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A B S T R A C T 

The study of the origin of heavy elements is one of the main goals of nuclear astrophysics. In this paper, we present new 

observational data for the heavy r -process elements gadolinium (Gd, Z = 64), dysprosium (Dy, Z = 66), and thorium (Th, Z 

= 90) in a sample of 276 Galactic disc stars (–1.0 < [Fe/H] < + 0.3). The stellar spectra have a high resolution of 42 000 

and 75 000, and the signal-to-noise ratio higher than 100. The LTE abundances of Gd, Dy, and Th have been determined by 

comparing the observed and synthetic spectra for three Gd lines (149 stars), four Dy lines (152 stars), and the Th line at 4019.13 

Å (170 stars). For about 70 per cent of the stars in our sample, Gd and Dy are measured for the first time, and Th for 95 per cent 
of the stars. Typical errors vary from 0.07 to 0.16 dex. This paper provides the first extended set of Th observations in the Milky 

W ay disc. T ogether with europium (Eu, Z = 63) data from our previous studies, we have compared these new observations with 

nucleosynthesis predictions and Galactic Chemical Evolution simulations. We confirm that [Gd/Fe] and [Dy/Fe] show the same 
behaviour of Eu. We study with GCE simulations the evolution of [Th/Fe] in comparison with [Eu/Fe], showing that unlike Eu, 
either the Th production is metallicity dependent in case of a unique source of the r-process in the Galaxy, or the frequency of 
the Th-rich r-process source is decreasing with the increase in [Fe/H]. 

Key words: stars: abundances – stars: late-type – Galaxy: disc – Galaxy: evolution. 
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 I N T RO D U C T I O N  

he nucleosynthesis of heavy neutron-capture elements in stars and
heir observations is one of the main research drivers for modern
uclear astrophysics. In this context, the origin of the rapid neutron-
apture process ( r -process, e.g. Cowan et al. 2021 , and references
herein) is still a major matter of debate. Among others, the most
a v oured r -process sites are neutron-star mergers (e.g. Eichler et al.
989 ; Freiburghaus, Rosswog & Thielemann 1999 ; Goriely et al.
015 ; Thielemann et al. 2017 ; Rosswog et al. 2018 ) and neutron star-
lack hole mergers (e.g. Lattimer & Schramm 1974 ; Surman et al.
008 ; Fern ́andez, Foucart & Lippuner 2020 ), certain rare classes
f fast-rotating supernovae with powerful magnetic fields (e.g.
 E-mail: tmishenina@ukr.net (TM); mpignatari@gmail.com (MP) 
 The NuGrid collaboration, ht tp://www.nugridst ars.org. 
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Pub
ymbalisty, Schramm & Wilson 1985 ; Cameron 2003 ; Nishimura
t al. 2006 ; Winteler et al. 2012 ; Nishimura et al. 2017 ; M ̈osta et al.
018 ; Obergaulinger, Just & Aloy 2018 ; Reichert et al. 2021 ), as well
s hypernovae or collapsars (e.g. Cameron 2003 ; Siegel, Barnes &
etzger 2019 ; Thielemann, Wehmeyer & Wu 2020 ; Zenati et al.

020 ; Brauer et al. 2021 ). In the past, core-collapse supernovae
CCSNe) have been considered as the dominant source of the r
rocess, initially by suggesting neutron-rich innermost ejecta (e.g.
illebrandt, Takahashi & Kodama 1976 ), later arguing for fast ( α,
 )-reactions in e xplosiv e burning of He shells (e.g. Truran, Cowan &
ameron 1978 ; Thielemann, Arnould & Hillebrandt 1979 ; Cowan,
ameron & Truran 1985 ), and afterwards turning to high entropy
onditions in neutrino-driven winds during the core-collapse and
xplosion phase (e.g. Woosley et al. 1994 ; Takahashi, Witti & Janka
994 ; Hoffman, Woosley & Qian 1997 ; Ning, Qian & Meyer 2007 ;
arouqi et al. 2010 ; Arcones & Thielemann 2013 ). At present,
ealistic CCSN simulations do not provide the right conditions to
© 2022 The Author(s) 
lished by Oxford University Press on behalf of Royal Astronomical Society 
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roduce a complete r -process pattern, while still a mild weak r -
rocess production could be possible (see e.g. Wanajo, Janka & 

ubono 2011 ; Curtis et al. 2019 ; Cowan et al. 2021 ; Ghosh, Wolfe &
r ̈ohlich 2022 ). 
Stellar spectroscopic observations can be used to derive funda- 
ental constraints for theoretical simulations. In particular, a large 

umber of works in the past decade has been made to define the
omposition of old r -process-rich stars, formed in the early Milky
ay Galaxy (e.g. Sneden et al. 2003 ; Simmerer et al. 2004 ; Beers &
hristlieb 2005 ; Barklem et al. 2005 ; Yong et al. 2013 ; Roederer et al.
014 ; Sakari et al. 2018 ; Mashonkina & Christlieb 2014 ; Hansen
t al. 2018 ). Such an importance is primarily due to the possibility
o trace contributions of one or several stellar sites of production of
hese elements within the early Galaxy time-scales, before global gas 
ixing might actually take place (e.g. Hansen et al. 2020 ). Therefore,

tellar observations can be used to test directly r -process predictions 
rom different stellar sites (Farouqi et al. 2022 ) – for instance, those
esulting from neutron-star mergers (Ji, Drout & Hansen 2019 ) or
rom magnetorotational hypernovae (Yong et al. 2021 ). This includes 
o study the role of progenitors of satellite galaxies on the early
alactic chemical enrichment (e.g. Gudin et al. 2021 ). 

As the Galaxy e volves, ne w stars are forming enriched by previous
tellar generations. Compared to the early Galaxy, different stellar 
ources need to be taken into account for the production of neutron-
apture elements during the chemical evolution of the Galaxy (GCE; 
.g. Prantzos et al. 2018 ; Kobayashi, Karakas & Lugaro 2020 ). At
resent in the Milky Way there are two main processes responsible 
or the production of heavy elements. In addition to the r -process, the
low neutron-capture process ( s -process, e.g. K ̈appeler et al. 2011 ) is
esponsible for about half of the abundances beyond iron in the Solar
ystem. The s -process elements are mainly produced in massive stars
e.g. The, El Eid & Meyer 2007 ; Pignatari et al. 2010 ; Frischknecht
t al. 2016 ; Limongi & Chieffi 2018 ) and asymptotic giant branch
AGB) stars (e.g. Gallino et al. 1998 ; Busso, Gallino & Wasserburg
999 ; Bisterzo et al. 2014 ; Cristallo et al. 2015 ; Karakas & Lugaro
016 ; Battino et al. 2019 ). In order to take into account the r -process
ontribution in GCE calculations, these yields are often derived from 

he solar residual method: the r -process abundance pattern is obtained
rom the solar composition after removing the s -process contribution, 
nd then it is assumed to be the same for all metallicities (e.g.
ravaglio et al. 2004 ; Prantzos et al. 2018 ). Alternatively, a large
ange of theoretical r -process yields may be adopted. GCE models 
nd simulations are crucial tools to better understand the evolution 
f r -process elements in galaxies (e.g. Wehmeyer, Pignatari & 

hielemann 2015 ; Naiman et al. 2018 ; van de Voort et al. 2020 ).
n particular, the [Eu/Fe] versus [Fe/H] trend in the Galactic disc has
een targeted several times to probe the enrichment time-scales and 
ontribution of neutron star mergers and rare classes of CCSNe. 
tudies have suggested that neutron star mergers alone cannot 
eproduce the decreasing trend of Eu when assuming a merger delay- 
ime probability distribution (DTD) in the form of t −1 (e.g. C ̂ ot ́e et al.
017b , 2019a ; Hotokezaka, Beniamini & Piran 2018 ; Haynes &
obayashi 2019 ; Simonetti et al. 2019 ). Such an issue, ho we ver, can
e lifted by implying metallicity-dependent DTDs (e.g. Simonetti 
t al. 2019 ), imposing shorter delay times for mergers relative to
ype Ia supernovae (SNe Ia; e.g. Matteucci et al. 2014 ; Wehmeyer
t al. 2015 ; C ̂ ot ́e et al. 2017b ; Cavallo, Cescutti & Matteucci 2021 ;
anajo, Hirai & Prantzos 2021 ), or adopting different treatments 

or how r -process elements are mixed and distributed within the 
alaxy (e.g. Sch ̈onrich & Weinberg 2019 ; Banerjee, Wu & Yuan
020 ; Beniamini & Hotokezaka 2020 ). Another solution to reco v er
he [Eu/Fe] trend is to involve additional sources alongside neutron 
tar mergers for Eu, such as rare supernovae originating from massive
tars (e.g. C ̂ ot ́e et al. 2019a ; Siegel et al. 2019 ; Kobayashi et al. 2020 ;
avallo et al. 2021 ; Greggio, Simonetti & Matteucci 2021 ; Farouqi
t al. 2022 ). 

Europium is the most e xtensiv ely studied chemical element pro-
uced via the r- process in the Galactic disc (according to e.g. Bisterzo
t al. 2014 ), the solar s -process contribution is about 6 per cent).
uropium abundance in the Galactic disc has been investigated by 
any researchers (e.g. Mashonkina & Gehren 2001 ; Reddy et al.

