < + 0.10. We found that the s -process models are able to

eproduce the bulk of observations, although the spread of the data 
et is greater than predictions, as seen in Fig. 4 . Higher [W/hs]
han predicted may be the signature of the i -process, especially 
n connection to lower than expected [Pb/hs] abundances. Further 
ata on the other elements located just before or at the third s -
rocess peak will shed more light on this possibility and may provide
vidence for the existence of the i -process at metallicities close to
olar. 
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able A1. Tungsten elemental abundances derived for the barium giant stars of th
urface gravity, and metallicity are shown in Columns 2, 3, and 4, respectively. Th
re shown in Columns 5 and 6. The adopted logarithmic abundances and the [W/F
re listed in Columns 7 and 8, respectively. Finally, we show in Column 9, the ave
lements Sr, Y, Zr, La, Ce, and Nd, reported in Papers I and III . 

tar T eff log g [Fe/H] 
(K) (cm s −2 ) W I 4 843 Å

D −08 ◦3194 4900 3.0 −0.10 ± 0.16 2.01 
D −09 ◦4337 4800 2.6 −0.24 ± 0.21 2.41 
D −14 ◦2678 5200 3.1 + 0.01 ± 0.12 ... 
D −27 ◦2233 4700 2.4 −0.25 ± 0.18 1.11 
D −29 ◦8822 5100 2.8 + 0.04 ± 0.15 1.41 
D −30 ◦8774 4900 2.3 −0.11 ± 0.14 ... 
D −38 ◦585 4800 2.6 −0.52 ± 0.09 1.31 
D −42 ◦2048 4400 1.6 −0.23 ± 0.16 1.41 
D −53 ◦8144 4800 2.3 −0.19 ± 0.15 1.31 
D −61 ◦1941 4800 2.4 −0.20 ± 0.14 1.21 
PD −62 ◦1013 5100 2.6 −0.08 ± 0.14 ... 
PD −64 ◦4333 4900 2.6 −0.10 ± 0.18 2.01 
D 4084 4800 2.8 −0.42 ± 0.15 1.11 
D 5424 4700 2.4 −0.41 ± 0.18 1.61 
D 5825 5000 2.7 −0.48 ± 0.08 ... 
D 15589 4900 3.1 −0.27 ± 0.15 1.91 
D 20394 5100 2.9 −0.22 ± 0.12 1.61 
D 21989 4400 1.8 −0.14 ± 0.17 0.91 
D 22285 4900 2.3 −0.60 ± 0.13 1.31 
D 22772 4800 2.4 −0.17 ± 0.13 ... 
D 24035 4700 2.5 −0.23 ± 0.15 1.91 
D 29370 4800 2.1 −0.25 ± 0.16 1.61 
D 29685 4900 2.7 −0.07 ± 0.14 ... 
D 30240 5100 2.7 + 0.02 ± 0.15 ... 
D 30554 4800 2.5 −0.12 ± 0.14 1.11 
D 32712 4600 2.1 −0.24 ± 0.16 1.31 
D 32901 4400 1.6 −0.44 ± 0.14 0.96 
D 35993 5100 2.9 −0.05 ± 0.12 1.61 
D 36650 4800 2.3 −0.28 ± 0.13 ... 
D 38488 4400 2.0 + 0.05 ± 0.10 1.11 
D 40430 4900 2.5 −0.23 ± 0.13 ... 
D 43389 4500 1.5 −0.50 ± 0.17 1.71 
D 51959 5000 3.2 −0.10 ± 0.15 ... 
D 58368 5000 2.6 + 0.04 ± 0.14 ... 
D 59852 5000 2.2 −0.22 ± 0.10 ... 
D 61332 4700 2.1 + 0.07 ± 0.13 1.11 
D 64425 4900 2.4 + 0.06 ± 0.16 1.61 
D 66291 4600 1.5 −0.31 ± 0.15 ... 
D 67036 4300 1.5 −0.41 ± 0.13 1.06 
neden C. , Bean J., Ivans I., Lucatello S., Sobeck J., 2012, MOOG: LTE
line analysis and spectrum synthesis, Astrophysics Source Code Library.
record (ascl:1202.009) 

traniero O. , Gallino R., Busso M., Chiefei A., Raiteri C. M., Limongi M.,
Salaris M., 1995, ApJ , 440, L85 

traniero O. , Gallino R., Cristallo S., 2006, Nucl. Phys. A , 777,
311 

an Aarle E. , Van Winckel H., De Smedt K., Kamath D., Wood P. R., 2013,
A&A , 554, A106 

an Eck S. , Shetye S., Siess L., 2022, Universe , 8, 220 
an Raai M. A. , Lugaro M., Karakas A. I., Garc ́ıa-Hern ́andez D. A., Yong

D., 2012, A&A , 540, A44 
ang G.-C. et al., 2016, Res. Astron. Astrophys. , 16, 19 

PPENDI X  A :  A BU N DA N C E  DATA  
e program. The targets are listed in the first column. Ef fecti ve temperature, 
e logarithmic W abundances derived from the W I lines at 4843 and 5224 Å
e] ratios, as well as their uncertainties, computed according to Section 3.2 , 
raged s -process abundances, given by the mean of the [X/Fe] ratios for the 

log ε(W) [W/Fe] [ s /Fe] 
W I 5 224 Å Adopted 

1.91 1.96 ± 0.25 + 1.41 ± 0.30 + 1.09 ± 0.11 
2.26 2.34 ± 0.25 + 1.93 ± 0.30 + 1.42 ± 0.11 

... ... ... + 0.87 ± 0.10 
1.11 1.11 ± 0.25 + 0.71 ± 0.30 + 0.88 ± 0.10 

... 1.41 ± 0.30 + 0.72 ± 0.35 + 0.95 ± 0.10 

... ... ... + 0.42 ± 0.11 
1.61 1.46 ± 0.25 + 1.33 ± 0.30 + 1.21 ± 0.11 
1.31 1.36 ± 0.33 + 0.94 ± 0.37 + 1.04 ± 0.11 
1.41 1.36 ± 0.25 + 0.90 ± 0.30 + 0.85 ± 0.10 
1.41 1.31 ± 0.25 + 0.86 ± 0.30 + 0.84 ± 0.11 

... ... ... + 0.81 ± 0.11 
2.21 2.11 ± 0.25 + 1.56 ± 0.30 + 1.22 ± 0.11 

... 1.11 ± 0.25 + 0.88 ± 0.30 + 0.81 ± 0.11 
1.71 1.66 ± 0.25 + 1.42 ± 0.30 + 1.30 ± 0.11 

... ... ... + 0.86 ± 0.10 
1.91 1.91 ± 0.25 + 1.53 ± 0.30 + 1.12 ± 0.11 
1.81 1.71 ± 0.30 + 1.28 ± 0.34 + 1.15 ± 0.10 
0.91 0.91 ± 0.33 + 0.40 ± 0.37 + 0.51 ± 0.11 
1.46 1.38 ± 0.25 + 1.34 ± 0.30 + 1.11 ± 0.10 

... ... ... + 0.79 ± 0.11 
1.91 1.91 ± 0.25 + 1.49 ± 0.30 + 1.36 ± 0.11 
1.71 1.66 ± 0.25 + 1.26 ± 0.30 + 0.87 ± 0.11 

... ... ... + 0.55 ± 0.10 

... ... ... + 0.66 ± 0.10 

... 1.11 ± 0.25 + 0.58 ± 0.30 + 0.69 ± 0.10 
1.41 1.36 ± 0.33 + 0.95 ± 0.37 + 0.82 ± 0.11 
1.11 1.03 ± 0.33 + 0.82 ± 0.37 + 0.54 ± 0.11 

... 1.61 ± 0.30 + 1.01 ± 0.34 + 0.99 ± 0.10 

... ... ... + 0.57 ± 0.10 
1.01 1.06 ± 0.33 + 0.36 ± 0.37 + 0.76 ± 0.11 

... ... ... + 0.71 ± 0.10 
1.81 1.76 ± 0.33 + 1.61 ± 0.37 + 1.27 ± 0.11 

... ... ... + 0.76 ± 0.10 

... ... ... + 0.71 ± 0.10 

... ... ... + 0.33 ± 0.10 

... 1.11 ± 0.25 + 0.39 ± 0.30 + 0.40 ± 0.11 
1.61 1.61 ± 0.25 + 0.90 ± 0.30 + 0.88 ± 0.11 

... ... ... + 0.66 ± 0.11 
1.11 1.09 ± 0.33 + 0.85 ± 0.37 + 0.90 ± 0.11 
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Table A1 – continued 