003 ; Bensby et al. 2005 ; Mishenina et al. 2013 , etc.). On the other
and, there are only a limited amount of stars with available several
 -process elements measured together from the same analysis. For 
nstance, in Guiglion et al. ( 2018 ) gadolinium and dysprosium were
xamined together with europium and barium within the frameworks 
f the AMBRE Project based on high-resolution FEROS, HARPS, 
nd UVES spectra from the ESO archive. The contribution by the
 -process to the Gd and Dy solar abundances is estimated to be 15.4
nd 15.0 per cent, respectively (Bisterzo et al. 2014 ), i.e. indicating a
ominant r -process contribution. Gd and Dy abundances in thin and
hick discs were investigated by Guiglion et al. ( 2018 ) and in solar
wins by Spina et al. ( 2018 ). Th abundances and the ratios Th/Eu
ere obtained for thin disc stars to estimate the age of the disc (del
eloso, da Silva & Arany-Prado 2005 ). The Th abundance is also
easured for samples of solar twins stars (Unterborn, Johnson & 

anero 2015 ; Botelho et al. 2019 ). As a continuation of our previous
esearch focused on studying of the Galactic disc enrichment with 
eutron-capture elements (Mishenina et al. 2013 , 2017 , 2019a , b ),
his paper aims to investigate the abundance distribution of the r -
rocess elements Gd, Dy and Th. Our study includes new Gd and
y measurements for nearly 70 per cent of the stars in our sample.
or more than 90 per cent of stars, we present new Th values, and

he GCE of the Milky Way disc is done for the first time taking
nto account both actinide (Th) and lanthanide (Eu, Gd, and Dy)
bservations. 
This paper is organized as follows. The observations and the 

efinition of the main stellar parameters are described in Section 2 .
he abundance determinations and the error analysis are presented 

n Section 3 . The analysis of the behaviour of elemental abundances
n the pattern of the theory of nucleosynthesis and the chemical
volution of the Galaxy is reported in Section 4 . Conclusions are
rawn in Section 5 . 

 OBSERVATI ONS  A N D  ATMOSPHERI C  

A R A M E T E R S  

his study was carried out on an initial list of 276 stars and based
n the spectra and atmospheric parameters by Mishenina et al. 
 2013 ). The 1.93-m telescope at the Observatoire de Haute-Pro v ence
OHP, France) and the echelle-type spectrograph ELODIE (Baranne 
t al. 1996 ) were employed to obtain spectra at the resolving power
 = 42 000 in the wavelength range from 4400 to 6800 Å and
ith the signal-to noise (S/N) better than 100 at 5500 Å. We

lso used additional spectra from the OHP spectroscopic archive 
Moultaka et al. 2004 ) collected with the SOPHIE spectrograph 
Perruchot et al. 2008 ) and co v ering a similar wavelength range
t the spectral resolution R = 75 000. The complex pre-processing of
mages available on-line and enabling to obtain spectroscopic data in 
 digital form was carried out immediately during observations (Katz 
t al. 1998 ). The subsequent processing of the studied spectra was
erformed using the DECH 30 software package developed by G.A. 
alazutdinov (see http:// www.gazinur.com/ DECH-software.html ). 
ECH software provides all stages of the CCD echelle spectral 
MNRAS 516, 3786–3801 (2022) 
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mage processing, including bias/background subtraction, flat-field
orrection (separation), extraction of one-dimensional spectrum from
wo-dimensional images, diffuse light correction, spectrum addition,
nd exclusion of cosmic ray features. The programme enables to
ocate a fiducial continuum, to measure equi v alent widths (EWs) of
ines by several methods, to determine line positions and shifts and

uch more besides. In this case, we w ork ed with spectra in the FITS
ormat, using such options as normalization of individual spectra
o the local continuum, identification of spectral lines, development
f the dispersion curve, measurements of the line depths and EWs,
limination of cosmic ray effects, selection of individual parts of
he spectrum, etc. The measured line depths were subsequently used
o determine the ef fecti ve temperature ( T eff ) while the EWs of the
eutral and ionized iron lines were measured by the Gaussian profile
tting and employed to derive atmospheric parameters (the surface
ravity, log g, and micro-turbulent velocity, V t ). 
The stellar atmospheric parameters for the stars under examination

n this work were determined by us in previous studies. The proce-
ures employed to derive the ef fecti ve temperatures T eff , surface grav-
ties log g, and microturbulent velocity V t for the target stars had been
escribed in detail in Mishenina & Kovtyukh ( 2001 ) and Mishenina
t al. ( 2004 , 2008 ). In particular, the ef fecti ve temperatures T eff were
etermined by calibrating the line-depth ratios for the pairs of spectral
ines that have dif ferent lo w-le v el e xcitation potentials with the
pplication of the technique introduced and developed by Kovtyukh
t al. ( 2003 ). For most of metal-poor stars in our sample, T eff were
ssumed by adjusting the far-wings of the H α line (Mishenina &
ovtyukh 2001 ). In Mishenina et al. ( 2004 ), we showed that the

emperature scales adopted in Mishenina & Kovtyukh (2001 ) and
ovtyukh et al. ( 2003 ) are consistent. The surface gravities, log g,
ere computed from the ionization equilibrium, which means that

imilar iron abundances should be obtained from the neutral iron
Fe I ) and singly ionized iron (Fe II ) lines. In our case, the difference
etween these values does not exceed 0.03 dex. The microturbulent
elocity, V t , was derived by factoring out correlations between the
ron abundances from Fe I lines and the equi v alent widths (EW) of
hose Fe I lines. We adopted the iron abundance determined from the
e I lines as the metallicity, [Fe/H]. As is known (e.g Th ́evenin &
diart 1999 ; Shchukina & Trujillo Bueno 2001 ; Mashonkina et al.
011 ; Bergemann et al. 2012 ), the lines of neutral iron are influenced
y the deviations from the LTE in the solar and stellar spectra, and
ence, these deviations also affect the iron abundances determined
rom those lines. Ho we ver, within the temperature and metallicity
anges of our target stars, the NLTE corrections is less than 0.1 dex
e.g Mashonkina et al. 2011 ). Thus, both in the case of accepted
Fe/H] as the iron abundance from Fe I lines and also in the case of
sing the ionization equilibrium method for iron to derived log g,
his correction does not exceed the errors in determining of these
arameters. 
The list of parameter values obtained, as well as their comparison

ith the results of other authors, has been given in (Mishenina
t al. 2004 , 2008 , 2013 ). The estimated accuracy of our parameter
eterminations is as follows: � ( T eff ) = ±100 K, � ( log g) = ±0.2
ex, � ( V t ) = ±0.2 km s −1 , and � ([Fe/H]) = ±0.1 dex. In this paper,
e have compared our parameters with those obtained recently in

he studies by Guiglion et al. ( 2018 ) and Spina et al. ( 2018 ), wherein
adolinium and dysprosium abundances were determined, and also
hose in the studies by del Peloso et al. ( 2005 ), who reported europium
nd thorium abundances (five stars in common with our sample) and
nterborn et al. ( 2015 ) for one star in common with our sample (see
 able 1 ). T o compare with our findings, we chose the data reported
y (Guiglion et al. 2018 ) for the stars in common with the highest
NRAS 516, 3786–3801 (2022) 
/N among those available in on-line catalogs. We obtained average
ifferences and errors for 36 stars in common by deducting our data
rom those by Guiglion et al. ( 2018 ) (see Table 1 ). Then, we sorted
ut the data with T eff from 5100 to 6300 K and surface gravities
ithin 3.5 < log g< 5.0 (for 26 stars in common) as such ranges
f parameter values had been chosen by the authors as criteria for
he selection of stars for further analysis; the resulting differences
re slightly smaller (Table 1 ). In general, we see a good agreement
etween our findings and those from the literature, as well as a good
onsistency with the estimated accuracy in parameter determinations
dopted earlier. As we can see from Table 1 , the mean difference
 T eff between our ef fecti ve temperature and that obtained by other

uthors, does not exceed 25 K, and the rms deviations are within
00 K. A mean difference in gravity values � log g does not exceed
.10, with the rms deviation is only slightly exceeding (0.22), adopted
arlier (0.2). In terms of metallicity, the mean value does not exceed
 ([Fe/H]) = 0.05 ± 0.07 dex. 
We adopt the kinematic classification of the stars into the thin

nd thick discs and Hercules stream, as previously described in
Mishenina et al. 2013 ). To determine the components of spatial
elocity ( U , V , W ) and the belonging of stars to different galactic
opulations, the Hipparhos catalogue was used. Since the stars in our
ample are bright and tend to have Gaia astrometric errors equi v alent
o those of the Hipparcos observations, we have not updated our
lassification with respect to the latest astrometric data from the
aia Data Release 2 (Gaia Collaboration 2018 ). Some stars are even

oo bright to be measured by Gaia . Our previous sample of 276
tars in total consists of 21 stars belonging to the thick disc, 212 of
hose in the thin disc, 16 stars related to the Hercules stream, and 27
nclassified stars. 

 A BU N DA N C E  D E T E R M I NAT I O N  

he abundances of Dy, Gd, and Th were derived in the local ther-
odynamical equilibrium (LTE) approximation with a new modified

TARSP LTE spectral synthesis code (Tsymbal 1996 ) using the models
y Castelli & Kurucz ( 2004 ). For each star, the model was chosen by
tandard interpolation for T eff and log g. The metalicity [Fe/H] and
he turbulent velocity V t are not interpolated, in terms of metallicity,
 model close to [Fe/H] of stars in ±0.2 dex was selected and the
urbulent velocity V t determined for each star was used. For Gd II

ines 4037.89, 4085.56, 4483.33 Å, and Dy II lines 4073.12, 4077.97,
103.31, and 4449.70 Å, and Th II 4019.12 Å. The oscillator strengths
og gf were adopted from last version (2016) of the VALD database
Kupka F. et al. 1999 ). In contrast to the considered Gd and Dy
ines, the 4019.129 Å Th line is a complex blend with a contribution
o its intensity from the Th and Co abundances at almost the same
avelength (e.g. del Peloso et al. 2005 ; Mashonkina, Christlieb &
riksson 2014 ; Botelho et al. 2019 ). Using a list of VALD lines,
hich includes atomic and molecular lines, to describe the Th line

n the solar spectrum, we found a noticeable discrepancy between
he observed and calculated spectra in the region of Fe lines; to
liminate this, we corrected the log gf Fe I oscillator strengths with
n appropriate fit. The values of the oscillator strength adopted by us
or the Th and Co lines follow the VALD list, namely the values of
og gf = −0.228 for the Th II line (Nilsson et al. 2002 ) and −2.270
or the Co I line (Lawler, Whaling & Grevesse 1990 ), in our case,
hey are presented with a detailed contributions of the hyperfine
tructure. A list of our main atomic and molecular lines employed
n the thorium 4019 Å line region are given in Table 2 . For the Sun,
nd two stars with stellar parameters ( T eff , log g, [Fe/H]) HD 22879
5825; 4.42; −0.91), and HD (5373; 4.30; 0.25) the predominant
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Table 1. Comparison of parameters and Eu, Gd, Dy, and Th abundance determinations taken from the literature with our results for the n stars common with 
our stellar sample. 

Reference � ( T eff ) � ( log g) � ([Fe/H]) � ([Eu/Fe]) � ([Gd/Fe]) � ([Dy/Fe]) � ([Th/Fe]) n 

Guiglion et al. ( 2018 ) − 14 .7 ± 99.4 0 .09 ± 0.22 0 .01 ± 0.07 0 .09 ± 0.16 0 .09 ± 0.18 0 .14 ± 0.16 – 36 
Guiglion et al. ( 2018 ) 12 .1 ± 93 0 .06 ± 0.21 0 .0 ± 0.07 0 .09 ± 0.15 0 .03 ± 0.13 0 .10 ± 0.13 – 26 
Spina et al. ( 2018 ) 14 .8 ± 25 0 .06 ± 0.1 0 .04 ± 0.05 − 0 .03 ± 0.04 − 0 .03 ± 0.04 − 0 .04 ± 0.05 – 6 (4) 
del Peloso et al. ( 2005 ) − 16 .4 ± 55 0 .04 ± 0.08 0 .05 ± 0.08 0 .05 ± 0.08 – – − 0 .23 ± 0.14 5 (4) 
Morell et al. (1992 ) − 3 .8 ± 85 0 .02 ± 0.20 − 0 .02 ± 0.04 – – – − 0 .11 ± 0.12 5 (5) 
Unterborn et al. ( 2015 ) 23 0.05 0.04 – – – 0.48 1(1) 
Botelho et al. ( 2019 ) − 15 .6 ± 28 − 0 .05 ± 0.11 − 0 .04 ± 0.05 0 .02 ± 0.04 – – − 0 .09 ± 0.15 5(3) 

Note . Our data for Eu abundances are from Mishenina et al. ( 2013 ). 

Table 2. List of lines in the thorium 4019 Å line region. 

Species Lambda, Å Elow, ev log gf Source 

Ce II 4018.820 1.55 −0.959 VALD 

Nd II 4018.820 0.06 −0.890 VALD 

Fe I 4018.887 4.26 −2.781 Solar fit 
Ce II 4018.900 1.01 −1.219 VALD 

Ce II 4018.927 0.63 −1.679 VALD 

V I 4018.929 2.58 −0.556 VALD 

Pr II 4018.963 0.20 −1.029 VALD 

13CH 4018.965 0.46 −3.253 VALD 

Mn I 4018.987 4.35 −1.883 VALD 

Fe I 4019.002 4.32 −2.700 solar fit 
Fe I 4019.042 2.61 −3.100 solar fit 
V II 4019.044 3.75 −1.231 VALD 

Ce II 4019.057 1.01 −0.529 VALD 

Mn I 4019.066 4.67 −0.522 VALD 

Ni I 4019.067 1.94 −3.399 VALD 

13CH 4019.074 0.46 −3.245 VALD 

Co I 4019.110 2.28 −3.287 VALD 

Co I 4019.118 2.28 −3.173 VALD 

Co I 4019.120 2.28 −2.876 VALD 

Co I 4019.125 2.28 −3.492 VALD 

Co I 4019.126 2.28 −3.298 VALD 

Th II 4019.129 0.00 −0.227 VALD 

Co I 4019.129 2.87 −5.163 VALD 

V I 4019.134 1.80 −2.149 VALD 

Co I 4019.135 2.28 −3.287 VALD 

Co I 4019.135 2.28 −3.474 VALD 

Co I 4019.138 2.28 −3.173 VALD 

Co I 4019.140 2.28 −3.298 VALD 

Co I 4019.143 2.87 −5.142 VALD 

Co I 4019.210 2.87 −4.821 VALD 
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Figure 1. Observed (squares) and calculated spectra in the region of Th II 
line for Sun, HD 22879 (5825; 4.42; −0.91), and HD 75732 (5373; 4.30; 
0.25). The contributions of various elements to the profile of the thorium line 
are marked on the panel. 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/516/3/3786/6675820 by IN
IST-C

N
R

S IN
EE IN

SB user on 07 April 2023
ines in the region are shown in Fig. 1 . Examples of fitting several
d, Dy, and Th lines in the stellar spectra are presented in Fig. 2 . 
In order to calculate the synthetic spectrum and the Th abundance, 

e used the rele v ant abundances of chemical elements obtained by
ishenina et al. ( 2013 ), including nickel. In particular, to take into

ccount the blend due to cobalt, as a first approximation, we estimated 
ts abundance from the scaled solar cobalt value. Then, we further
efined from the profile fit of the cobalt line at a wavelength of
020.89 Å, which was calculated factoring in the hyperfine structure 
HFS). We finally derived the Th abundance by taking into account 
he contribution of cobalt in the blend Th-Co. Therefore, our results
btained for thorium should not be o v erestimated because of local
ontribution from other elements. Examples of fitting Co line in the 
tellar spectra are shown in Fig. 8 . The abundance of europium was
etermined by us early and for further analysis in this study, we
se those obtained in Mishenina et al. ( 2013 ). In that study, the Eu
MNRAS 516, 3786–3801 (2022) 
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Figure 2. Observed (points) and calculated spectra in the region of Gd II , 
Dy II , and Th II lines for stars HD 42018 (5787; 4.5; –0.07) and HD 202108 
(5712; 4.2; –0.21). 
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Table 3. Abundance errors due to atmospheric parameter uncertainties, for 
four stars with different set of stellar parameters ( T eff , log g, V t , [Fe/H]): 
HD154345 (5503, 4.30, 1.3, −0.21), HD82106 (4827, 4.10, 1.1, −0.11), 
HD75732 (5373, 4.30, 1.1, 0.25), and HD201891 (5850, 4.40, 1.0, −0.96). 

HD1545345 
AN El � T eff + � log g + � V t + tot + 

64 Gd II 0 .07 0 .10 0 .01 0 .12 
68 Dy II 0 .09 0 .08 0 .02 0 .13 
90 Th II 0 .10 0 .11 0 .0 0 .16 

HD82106 
64 Gd II 0 .07 0 .06 0 .00 0 .10 
68 Dy II 0 .10 0 .12 0 .01 0 .15 
90 Th II 0 .05 0 .06 0 .0 0 .11 

HD75732 
64 Gd II 0 .06 0 .10 0 .01 0 .12 
68 Dy II 0 .10 0 .09 0 .01 0 .14 
90 Th II 0 .10 0 .06 0 .0 0 .14 

HD201891 
64 Gd II 0 .02 0 .04 0 .02 0 .08 
68 Dy II 0 .05 0 .03 0 .01 0 .07 
90 Th II 0 .12 0 .06 0 .0 0 .15 

d  

T

3

T  

r  

t  

D  

e  

s  

w  

s  

4  

(  

(  

t  

d  

m
 

t  

u  

f
 

r  

p  

a  

c
 

t  

(  

[  

(  

d  

s  

v  

p  

(  

a  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/516/3/3786/6675820 by IN
IST-C

N
R

S IN
EE IN

SB user on 07 April 2023
bundance was derived from the Eu II lines at 6645 Å, taking into
ccount the HFS (Ivans et al. 2006 ). The solar abundances of Dy,
d, and Th are determined using the STARSP code (Tsymbal 1996 )

rom the lines in the spectra of the Moon and asteroids obtained
ith the ELODIE spectrograph with the line parameters being the

ame as in the stellar spectra: log A(Gd) = 1.08 ± 0.05 and log
(Dy) = 1.10 ± 0.05, which coincide with Asplund et al. ( 2009 )

log A(Gd) � = 1.07 ± 0.04, log A(Dy) � = 1.10 ± 0.04), and our
olar log A(Th) = 0.08 ± 0.08 is consistent with the value log
(Th) � = 0.08 reported for the Sun in (Mashonkina et al. 2014 ), the
alue of Asplund et al. ( 2009 ) is log A(Th) � = 0.02 ± 0.10. 

The stellar parameters and obtained Gd, Dy, and Th abundances
ith the statistical uncertainties associated from line-to-line abun-
NRAS 516, 3786–3801 (2022) 
ance variation (standard deviation or rms derivation) are given in
able A1 . 