Star T eff log g [Fe/H] log ε(W) [W/Fe] [ s /Fe] 
(K) (cm s −2 ) W I 4 843 Å W I 5 224 Å Adopted 

HD 71458 4600 2.2 −0.03 ± 0.10 1.11 1.11 1.11 ± 0.33 + 0.49 ± 0.37 + 0.61 ± 0.11 
HD 74950 4200 1.2 −0.21 ± 0.13 0.96 1.11 1.03 ± 0.33 + 0.59 ± 0.37 + 0.61 ± 0.12 
HD 82221 4400 1.6 −0.21 ± 0.18 1.01 1.11 1.06 ± 0.33 + 0.62 ± 0.37 + 0.79 ± 0.11 
HD 83548 5000 2.4 + 0.03 ± 0.14 ... ... ... ... + 0.62 ± 0.11 
HD 84610 4900 2.5 + 0.00 ± 0.14 ... ... ... ... + 0.54 ± 0.11 
HD 84678 4600 1.7 −0.13 ± 0.16 1.91 1.71 1.81 ± 0.33 + 1.29 ± 0.37 + 1.31 ± 0.11 
HD 88035 4900 2.4 −0.10 ± 0.18 1.46 1.71 1.59 ± 0.25 + 1.04 ± 0.30 + 0.95 ± 0.10 
HD 88562 4300 1.6 −0.27 ± 0.15 ... 1.21 1.21 ± 0.33 + 0.83 ± 0.37 + 0.84 ± 0.11 
HD 89175 4900 2.1 −0.55 ± 0.13 1.61 1.91 1.76 ± 0.25 + 1.66 ± 0.30 + 1.36 ± 0.11 
HD 91208 5100 3.0 + 0.05 ± 0.14 ... ... ... ... + 0.77 ± 0.11 
HD 91979 4900 2.7 −0.11 ± 0.12 1.11 ... 1.11 ± 0.25 + 0.57 ± 0.30 + 0.80 ± 0.11 
HD 92626 4800 2.3 −0.15 ± 0.22 2.21 2.36 2.28 ± 0.25 + 1.78 ± 0.30 + 1.38 ± 0.11 
HD 105902 4700 2.4 −0.18 ± 0.17 1.71 1.61 1.66 ± 0.25 + 1.19 ± 0.30 + 1.20 ± 0.11 
HD 107264 4500 1.5 −0.19 ± 0.17 1.56 1.46 1.51 ± 0.33 + 1.05 ± 0.37 + 0.88 ± 0.11 
HD 107541 5000 3.2 −0.63 ± 0.11 2.01 2.15 2.08 ± 0.30 + 2.06 ± 0.34 + 1.59 ± 0.11 
HD 110483 4900 2.6 −0.04 ± 0.14 1.36 ... 1.36 ± 0.25 + 0.75 ± 0.30 + 0.86 ± 0.11 
HD 110591 4700 1.8 −0.56 ± 0.12 ... ... ... ... + 0.60 ± 0.10 
HD 111315 4900 2.0 + 0.04 ± 0.09 ... ... ... ... + 0.50 ± 0.11 
HD 113291 4700 2.6 −0.02 ± 0.16 1.46 ... 1.46 ± 0.25 + 0.83 ± 0.30 + 0.96 ± 0.11 
HD 116869 4800 2.3 −0.36 ± 0.12 ... ... ... ... + 0.76 ± 0.11 
HD 119185 4800 2.0 −0.43 ± 0.10 ... ... ... ... + 0.38 ± 0.10 
HD 120571 4600 1.7 −0.39 ± 0.09 0.81 0.91 0.86 ± 0.33 + 0.60 ± 0.37 + 0.56 ± 0.11 
HD 120620 5000 3.3 −0.14 ± 0.18 2.01 2.01 2.01 ± 0.30 + 1.50 ± 0.35 + 1.37 ± 0.10 
HD 122687 5000 2.6 −0.07 ± 0.13 1.31 ... 1.31 ± 0.30 + 0.73 ± 0.35 + 0.93 ± 0.10 
HD 123396 4600 1.9 −1.04 ± 0.13 0.81 1.21 1.01 ± 0.33 + 1.40 ± 0.37 + 0.98 ± 0.10 
HD 123701 5000 2.5 −0.44 ± 0.09 1.31 1.61 1.46 ± 0.30 + 1.25 ± 0.34 + 1.04 ± 0.10 
HD 123949 4600 2.2 −0.09 ± 0.18 1.86 1.81 1.84 ± 0.33 + 1.28 ± 0.37 + 1.21 ± 0.11 
HD 126313 4900 2.2 −0.10 ± 0.16 1.36 1.71 1.54 ± 0.25 + 0.99 ± 0.30 + 0.89 ± 0.11 
HD 130255 4400 1.5 −1.11 ± 0.11 ... ... ... ... + 0.34 ± 0.11 
HD 131670 4700 2.2 −0.04 ± 0.15 1.06 ... 1.06 ± 0.25 + 0.45 ± 0.30 + 0.58 ± 0.11 
HD 136636 4900 2.5 −0.04 ± 0.18 1.31 1.11 1.21 ± 0.25 + 0.60 ± 0.30 + 0.94 ± 0.10 