.1 Errors in abundance determinations 

he total errors in Gd, Dy, Th abundance determinations mainly
esult from the errors in sampling the parameter values and fitting
he synthetic spectra to observational ones (0.05 dex in Gd and
y, and 0.08 for Th). To determine the systematic errors in the

lemental abundances, resulting from uncertainties in the atmo-
pheric parameters, we derived the elemental abundance of four stars
ith different set of stellar parameters ( T eff in K, log g, V t in km
 

−1 , [Fe/H]): HD154345 (5503, 4.30, 1.3, −0.21), HD82106 (4827,
.10, 1.1, −0.11), HD75732 (5373, 4.30, 1.1, 0.25), and HD201891
5850, 4.40, 1.0, −0.96) for several models with modified parameters
 � T eff = + 100 K, � log g= + 0.2, � V t = + 0.1). The impact of
he parameter uncertainties on the accuracy of elemental abundance
eterminations, as e x emplified by the stars with different T eff and
etallicities, is presented in Table 3 . 
As can be seen from Table 3 , uncertainties in T eff and log g con-

ribute maximally to the total error. Total errors due to parameter
ncertainties and the measured spectra vary from 0.07 to 0.15 dex
or Gd and Dy, and from 0.11 to 0.16 dex for Th abundance. 

To verify our selection of stellar parameters, we present cor-
elations between Gd, Dy and Th abundances and atmospheric
arameters T eff and log g (see Figs 3 and 4 ). As can be seen in Figs 3
nd 4 , there is no correlation between the elemental abundances and
hosen parameters. 

A comparison between the abundance determinations obtained in
his study and the data reported by other authors is given in Table 1
see in Section 2 ). Also Fig. 5 shows our [Eu/Fe], [Gd/Fe], and
Dy/Fe] data and ones from Guiglion et al. ( 2018 ) and Spina et al.
 2018 ) as a function of [Fe/H]. For these Figures we selected the
ata of Guiglion et al. ( 2018 ) with T eff from 5100 to 6300 K and
urface gravities within 3.5 < log g< 5.0. Such ranges of parameter
alues are the same chosen by the authors for further analysis. Fig. 6
resents our [Th/Fe] determinations and those by del Peloso et al.
 2005 ), Morell, Kallander & Butcher ( 1992 ), Unterborn et al. ( 2015 ),
nd Botelho et al. ( 2019 ). Fig. 7 also shows the stellar velocity along
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Figure 3. Dependence of [El/Fe] versus T eff . 
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Figure 4. Dependence of [El/Fe] versus log g. 
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he Z axis with respect to [Th/Fe] and [Th/Eu] for thin and thick disk
tars in our observed sample. There is no evidence about different 
bundance trends between these two groups of stars, also taking into 
ccount the more limited statistics available for our thick disk stars. 

Table 1 shows the mean differences and rms errors for the values
f thorium abundance obtained by us and other authors for stars
n common. We hav e fiv e common stars with Morell et al. ( 1992 ),
or which the parameters and content of thorium are determined: 
 ([Th/Fe]) (our − Morell) = 0.11 ± 0.12 dex, the shift is within

he error limits. We also hav e fiv e stars in common with del Peloso
t al. ( 2005 ), for which parameters have been determined, and four of
hem have definitions of thorium abundance. The mean difference is 
 ([Th/Fe]) (our − Peloso) = 0.23 ± 0.14 dex and it is larger than the

esulting error. In addition, there is one star HD 76932 also shared
ith Morell et al. ( 1992 ) and del Peloso et al. ( 2005 ). Our thorium

bundance for HD 76932 is [Th/Fe] = 0.57 dex, and Morell et al.
 1992 ) and del Peloso et al. ( 2005 ) give [Th/Fe] = 0.35 and 0.30
e x, respectiv ely. There is one common star, namely HD 146233,
ith Unterborn et al. ( 2015 ), which is also was studied by Botelho

t al. ( 2019 ). For HD 146233, the Th measurements are varying
ignificantly between different works. We obtain [Th/Fe] = –0.09 
ex, Unterborn et al. ( 2015 ) give [Th/Fe] = 0.28 dex, and in Botelho
t al. ( 2019 ), [Th/Fe] = 0.15 dex. We have five stars in common
ith the Botelho et al. ( 2019 ), but among them only three stars
ave measurements of Th abundance. The mean difference and rms 
etween our data and those of Botelho et al. ( 2019 ) is � ([Th/Fe])
our − Botelho) = −0.09 ± 0.15. This value (shift) has opposite 
ign in comparison with those obtained for comparison of Morell 
t al. ( 1992 ), and del Peloso et al. ( 2005 ), but it is within the limits
f errors. From a comparison with Morell et al. ( 1992 ), del Peloso
t al. ( 2005 ), and Botelho et al. ( 2019 ), the obtained rms of the mean
ifference are 0.12, 0.14, and 0.15, respectively. At the same time,
he del Peloso et al. ( 2005 ) data show a systematic shift relative
o our data (0.23), since the mean difference is greater than the
catter. The maximum difference in thorium abundance between our 
alues and these for del Peloso et al. ( 2005 ) reaches 0.4 dex for
he star HD 22879. Ho we v er, this discrepanc y is contributed also
y a difference of 0.15 dex in metallicity obtained by us ([Fe/H]
 −0.91 and −0.76; del Peloso et al. 2005 ). Fig. 8 (top panel)
MNRAS 516, 3786–3801 (2022) 
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Figure 5. [Eu/Fe], [Gd/Fe], and [Dy/Fe] as a function of [Fe/H]. Stars 
associated with the thin and thick discs are marked as black and red open 
circles, respectively. Selected data are taken from Guiglion et al. ( 2018 ) 
(points), and ones from Spina et al. ( 2018 ) (asterisks). 
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Figure 6. [Th/Fe] as a function of [Fe/H]. Our measurements associated 
with the thin and thick discs are marked as black circles and red open circles, 
respecti vely. In comparison, observ ations by del Peloso et al. ( 2005 ) (blue 
open circles), Morell et al. ( 1992 ) (blue open asterisks), Unterborn et al. 
( 2015 ) (blue asterisks), and Botelho et al. ( 2019 ) (green semi-full circles) are 
shown. 

Figure 7. For our stellar sample, the velocities along the Z -axis ( 
√ 

U 

2 + W 

2 ) 
are shown with respect to [Th/Fe] and [Th/Eu]. The full sample is divided 
between thick and thin disc stars. 
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resents the synthetic spectra for the star HD 22879 calculated in
his work (blue solid line) and that with the data (stellar parameters,
hemical abundances and line list) of (del Peloso et al. 2005 ) (red
olid line). The black solid line shows the calculation from our data
parameters, abundance), but adapted to the Peloso’s line list. Blue
sterisks shows the calculation based on Peloso’s data (parameters,
bundances) with our line list in the thorium region. Circles are the
orresponding observational spectrum. The bottom panel shows a
escription of the observed spectrum by our synthetic spectrum in a
ider spectral region with the thorium line. We observe a difference

n the synthetic calculations for our data and those of (del Peloso
t al. 2005 ) in the region of the iron, nickel, manganese lines at the
aximum intensity of this spectral peculiarity due to the difference

n oscillator strengths of lines, assumed abundances of elements and
he absence of the iron line in the (del Peloso et al. 2005 ) list. In the
art of profile with the thorium-cobalt lines, we see that using our
NRAS 516, 3786–3801 (2022) 
ata and different line lists gives similar trends, and different stellar
arameters and abundances make a significant contribution to the
esult, in this case, an increase in the thorium abundance compared
o that obtained by (del Peloso et al. 2005 ) is required. In general, the
ifferences between the data obtained in different works are mostly
ue to the different lists of used lines in the thorium line region and
ifferent parameters and elemental abundances measured in different
orks. 
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Figure 8. Top panel: comparison of the synthetic spectrum calculations for 
our data and those of Peloso et al. ( 2005 ) (see details in the text); bottom 

panel: comparison of our synthetic computation with observations, in the 
region of Th II line for a wider range of the spectrum. 
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1 ht tps://github.com/becot 85/JINAPyCEE . 
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 RESULTS  A N D  C O M PA R I S O N  WITH  

ALACTIC  C H E M I C A L  E VO L U T I O N  M O D E L S  

he Milky Way disc stars with the metallicity range covered from
his study are formed from interstellar matter enriched by several 
enerations of stars. Therefore, these observations cannot be directly 
ompared with theoretical stellar models, and Galactic chemical 
volution (GCE) simulations must be used to study the evolution 
istory that allowed to build the chemical inv entory observ ed today
e.g. Tinsley 1980 ; Gibson et al. 2003 ; Kobayashi et al. 2020 ;

atteucci 2021 , and references therein). In this work we focus
n the r -process elements Eu, Gd, Dy, and Th. Although the main
tellar source of the r process in the Galaxy is still matter of debate,
ince decades, the r process was typically considered to produce the 
ame abundances independently from the metallicity of the stellar 
rogenitors. The close similarity between the solar residual (where 
he residual is derived by subtracting the s -process contribution 
rom the solar abundances of heavy elements beyond iron; e.g. 
rlandini et al. 1999 ; Bisterzo et al. 2014 ; Prantzos et al. 2020 )

nd the abundance patterns measured in r -process-rich metal-poor 
tars dro v e and supported such a scenario. Indeed, while there is
 significant abundance scatter among different r -process-enriched 
tars for lighter elements in the mass region Sr-Ru, the abundances 
ppear to better align with the solar residual for Ba and heavier
lements up to Pb (e.g. Sneden, Cowan & Gallino 2008 ; Cowan
t al. 2021 ). Within this heavier mass region, GCE simulations could
arry the same r -process signature across the evolution of the Galaxy,
here the main remaining uncertainties are the source frequency and 
he quantitative r -process yields associated to each stellar source (e.g.
atteucci et al. 2014 ; Wehmeyer et al. 2015 ; Hotokezaka et al. 2018 ;
 ̂ ot ́e et al. 2018a ). A larger observational scatter between different
 -process-rich stars has been measured for the actinides elements 
h and U, which are highly affected by varying the conditions in
 -process theoretical calculations (Eichler et al. 2019 ; Cowan et al.
021 ). Ho we ver, a significant v ariation is also seen beyond Ba once a
arger sample of metal-poor stars is considered (Roederer et al. 2010 ),
uggesting that the r -process production does not yield a unique
nd robust pattern, and a degree of variation should be expected. 
he observation of actinide-boost stars has further questioned those 
lassical paradigms (e.g. Roederer et al. 2010 ; Holmbeck et al. 2018 ;
arouqi et al. 2022 ). 
At least for metal-poor halo stars in the Galaxy, it is still matter

f debate if only one r -process source would be able to explain the
arly large variations observed in stars for Eu and other heavy r -
rocess element abundances with respect to iron or α-elements. As 
lready pointed out by Qian & Wasserburg ( 2007 ) and followed up
y Hansen, Montes & Arcones ( 2014 ), it is actually more plausible
hat at least two different types of r-process sources were active,
ontributing with different frequencies and time-scales. Here we 
iscuss the aspect that two processes contribute to the lanthanide 
nd actinide r -process elements. On the other hand, observations 
rom old metal-poor stars would not exclude that today there is one
ource with possible abundance variations, dominating the r -process 
ontribution to GCE (e.g. Wehmeyer et al. 2015 ; C ̂ ot ́e et al. 2019a ;
arouqi et al. 2022 , and references therein). 
If we consider the r -process lanthanides discussed in this work,

.e. Eu, Gd, and Dy, we have seen in Fig. 5 that their abundance
rends with respect to Fe are similar. In particular, we cannot identify
f the observed abundance scatter is due to the GCE contribution
rom multiple r -process sources and/or some different production in 
he region, or if such a dispersion can be simply due to observation
ncertainties. 
On the other hand, it may be interesting to study the evolution of

h (an actinides element) with respect to Eu. In this context, we have
erformed GCE models to compare with our new observations. The 
imulations are made using the PYTHON code OMEGA + (C ̂ ot ́e et al.
017a , 2018b ), which is part of the open-source JINAPYCEE package. 1 

t consists of a two-zone model that includes a one-zone GCE model
urrounded by a large gas reservoir representing the circumgalactic 
edium. These two zones are interacting via galactic inflows and 

utflo ws, where inflo ws transfer gas from the circumgalactic medium
o the central GCE model (the galaxy), and outflows transfer gas
rom the galaxy to the circumgalactic medium. In this work, we
se the yields of Nomoto, Kobayashi & Tominaga ( 2013 ), Cristallo
t al. ( 2015 ), and Iwamoto et al. ( 1999 ) for massive stars, low-and
ntermediate-mass stars, and SNe Ia, and the same galaxy evolution 
arameters as the best model found in C ̂ ot ́e et al. ( 2019b ), which
eproduced various observational constraints such as the current star 
ormation rate, gas inflow rate, supernova rates, total stellar mass, 
nd total gas mass. Recent developments have allowed to take into
ccount radioactivity throughout the GCE calculations (C ̂ ot ́e et al.
019b ; Trueman et al. 2022 ), using the numerical solver presented
n Yag ̈ue L ́opez et al. ( 2022 ) to properly follow radioactive decay on
ime-scales shorter than the lifetime of the Milky Way. This numerical 
olver was modified in OMEGA + to include the terms for material
oving between the two simulated zones along with decay in an

nsplit fashion. 
MNRAS 516, 3786–3801 (2022) 
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Figure 9. Predicted evolution of [Eu/Fe], [Th/Fe], and [Th/Eu] as a function of [Fe/H] in the Galactic disc, using OMEGA + . In each panel, the solid black line 
assumes one r -process site with a prompt delay, assuming constant Eu and Th yields for all enrichment events. The dashed orange line is the same as the black 
line, but assuming Z -dependent Th yields. The solid green line assumes two r -process sites, one with a prompt delay and one with a long-lasting delay-time 
distribution, where the contribution of the prompt site declines with increasing metallicity. 
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Our results are shown in Fig. 9 , and our goal is to address
he relative time-scales at which Eu (as a representative of the r -
rocess production of lanthanides including Dy and Gd) and Th (as
 representative of the actinides) are produced within the Galactic
isc with a simple approach. Given this goal, all Eu and Th yields in
ur models have been included artificially in order to freely explore
hich scenarios could give rise to the GCE trends provided by our
ata. The black solid lines assume that all Eu and Th come from one
ource, with a short delay time typical of CCSNe sources. Here Eu
nd Th yields are the same in all ev ents, re gardless of metallicity. In
his case, while our prediction is acceptable for [Eu/Fe], the predicted
rend for [Th/Fe] does not decrease as steeply as the observational
ata, a feature that can also be seen with [Th/Eu]. The relatively flat
Th/Eu] trend shows that the decay of Th (the 232 Th half-life is 14.1
illion years) plays an insignificant role in shaping our predictions,
eaning that Th decay would not explain the different degrees at
hich Th and Eu decrease with respect to metallicity. 
The dashed orange and solid green lines in Fig. 9 explore two

ifferent scenarios matching the Th and Eu trends simultaneously.
he dashed orange line still assumes one prompt r -process source
nd a constant yield for Eu, but assumes metallicity-dependent Th
ields where Th is boosted by a factor of 4.5 at low metallicity
elative to high metallicity, with a continuous decrease between Z =
.001 and 0.02. The solid green line, on the other hand, combines
wo r -process sources – neutron star mergers with long delay times,
nd exotic SNe or collapsars with short delays (see also e.g. C ̂ ot ́e
t al. 2019a ; Haynes & Kobayashi 2019 ; Siegel et al. 2019 ; Farouqi
t al. 2022 ; Molero et al. 2021 ). In this case, Th and Eu yields are
ept constant as a function of metallicity for both sources. Ho we ver,
he frequency of the short-delay source is assumed to be metallicity
ependent, such that its rate is three times higher than the long-
elay source at Z < 0.001, and becomes negligible Z > 0.01. Such
 computational experiment would boost the Th production at low
etallicity as we may expect. A type of exotic SNe that would
t these assumptions are magneto-rotational (MHD) supernovae.
HD supernovae were originally proposed as a source of a strong

- process (e.g. Winteler et al. 2012 ). Ho we ver, it was later shown
y M ̈osta et al. ( 2018 ) that a strong r - process can only be obtained
ith (unlikely) very extreme pre-collapse magnetic fields, which are

equired to eject neutron-rich matter stemming from the electron
apture during the collapse to high densities. If sufficient rotation
xists also weaker pre-collapse magnetic fields can be enhanced
y the magneto-rotational instability (MRI), lead to a successful
xplosion and a highly magnetized neutron star (magnetar), but
uring the delay encountered before the MRI had its impact, neutrino
bsorptions enhance the electron fraction and limit the reach of the
 -process. On the other hand, black hole accretion disc outflows
NRAS 516, 3786–3801 (2022) 
an lead to highly r -process-enriched matter with Y e -values in the
jecta just in the range leading to an actinide boost, as observed in
any r-II stars (see the detailed discussion in Farouqi et al. 2022 ).
s the collapsar behaviour leading to black holes requires the core-

ollapse of quite massiv e progenitors, their frequenc y is e xpected to
e much higher at low metallicities. The reason is that low-metallicity
rogenitors have lower opacities, experience – as a consequence –
ess mass-loss during their stellar evolution and possess at the point
f core collapse significantly higher masses, fa v oring the collapse to
 black hole. 

Both scenarios shown in Fig. 9 lead to an enhancement of Th
roduction in the early Universe, and would both be consistent
ith the observation of metal-poor actinide-boost stars. From this

ime-scale experiment, it is unfortunately not possible to distinguish
etween one r -process source with metallicity-dependent yields,
ultiple r -process sources with metallicity-dependent rates, or a

ombination of the two. The variations observed in metal-poor
tars between r -process elements and the existence of the actinide-
oost stars seem to point more toward the second or third scenarios
entioned abo v e (e.g. Roederer et al. 2010 ; Farouqi et al. 2022 )

hat, as we have seen, it would be consistent with observations at
igher metallicities in the Galactic disc. Nevertheless, the fact that
Th/Fe] decreases more steeply than [Eu/Fe] suggests that Th and
u had a different production history, with Th being more efficiently
ynthesized at low metallicity than at high metallicity, as compared
o Eu. 

 C O N C L U S I O N S  

n this work, we presented and discussed the abundance measure-
ents of Gd, Dy and Th for 276 disc stars. The analysis is based on

TE assumptions. Typical uncertainties are 0.10 dex for Gd (with a
ange between 0.08 and 0.12 de x), 0.11 de x for Dy (between 0.07
nd 0.15 dex), and 0.12 dex for Th (with a range between 0.09 and
.15 dex). The major sources of these uncertainties in the analysis
re the stellar surface temperature and gravities. 