HD 142751 4600 2.0 −0.10 ± 0.13 1.06 1.11 1.09 ± 0.33 + 0.54 ± 0.37 + 0.69 ± 0.11 
HD 143899 5000 2.5 −0.27 ± 0.12 ... ... ... ... + 0.72 ± 0.10 
HD 147884 5100 3.0 −0.09 ± 0.15 ... ... ... ... + 0.86 ± 0.10 
HD 148177 4400 1.6 −0.15 ± 0.15 0.61 0.81 0.71 ± 0.33 + 0.21 ± 0.37 + 0.58 ± 0.11 
HD 154430 4200 1.2 −0.36 ± 0.19 1.51 1.21 1.36 ± 0.33 + 1.07 ± 0.37 + 1.07 ± 0.11 
HD 162806 4500 1.7 −0.26 ± 0.17 0.96 1.11 1.03 ± 0.33 + 0.64 ± 0.37 + 0.78 ± 0.11 
HD 168214 5300 3.2 −0.08 ± 0.10 ... ... ... ... + 0.92 ± 0.10 
HD 168560 4400 1.6 −0.13 ± 0.13 0.86 1.01 0.94 ± 0.33 + 0.42 ± 0.37 + 0.45 ± 0.11 
HD 168791 4400 1.7 −0.23 ± 0.17 1.31 1.41 1.36 ± 0.33 + 0.94 ± 0.37 + 0.81 ± 0.11 
HD 176105 4500 1.6 −0.14 ± 0.12 0.76 1.01 0.88 ± 0.33 + 0.38 ± 0.37 + 0.48 ± 0.11 
HD 177192 4700 1.7 −0.17 ± 0.20 ... ... ... ... + 0.53 ± 0.10 
HD 180996 4900 2.6 + 0.06 ± 0.15 ... ... ... ... + 0.52 ± 0.11 
HD 182300 5000 2.7 + 0.06 ± 0.16 1.31 ... 1.31 ± 0.30 + 0.60 ± 0.35 + 0.87 ± 0.10 
HD 183915 4500 1.6 −0.39 ± 0.14 1.31 1.36 1.34 ± 0.33 + 1.08 ± 0.37 + 1.00 ± 0.11 
HD 187308 4900 2.5 −0.08 ± 0.11 ... ... ... ... + 0.63 ± 0.11 
HD 193530 4400 1.6 −0.17 ± 0.14 ... ... ... ... + 0.57 ± 0.11 
HD 196445 4400 1.4 −0.19 ± 0.17 1.51 1.41 1.46 ± 0.33 + 1.00 ± 0.37 + 1.03 ± 0.11 
HD 199435 5000 2.6 −0.39 ± 0.12 1.41 1.71 1.56 ± 0.30 + 1.30 ± 0.34 + 1.07 ± 0.10 
HD 200995 4600 2.1 −0.03 ± 0.17 1.06 1.11 1.09 ± 0.33 + 0.47 ± 0.37 + 0.62 ± 0.11 
HD 201657 4700 2.2 −0.34 ± 0.17 1.56 1.61 1.59 ± 0.25 + 1.28 ± 0.30 + 1.12 ± 0.11 
HD 201824 4900 2.3 −0.33 ± 0.17 1.41 1.76 1.59 ± 0.25 + 1.27 ± 0.30 + 1.14 ± 0.11 
HD 204075 5300 1.5 + 0.06 ± 0.17 ... ... ... ... + 0.89 ± 0.10 
HD 207277 4600 2.0 −0.13 ± 0.14 1.11 1.11 1.11 ± 0.33 + 0.59 ± 0.37 + 0.72 ± 0.11 
HD 210709 4700 2.6 −0.10 ± 0.14 0.91 ... 0.91 ± 0.25 + 0.36 ± 0.30 + 0.60 ± 0.11 
HD 210946 4800 2.1 −0.12 ± 0.13 ... ... ... ... + 0.63 ± 0.11 
HD 211173 4700 2.3 −0.39 ± 0.09 ... ... ... ... + 0.45 ± 0.10 
HD 211594 4900 2.4 −0.43 ± 0.14 1.61 1.76 1.68 ± 0.25 + 1.46 ± 0.30 + 1.35 ± 0.10 
HD 211954 4400 1.7 −0.51 ± 0.19 1.91 1.71 1.81 ± 0.33 + 1.67 ± 0.37 + 1.28 ± 0.11 
HD 214579 4400 1.6 −0.26 ± 0.14 1.11 1.11 1.11 ± 0.33 + 0.72 ± 0.37 + 0.70 ± 0.11 
HD 217143 4600 2.1 −0.35 ± 0.17 1.11 1.11 1.11 ± 0.33 + 0.81 ± 0.37 + 0.88 ± 0.11 
HD 217447 5000 2.5 −0.17 ± 0.11 ... ... ... ... + 0.85 ± 0.10 
HD 219116 4900 2.3 −0.61 ± 0.09 ... ... ... ... + 0.85 ± 0.11 
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Table A1 – continued 