The [Dy/Fe] and [Gd/Fe] ratios show the same trend of [Eu/Fe] in
he galactic disc. Due to the present observation uncertainties, it is
ot possible to use the evolution of Dy and Gd with respect to Eu to
isentangle a contribution from different r -process components. On
he other hand, [Th/Fe] shows a steeper decrease than the [Eu/Fe]
ith respect to [Fe/H]. 
By using GCE models, we hav e e xplored possible solutions to

xplain those trends. We found that the observations may be better re-
roduced by one r -process source but with metallicity-dependent Th
ields, or by multiple r -process sources with metallicity-dependent
ates for the Th-rich source. We would rather support this second
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cenario, since it would also be compatible with observations of both 
ctinides boost r -process-rich metal-poor stars and not boosted. 
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Table A1. Stellar parameters and abundances of Gd, Dy, and Th. 

HD/BD thin disc T eff , K log g [Fe/H] V t [Gd/Fe] Standard deviation [Dy/Fe] Standard deviation [Th/Fe] 

166 5514 4 .6 0 .16 0 .6 – – – – 0 .06 
1562 5828 4 .0 − 0 .32 1 .2 0 .14 0 .04 0 .12 0 .05 0 .31 
1835 5790 4 .5 0 .13 1 .1 – – – – –
3651 5277 4 .5 0 .15 0 .6 0 .05 0 .07 0 .05 0 .05 − 0 .08 
4256 5020 4 .3 0 .08 1 .1 – – – – –
4307 5889 4 .0 − 0 .18 1 .1 – – – – –
4614 5965 4 .4 − 0 .24 1 .1 0 .18 0 .03 0 .19 0 .05 0 .03 
5294 5779 4 .1 − 0 .17 1 .3 0 .19 0 .00 0 .11 0 .03 0 .26 
6660 4759 4 .6 0 .08 1 .4 – – – – –
7590 5962 4 .4 − 0 .10 1 .4 0 .15 0 .04 0 .16 0 .05 0 .19 
7924 5165 4 .4 − 0 .22 1 .1 0 .19 0 .00 0 .22 0 .04 0 .16 
8648 5790 4 .2 0 .12 1 .1 – – 0 .14 0 .06 − 0 .05 
9407 5666 4 .45 0 .05 0 .8 0 .09 0 .06 − 0 .02 0 .03 0 .12 
9826 6074 4 .0 0 .10 1 .3 − 0 .03 0 .00 − 0 .10 0 .06 − 0 .08 
10086 5696 4 .3 0 .13 1 .2 – – – – –
10307 5881 4 .3 0 .02 1 .1 – – – – − 0 .10 
10476 5242 4 .3 − 0 .05 1 .1 – – – – − 0 .13 
10780 5407 4 .3 0 .04 0 .9 0 .16 0 .06 − 0 .02 0 .03 − 0 .12 
11007 5980 4 .0 − 0 .20 1 .1 0 .13 0 .05 0 .15 0 .06 0 .29 
11373 4783 4 .65 0 .08 1 .0 – – – – –
12846 5766 4 .5 − 0 .24 1 .2 0 .29 0 .04 0 .19 0 .07 0 .33 
13507 5714 4 .5 − 0 .02 1 .1 0 .09 – 0 .12 0 .05 − 0 .01 
14374 5449 4 .3 − 0 .09 1 .1 0 .06 – 0 .07 0 .06 0 .18 
16160 4829 4 .6 − 0 .16 1 .1 0 .21 – 0 .21 0 .00 0 .25 
17674 5909 4 .0 − 0 .14 1 .1 0 .06 0 .06 0 .06 0 .12 0 .28 
17925 5225 4 .3 − 0 .04 1 .1 – – – – –
18632 5104 4 .4 0 .06 1 .4 – – – – –
18803 5665 4 .55 0 .14 0 .8 0 .03 0 .07 − 0 .03 0 .05 − 0 .12 
19019 6063 4 .0 − 0 .17 1 .1 0 .22 – 0 .21 0 .06 0 .16 
19373 5963 4 .2 0 .06 1 .1 − 0 .06 0 .02 − 0 .02 0 .05 0 .01 
20630 5709 4 .5 0 .08 1 .1 0 .07 0 .04 0 .00 0 .03 − 0 .06 
22049 5084 4 .4 − 0 .15 1 .1 – – – – –
22484 6037 4 .1 − 0 .03 1 .1 0 .12 0 .03 0 .07 0 .02 0 .15 
22556 6155 4 .2 − 0 .17 1 .1 – – – – –
24053 5723 4 .4 0 .04 1 .1 0 .06 0 .04 0 .05 0 .05 0 .13 
24238 4996 4 .3 − 0 .46 1 .0 0 .28 – 0 .31 0 .07 0 .23 
24496 5536 4 .3 − 0 .13 1 .5 0 .18 0 .03 0 .14 0 .05 0 .02 
25665 4967 4 .7 0 .01 1 .2 – – – – –
25680 5843 4 .5 0 .05 1 .1 – – – – –
26923 5920 4 .4 − 0 .03 1 .0 0 .12 0 .06 0 .12 0 .05 − 0 .10 
28005 5980 4 .2 0 .23 1 .1 − 0 .03 0 .04 − 0 .06 0 .03 0 .14 
28447 5639 4 .0 − 0 .09 1 .1 0 .14 0 .04 0 .17 0 .03 0 .08 
29150 5733 4 .3 0 .00 1 .1 0 .06 0 .01 0 .04 0 .02 − 0 .13 
29310 5852 4 .2 0 .08 1 .4 – – – – –
29645 6009 4 .0 0 .14 1 .3 − 0 .07 0 .05 − 0 .09 0 .04 − 0 .12 
30495 5820 4 .4 − 0 .05 1 .3 – – – –
33632 6072 4 .3 − 0 .24 1 .1 0 .11 0 .04 0 .19 0 .04 0 .28 
34411 5890 4 .2 0 .10 1 .1 – – – –
37008 5016 4 .4 − 0 .41 0 .8 0 .18 – 0 .26 – 0 .18 
37394 5296 4 .5 0 .09 1 .1 – – – – –
38858 5776 4 .3 − 0 .23 1 .1 0 .19 0 .09 0 .18 0 .07 0 .12 
39587 5955 4 .3 − 0 .03 1 .5 0 .11 0 .03 0 .05 0 .03 0 .20 
40616 5881 4 .0 − 0 .22 1 .1 0 .17 0 .04 0 .15 0 .03 0 .16 
41330 5904 4 .1 − 0 .18 1 .2 0 .15 0 .05 0 .19 0 .06 0 .32 
41593 5312 4 .3 − 0 .04 1 .1 − 0 .02 0 .11 0 .01 0 .08 − 0 .14 
42618 5787 4 .5 − 0 .07 1 .0 0 .11 0 .03 0 .17 0 .05 0 .01 
42807 5719 4 .4 − 0 .03 1 .1 0 .09 0 .08 0 .06 0 .05 0 .05 
43587 5927 4 .1 − 0 .11 1 .3 0 .01 0 .06 0 .07 0 .05 0 .30 
43856 6143 4 .1 − 0 .19 1 .1 0 .19 0 .04 0 .09 0 .04 –
43947 6001 4 .3 − 0 .24 1 .1 0 .06 0 .04 0 .12 0 .03 0 .33 
45088 4959 4 .3 − 0 .21 1 .2 0 .33 0 .07 0 .21 0 .00 0 .25 
47752 4613 4 .6 − 0 .05 0 .2 – – – – − 0 .13 
48682 5989 4 .1 0 .05 1 .3 − 0 .08 0 .09 − 0 .05 0 .04 0 .07 
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Table A1 – continued 

HD/BD thin disc T eff , K log g [Fe/H] V t [Gd/Fe] Standard deviation [Dy/Fe] Standard deviation [Th/Fe] 

50281 4712 3 .9 − 0 .20 1 .6 – – – – –
50692 5911 4 .5 − 0 .10 0 .9 0 .11 0 .06 0 .12 0 .03 0 .24 
51419 5746 4 .1 − 0 .37 1 .1 0 .32 0 .11 0 .25 0 .08 0 .39 
51866 4934 4 .4 0 .00 1 .0 – – – – –
53927 4860 4 .64 − 0 .22 1 .2 0 .17 0 .04 0 .27 0 .00 0 .11 
54371 5670 4 .2 0 .06 1 .2 – – – – –
55575 5949 4 .3 − 0 .31 1 .1 0 .18 0 .04 0 .21 0 .06 0 .35 
58595 5707 4 .3 − 0 .31 1 .2 0 .20 0 .08 0 .21 0 .04 0 .30 
59747 5126 4 .4 − 0 .04 1 .1 − 0 .04 0 .07 − 0 .01 – − 0 .04 
61606 4956 4 .4 − 0 .12 1 .3 – – – – –
62613 5541 4 .4 − 0 .10 1 .1 0 .14 0 .08 0 .11 0 .08 0 .14 
63433 5693 4 .35 − 0 .06 1 .9 0 .08 0 .00 0 .23 0 .03 0 .15 
64468 5014 4 .2 0 .00 1 .2 0 .07 0 .00 − 0 .02 0 .06 − 0 .13 
64815 5864 4 .0 − 0 .33 1 .1 0 .28 0 .08 0 .23 0 .08 –
65874 5936 4 .0 0 .05 1 .3 – – – – –
66573 5821 4 .6 − 0 .53 1 .1 0 .38 0 .06 0 .37 0 .05 0 .45 
68638 5430 4 .4 − 0 .24 1 .1 0 .14 0 .06 0 .09 0 .05 0 .23 
70923 5986 4 .2 0 .06 1 .1 0 .00 0 .05 − 0 .07 0 .05 0 .06 
71148 5850 4 .2 0 .00 1 .1 – – – – − 0 .13 
72760 5349 4 .1 0 .01 1 .1 – – – – –
72905 5884 4 .4 − 0 .07 1 .5 – – – – –
73344 6060 4 .1 0 .08 1 .1 0 .02 0 .04 − 0 .11 0 .05 − 0 .06 
73667 4884 4 .4 − 0 .58 0 .9 0 .42 0 .06 0 .28 0 .05 0 .55 
75732 5373 4 .3 0 .25 1 .1 − 0 .07 0 .04 − 0 .13 0 .06 0 .02 
75767 5823 4 .2 − 0 .01 0 .9 – – – – –
76151 5776 4 .4 0 .05 1 .1 – – – – –
79969 4825 4 .4 − 0 .05 1 .0 – – – – –
82106 4827 4 .1 − 0 .11 1 .1 0 .08 0 .07 0 .04 0 .04 0 .25 
82443 5334 4 .4 − 0 .03 1 .3 − 0 .03 0 .08 0 .10 0 .03 0 .10 
87883 5015 4 .4 0 .00 1 .1 – – – – –
88072 5778 4 .3 0 .00 1 .1 0 .05 0 .03 0 .07 0 .03 0 .02 
89251 5886 4 .0 − 0 .12 1 .1 – – 0 .14 0 .08 –
89269 5674 4 .4 − 0 .23 1 .1 0 .19 0 .05 0 .09 0 .05 0 .17 
91347 5931 4 .4 − 0 .43 1 .1 0 .24 0 .05 0 .26 0 .03 0 .50 
94765 5077 4 .4 − 0 .01 1 .1 0 .15 0 .06 0 .01 0 .04 − 0 .07 
95128 5887 4 .3 0 .01 1 .1 0 .06 0 .00 0 .02 0 .03 0 .01 
97334 5869 4 .4 0 .06 1 .2 − 0 .02 0 .04 − 0 .04 0 .03 0 .06 
97658 5136 4 .5 − 0 .32 1 .2 0 .29 0 .07 0 .27 0 .04 0 .21 
98630 6060 4 .1 0 .22 1 .4 – – – – –
101177 5932 4 .1 − 0 .16 1 .1 0 .13 0 .07 0 .14 0 .03 0 .25 
102870 6055 4 .0 0 .13 1 .4 − 0 .09 0 .05 − 0 .04 0 .05 0 .09 
105631 5416 4 .4 0 .16 1 .2 – – – – –
107705 6040 4 .2 0 .06 1 .4 – – – – –
108954 6037 4 .4 − 0 .12 1 .1 – – – – 0 .21 
109358 5897 4 .2 − 0 .18 1 .1 0 .14 0 .05 0 .12 0 .03 0 .32 
110463 4950 4 .5 − 0 .05 1 .2 – – – – –
110833 5075 4 .3 0 .00 1 .1 – – – – –
111395 5648 4 .6 0 .10 0 .9 0 .02 0 .09 − 0 .05 0 .00 –
112758 5203 4 .2 − 0 .56 1 .1 – – – –
114710 5954 4 .3 0 .07 1 .1 − 0 .05 0 .04 − 0 .03 0 .05 − 0 .05 
115383 6012 4 .3 0 .11 1 .1 − 0 .06 0 .03 0 .01 0 .03 0 .01 
115675 4745 4 .45 0 .02 1 .0 – – – – –
116443 4976 3 .9 − 0 .48 1 .1 – – – – 0 .35 
116956 5386 4 .55 0 .08 1 .2 0 .06 0 .06 − 0 .01 0 .03 − 0 .21 
117043 5610 4 .5 0 .21 0 .4 − 0 .02 0 .03 − 0 .14 0 .03 − 0 .09 
119802 4763 4 .0 − 0 .05 1 .1 – – – – –
122064 4937 4 .5 0 .07 1 .1 – – – – − 0 .05 
124642 4722 4 .65 0 .02 1 .3 – – – – –
125184 5695 4 .3 0 .31 0 .7 – – – – –
126053 5728 4 .2 − 0 .32 1 .1 0 .19 0 .05 0 .16 0 .05 0 .46 
127506 4542 4 .6 − 0 .08 1 .2 – – – – –
128311 4960 4 .4 0 .03 1 .3 0 .16 0 .05 0 .00 0 .03 –
130307 4990 4 .3 − 0 .25 1 .4 0 .27 0 .05 0 .23 0 .03 –
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Table A1 – continued 

HD/BD thin disc T eff , K log g [Fe/H] V t [Gd/Fe] Standard deviation [Dy/Fe] Standard deviation [Th/Fe] 

130948 5943 4 .4 − 0 .05 1 .3 – – – – –
131977 4683 3 .7 − 0 .24 1 .8 – – – – –
135599 5257 4 .3 − 0 .12 1 .0 0 .07 0 .04 0 .11 0 .05 0 .21 
137107 6037 4 .3 0 .00 1 .1 0 .05 0 .03 0 .05 0 .04 − 0 .13 
139777 5771 4 .4 0 .01 1 .3 0 .11 0 .00 0 .08 0 .05 –
139813 5408 4 .5 0 .00 1 .2 – – – – –
140538 5675 4 .5 0 .02 0 .9 – – – – –
141004 5884 4 .1 − 0 .02 1 .1 0 .12 0 .03 0 .08 0 .06 0 .04 
141272 5311 4 .4 − 0 .06 1 .3 0 .16 0 .03 0 .09 0 .03 0 .00 
142267 5856 4 .5 − 0 .37 1 .1 – – – – –
144287 5414 4 .5 − 0 .15 1 .1 0 .22 0 .05 0 .21 0 .03 0 .19 
145675 5406 4 .5 0 .32 1 .1 − 0 .05 0 .05 − 0 .10 0 .03 0 .10 
146233 5799 4 .4 0 .01 1 .1 0 .14 0 .03 0 .13 0 .02 − 0 .09 
149661 5294 4 .5 − 0 .04 1 .1 0 .16 0 .07 0 .09 0 .05 − 0 .14 
149806 5352 4 .55 0 .25 0 .4 – – – – –
151541 5368 4 .2 − 0 .22 1 .3 – – – – –
153525 4810 4 .7 − 0 .04 1 .0 – – – – –
154345 5503 4 .3 − 0 .21 1 .3 0 .18 0 .05 0 .11 0 .04 0 .35 
156668 4850 4 .2 − 0 .07 1 .2 0 .17 0 .04 0 .22 0 .07 0 .16 
156985 4790 4 .6 − 0 .18 1 .0 – – 0 .17 
158633 5290 4 .2 − 0 .49 1 .3 0 .20 0 .08 0 .19 0 .04 0 .51 
160346 4983 4 .3 − 0 .10 1 .1 – – – – –
161098 5617 4 .3 − 0 .27 1 .1 – – – – –
164922 5392 4 .3 0 .04 1 .1 – – – – –
165173 5505 4 .3 − 0 .05 1 .1 0 .15 0 .06 0 .09 – − 0 .03 
165341 5314 4 .3 − 0 .08 1 .1 – – – – − 0 .03 
165476 5845 4 .1 − 0 .06 1 .1 – – – – –
165670 6178 4 .0 − 0 .10 1 .5 – – – – –
165908 5925 4 .1 − 0 .60 1 .1 0 .25 0 .04 0 .30 0 .06 –0 .37 
166620 5035 4 .0 − 0 .22 1 .0 – – – – –
171314 4608 4 .65 0 .07 1 .0 – – – – –
174080 4764 4 .55 0 .04 1 .0 – – – – 0 .08 
175742 5030 4 .5 − 0 .03 2 .0 – – – – –
176377 5901 4 .4 − 0 .17 1 .3 0 .14 0 .07 0 .18 0 .02 0 .11 
176841 5841 4 .3 0 .23 1 .1 – – – – − 0 .11 
178428 5695 4 .4 0 .14 1 .0 – – – – − 0 .17 
180161 5473 4 .5 0 .18 1 .1 – – – – –
182488 5435 4 .4 0 .07 1 .1 – – – – 0 .05 
183341 5911 4 .3 − 0 .01 1 .3 – – – – –
184385 5536 4 .45 0 .12 0 .9 0 .00 0 .05 − 0 .03 0 .05 –
185144 5271 4 .2 − 0 .33 1 .1 0 .10 0 .05 0 .06 0 .03 0 .37 
185414 5818 4 .3 − 0 .04 1 .1 0 .04 0 .04 0 .08 0 .02 − 0 .14 
186408 5803 4 .2 0 .09 1 .1 – – – – − 0 .22 
186427 5752 4 .2 0 .02 1 .1 – – – – − 0 .10 
187897 5887 4 .3 0 .08 1 .1 − 0 .01 0 .05 − 0 .02 0 .06 − 0 .01 
189087 5341 4 .4 − 0 .12 1 .1 – – – – 0 .01 
189733 5076 4 .4 − 0 .03 1 .5 0 .13 0 .04 0 .13 0 .05 –
190007 4724 4 .5 0 .16 0 .8 – – – – –
190406 5905 4 .3 0 .05 1 .0 – – – – 0 .07 
190470 5130 4 .3 0 .11 1 .0 0 .00 0 .06 − 0 .10 0 .05 − 0 .14 
190771 5766 4 .3 0 .13 1 .5 – – – – –
191533 6167 3 .8 − 0 .10 1 .5 – – – – 0 .19 
191785 5205 4 .2 − 0 .12 1 .2 0 .12 0 .04 0 .08 0 .06 0 .26 
195005 6075 4 .2 − 0 .06 1 .3 – – – – 0 .08 
195104 6103 4 .3 − 0 .19 1 .1 – – – – –
197076 5821 4 .3 − 0 .17 1 .2 0 .09 0 .05 0 .11 0 .05 0 .29 
199960 5878 4 .2 0 .23 1 .1 – – – – –
200560 5039 4 .4 0 .06 1 .1 – – – – –
202108 5712 4 .2 − 0 .21 1 .1 0 .16 0 .08 0 .19 0 .03 0 .35 
202575 4667 4 .6 − 0 .03 0 .5 – – – – 0 .20 
203235 6071 4 .1 0 .05 1 .3 – – – – –
205702 6020 4 .2 0 .01 1 .1 0 .06 0 .07 − 0 .01 0 .05 0 .21 
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Table A1 – continued 