Star T eff log g [Fe/H] log ε(W) [W/Fe] [ s /Fe] 
(K) (cm s −2 ) W I 4 843 Å W I 5 224 Å Adopted 

HD 223586 4700 2.9 −0.08 ± 0.11 1.21 ... 1.21 ± 0.25 + 0.64 ± 0.30 + 0.83 ± 0.11 
HD 223617 4700 2.3 −0.18 ± 0.13 1.01 ... 1.01 ± 0.25 + 0.54 ± 0.30 + 0.67 ± 0.11 
HD 252117 4600 1.8 −0.14 ± 0.19 1.41 1.41 1.41 ± 0.33 + 0.90 ± 0.37 + 0.95 ± 0.11 
HD 273845 4800 2.5 −0.15 ± 0.16 1.61 1.61 1.61 ± 0.25 + 1.11 ± 0.30 + 1.03 ± 0.10 
HD 288174 4800 2.3 −0.05 ± 0.15 1.21 ... 1.21 ± 0.25 + 0.61 ± 0.30 + 0.68 ± 0.10 
MFU 112 4900 2.4 −0.43 ± 0.15 1.86 2.06 1.96 ± 0.25 + 1.74 ± 0.30 + 1.33 ± 0.11 
BD −18 ◦821 5000 2.3 −0.27 ± 0.15 1.46 1.61 1.54 ± 0.30 + 1.16 ± 0.35 + 0.87 ± 0.11 
CD −26 ◦7844 5100 2.8 + 0.02 ± 0.11 ... ... ... ... + 0.45 ± 0.10 
CD −30 ◦9005 4700 2.3 + 0.05 ± 0.12 1.21 1.11 1.16 ± 0.25 + 0.46 ± 0.30 + 0.62 ± 0.10 
CD −34 ◦6139 4900 2.2 −0.07 ± 0.13 ... ... ... ... + 0.58 ± 0.11 
CD −34 ◦7430 4900 2.6 + 0.01 ± 0.14 ... ... ... ... + 0.55 ± 0.11 
CD −46 ◦3977 4900 2.6 −0.10 ± 0.15 ... ... ... ... + 0.65 ± 0.10 
HD 18182 4900 2.4 −0.17 ± 0.10 ... ... ... ... + 0.41 ± 0.11 
HD 18361 4900 2.6 + 0.01 ± 0.15 ... ... ... ... + 0.40 ± 0.10 
HD 21682 5200 2.8 −0.48 ± 0.12 ... ... ... ... + 0.66 ± 0.10 
HD 26886 5000 2.5 −0.30 ± 0.10 ... ... ... ... + 0.56 ± 0.10 
HD 31812 5100 2.6 −0.07 ± 0.11 ... ... ... ... + 0.58 ± 0.10 
HD 33709 5000 2.1 −0.20 ± 0.14 ... ... ... ... + 0.39 ± 0.10 
HD 39778 5000 2.5 −0.12 ± 0.12 ... ... ... ... + 0.84 ± 0.10 
HD 41701 5000 2.6 + 0.02 ± 0.13 ... ... ... ... + 0.34 ± 0.10 
HD 45483 4800 2.2 −0.14 ± 0.12 ... ... ... ... + 0.57 ± 0.10 
HD 48814 4800 2.3 −0.07 ± 0.11 ... ... ... ... + 0.32 ± 0.10 
HD 49017 5100 2.8 + 0.02 ± 0.11 ... ... ... ... + 0.24 ± 0.10 
HD 49661 5000 2.4 −0.13 ± 0.10 ... ... ... ... + 0.24 ± 0.10 
HD 49778 5000 2.3 −0.22 ± 0.12 ... ... ... ... + 0.23 ± 0.10 
HD 50075 4900 2.5 −0.16 ± 0.11 1.16 ... 1.16 ± 0.25 + 0.67 ± 0.30 + 0.72 ± 0.10 
HD 50843 4700 2.3 −0.31 ± 0.13 0.61 ... 0.61 ± 0.25 + 0.27 ± 0.30 + 0.44 ± 0.11 
HD 53199 5000 2.3 −0.23 ± 0.13 ... ... ... ... + 0.77 ± 0.10 
HD 58121 4600 1.8 −0.01 ± 0.13 ... ... ... ... + 0.30 ± 0.11 
HD 88495 4900 3.0 −0.11 ± 0.10 ... ... ... ... + 0.67 ± 0.11 
HD 90167 5000 2.6 −0.04 ± 0.11 ... ... ... ... + 0.40 ± 0.11 
HD 95193 5000 2.7 + 0.04 ± 0.12 ... ... ... ... + 0.52 ± 0.10 
HD 107270 5400 2.7 + 0.05 ± 0.17 ... ... ... ... + 0.41 ± 0.10 
HD 109061 4700 2.0 −0.56 ± 0.09 ... ... ... ... + 0.62 ± 0.10 
HD 113195 4700 2.1 −0.15 ± 0.12 ... ... ... ... + 0.50 ± 0.11 
HD 115277 4800 2.4 −0.03 ± 0.15 ... ... ... ... + 0.41 ± 0.11 
HD 119650 4500 1.6 −0.10 ± 0.13 ... ... ... ... + 0.27 ± 0.11 
HD 134698 4500 1.7 −0.52 ± 0.12 ... ... ... ... + 0.49 ± 0.11 
HD 139266 4300 1.5 −0.27 ± 0.18 1.11 1.11 1.11 ± 0.33 + 0.73 ± 0.37 + 0.81 ± 0.11 
HD 139409 4700 2.1 −0.51 ± 0.13 ... ... ... ... + 0.47 ± 0.10 
HD 169106 4900 2.2 + 0.01 ± 0.12 ... ... ... ... + 0.36 ± 0.10 
HD 184001 5000 2.5 −0.21 ± 0.14 ... ... ... ... + 0.59 ± 0.11 
HD 204886 4600 2.1 + 0.04 ± 0.15 1.31 1.26 1.28 ± 0.33 + 0.59 ± 0.37 + 0.66 ± 0.16 
HD 213084 5000 2.8 −0.09 ± 0.15 1.21 ... 1.21 ± 0.30 + 0.65 ± 0.35 + 0.81 ± 0.10 
HD 223938 5000 2.9 −0.42 ± 0.11 ... ... ... ... + 0.74 ± 0.10 
MFU 214 4800 2.4 + 0.00 ± 0.12 ... ... ... ... + 0.30 ± 0.11 
MFU 229 4900 2.6 −0.01 ± 0.11 ... ... ... ... + 0.54 ± 0.10 
HD 12392 4900 3.0 −0.08 ± 0.18 1.71 1.81 1.76 ± 0.25 + 1.19 ± 0.30 + 1.14 ± 0.11 
HD 17067 4200 1.1 −0.61 ± 0.21 1.26 1.31 1.28 ± 0.33 + 1.25 ± 0.37 + 0.94 ± 0.11 
HD 90127 4600 2.2 −0.40 ± 0.10 1.06 ... 1.06 ± 0.33 + 0.81 ± 0.37 + 0.79 ± 0.11 
HD 102762 4400 1.7 −0.17 ± 0.20 1.66 1.61 1.63 ± 0.33 + 1.15 ± 0.37 + 1.01 ± 0.11 
HD 114678 5200 2.8 −0.50 ± 0.13 1.91 1.71 1.81 ± 0.30 + 1.66 ± 0.34 + 1.17 ± 0.10 
HD 180622 4600 2.2 + 0.03 ± 0.12 0.81 ... 0.81 ± 0.33 + 0.13 ± 0.37 + 0.43 ± 0.11 
HD 200063 4100 1.1 −0.34 ± 0.20 1.16 1.16 1.16 ± 0.33 + 0.85 ± 0.37 + 0.83 ± 0.11 
HD 210030 4700 1.9 −0.03 ± 0.11 ... ... ... ... + 0.31 ± 0.11 
HD 214889 4900 2.6 −0.17 ± 0.12 ... ... ... ... + 0.58 ± 0.10 
HD 215555 5200 3.2 −0.08 ± 0.12 ... ... ... ... + 0.84 ± 0.10 
HD 216809 4400 1.2 −0.04 ± 0.14 0.91 1.11 1.01 ± 0.33 + 0.40 ± 0.37 + 0.49 ± 0.11 
HD 221879 4300 1.3 −0.10 ± 0.19 1.01 1.11 1.06 ± 0.33 + 0.51 ± 0.37 + 0.66 ± 0.11 
HD 749 4700 2.6 −0.29 ± 0.15 1.16 1.26 1.21 ± 0.25 + 0.85 ± 0.30 + 0.89 ± 0.11 
HD 88927 4600 2.3 + 0.02 ± 0.13 ... ... ... ... + 0.33 ± 0.11 
BD + 09 ◦2384 4900 2.5 −0.98 ± 0.10 ... ... ... ... + 0.72 ± 0.11 
HD 89638 4900 2.4 −0.19 ± 0.11 ... ... ... ... + 0.57 ± 0.10 
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Table A1 – continued 

Star T eff log g [Fe/H] log ε(W) [W/Fe] [ s /Fe] 
(K) (cm s −2 ) W I 4 843 Å W I 5 224 Å Adopted 

HD 187762 4800 2.4 −0.30 ± 0.11 ... ... ... ... + 0.40 ± 0.11 
NGC 5822-201 5200 2.7 −0.11 ± 0.10 ... ... ... ... + 0.80 ± 0.10 
NGC 5822-2 5100 2.4 −0.15 ± 0.09 ... ... ... ... + 0.75 ± 0.10 
HD 10613 4950 2.7 −0.92 ± 0.12 1.11 1.11 1.11 ± 0.25 + 1.38 ± 0.30 + 1.25 ± 0.11 
CD −25 ◦6606 5300 2.7 + 0.12 ± 0.14 ... ... ... ... + 0.58 ± 0.11 
HD 46040 4800 2.4 + 0.11 ± 0.13 1.61 1.61 1.61 ± 0.25 + 0.83 ± 0.30 + 0.97 ± 0.11 
HD 49841 5200 3.2 + 0.21 ± 0.13 ... ... ... ... + 0.68 ± 0.10 
HD 82765 5100 2.6 + 0.19 ± 0.10 ... ... ... ... + 0.30 ± 0.11 
HD 84734 5200 2.9 + 0.20 ± 0.12 ... ... ... ... + 0.60 ± 0.10 
HD 85205 5300 2.8 + 0.23 ± 0.16 ... ... ... ... + 0.60 ± 0.11 
HD 101079 5000 2.7 + 0.10 ± 0.12 ... ... ... ... + 0.46 ± 0.10 
HD 130386 4900 2.7 + 0.16 ± 0.13 ... ... ... ... + 0.48 ± 0.11 
HD 139660 5000 2.8 + 0.26 ± 0.14 ... ... ... ... + 0.47 ± 0.11 
HD 198590 5100 2.6 + 0.18 ± 0.14 ... ... ... ... + 0.42 ± 0.10 
HD 212209 4700 2.4 + 0.30 ± 0.13 ... ... ... ... + 0.25 ± 0.11 
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