HD/BD thin disc T eff , K log g [Fe/H] V t [Gd/Fe] Standard deviation [Dy/Fe] Standard deviation [Th/Fe] 

206860 5927 4 .6 − 0 .07 1 .8 0 .09 0 .07 0 .10 – 0 .16 
208038 4982 4 .4 − 0 .08 1 .0 – – – – –
208313 5055 4 .3 − 0 .05 1 .0 – – – – –
208906 5965 4 .2 − 0 .80 1 .7 0 .44 0 .13 0 .39 0 .05 0 .57 
210667 5461 4 .5 0 .15 0 .9 0 .12 0 .05 0 .03 0 .03 –
210752 6014 4 .6 − 0 .53 1 .1 0 .40 0 .41 0 .04 –
211472 5319 4 .4 − 0 .04 1 .1 0 .04 0 .03 0 .06 0 .03 0 .06 
214683 4747 4 .6 − 0 .46 1 .2 – – – – 0 .53 
216259 4833 4 .6 − 0 .55 0 .5 – – – – –
216520 5119 4 .4 − 0 .17 1 .4 – – – – –
217014 5763 4 .3 0 .17 1 .1 − 0 .08 0 .08 0 .02 0 .05 − 0 .10 
217813 5845 4 .3 0 .03 1 .5 0 .04 0 .00 0 .02 0 .00 –
218868 5547 4 .45 0 .21 0 .4 – – – – − 0 .19 
219538 5078 4 .5 − 0 .04 1 .1 – – – – –
219623 5949 4 .2 0 .04 1 .2 – – – – − 0 .12 
220140 5144 4 .6 − 0 .03 2 .4 – – – – –
220182 5364 4 .5 − 0 .03 1 .2 – – – – –
220221 4868 4 .5 0 .16 0 .5 0 .09 0 .04 0 .06 0 .03 − 0 .04 
221851 5184 4 .4 − 0 .09 1 .0 0 .16 0 .07 0 .12 0 .03 –
222143 5823 4 .45 0 .15 1 .1 – – – – –
224465 5745 4 .5 0 .08 0 .8 – – – – –
263175 4734 4 .5 − 0 .16 0 .5 0 .16 0 .03 0 .14 0 .04 0 .13 
BD12063 4859 4 .4 − 0 .22 0 .6 0 .19 0 .00 0 .21 0 .05 0 .34 
BD124499 4678 4 .7 0 .00 0 .5 – – – – –
thick disc 
245 5400 3 .4 − 0 .84 0 .7 0 .38 0 .12 0 .47 0 .05 0 .46 
3765 5079 4 .3 0 .01 1 .1 0 .06 0 .07 0 .07 0 .05 − 0 .01 
5351 4378 4 .6 − 0 .21 0 .5 – – – – 0 .33 
6582 5350 4 .5 − 0 .83 0 .4 0 .28 0 .06 0 .22 0 .06 0 .60 
13783 5350 4 .1 − 0 .75 1 .1 – – – – 0 .57 
18757 5741 4 .3 − 0 .25 1 .0 0 .15 0 .03 0 .16 0 .05 0 .32 
22879 5825 4 .42 − 0 .91 0 .9 0 .41 0 .03 0 .38 0 .03 0 .58 
65583 5373 4 .6 − 0 .67 0 .7 0 .37 0 .06 0 .34 0 .08 0 .49 
76932 5840 4 .0 − 0 .95 1 .0 – – – – 0 .57 
106516 6165 4 .4 − 0 .72 1 .1 – – – – –
110897 5925 4 .2 − 0 .45 1 .1 0 .15 0 .06 0 .16 0 .05 0 .42 
135204 5413 4 .0 − 0 .16 1 .1 – – – 0 .03 
152391 5495 4 .3 − 0 .08 1 .3 0 .13 0 .06 0 .07 0 .05 0 .10 
157089 5785 4 .0 − 0 .56 1 .0 – – – – 0 .43 
157214 5820 4 .5 − 0 .29 1 .0 – – – – 0 .21 
159062 5414 4 .3 − 0 .40 1 .0 0 .34 0 .03 0 .23 0 .05 0 .27 
165401 5877 4 .3 − 0 .36 1 .1 – – – – 0 .13 
190360 5606 4 .4 0 .12 1 .1 − 0 .02 0 .03 0 .04 – 0 .15 
201889 5600 4 .1 − 0 .85 1 .2 0 .40 0 .03 0 .41 0 .05 0 .57 
201891 5850 4 .4 − 0 .96 1 .0 0 .45 0 .03 0 .37 0 .03 0 .58 
204521 5809 4 .6 − 0 .66 1 .1 0 .40 0 .03 0 .36 0 .05 0 .58 
Hercules stream 

13403 5724 4 .0 − 0 .31 1 .1 0 .20 0 .03 0 .19 0 .05 0 .48 
19308 5844 4 .3 0 .08 1 .1 − 0 .03 0 .03 − 0 .04 0 .02 0 .14 
23050 5929 4 .4 − 0 .36 1 .1 0 .23 0 .07 0 .22 0 .02 0 .43 
30562 5859 4 .0 0 .18 1 .1 – – – – –
64606 5250 4 .2 − 0 .91 0 .8 0 .33 0 .05 0 .35 0 .05 0 .73 
68017 5651 4 .2 − 0 .42 1 .1 – – – – –
81809 5782 4 − 0 .28 1 .3 0 .18 0 .03 0 .15 0 .03 0 .25 
107213 6156 4 .1 0 .07 1 .6 − 0 .05 0 .07 − 0 .10 0 .04 0 .15 
139323 5204 4 .6 0 .19 0 .7 − 0 .09 0 .06 0 .04 0 .03 − 0 .02 
139341 5242 4 .6 0 .21 0 .9 – – – – –
144579 5294 4 .1 − 0 .70 1 .3 0 .35 0 .03 0 .35 0 .04 0 .67 
159222 5834 4 .3 0 .06 1 .2 0 .01 0 .05 0 .00 0 .06 − 0 .04 
159909 5749 4 .1 0 .06 1 .1 – – – – –
215704 5418 4 .2 0 .07 1 .1 – – – – –
218209 5705 4 .5 − 0 .43 1 .0 0 .32 0 .03 0 .32 0 .05 0 .50 
221354 5242 4 .1 − 0 .06 1 .2 0 .06 0 .09 0 .08 
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Table A1 – continued 

HD/BD thin disc T eff , K log g [Fe/H] V t [Gd/Fe] Standard deviation [Dy/Fe] Standard deviation [Th/Fe] 

Non-classified 
4628 4905 4 .6 − 0 .36 0 .5 – – 0 .24 0 .05 –
4635 5103 4 .4 0 .07 0 .8 0 .05 0 .10 0 .11 0 .10 0 .15 
10145 5673 4 .4 − 0 .01 1 .1 – – – – –
12051 5458 4 .55 0 .24 0 .5 – – – – –
13974 5590 3 .8 − 0 .49 1 .1 0 .14 0 .03 0 .07 0 .03 0 .31 
17660 4713 4 .75 0 .17 1 .3 – – – – –
20165 5145 4 .4 − 0 .08 1 .1 – – – – –
24206 5633 4 .5 − 0 .08 1 .1 0 .10 0 .00 0 .12 0 .05 0 .20 
32147 4945 4 .4 0 .13 1 .1 0 .02 0 .04 − 0 .01 0 .03 0 .29 
45067 6058 4 .0 − 0 .02 1 .2 – – – – –
84035 4808 4 .8 0 .25 0 .5 – – – – –
86728 5725 4 .3 0 .22 0 .9 – – – – –
90875 4788 4 .5 0 .24 0 .5 – – – – –
117176 5611 4 .0 − 0 .03 1 .0 0 .10 0 .05 0 .11 0 .03 0 .25 
117635 5230 4 .3 − 0 .46 0 .7 – – – – –
154931 5910 4 .0 − 0 .10 1 .1 – – – – –
159482 5620 4 .1 − 0 .89 1 .0 – – – – –
168009 5826 4 .1 − 0 .01 1 .1 – – – – –
173701 5423 4 .4 0 .18 1 .1 − 0 .01 0 .07 − 0 .02 0 .05 0 .14 
182736 5430 3 .7 − 0 .06 1 .0 0 .10 0 .03 0 .11 0 .04 0 .23 
184499 5750 4 .0 − 0 .64 1 .5 0 .31 0 .00 0 .33 0 .03 0 .66 
184768 5713 4 .2 − 0 .07 1 .1 – – – – –
186104 5753 4 .2 0 .05 1 .1 – – – – –
215065 5726 4 .0 − 0 .43 1 .1 0 .27 0 .03 0 .18 0 .04 0 .35 
219134 4900 4 .2 0 .05 0 .8 – – – – –
219396 5733 4 .0 − 0 .10 1 .2 0 .09 0 .03 0 .15 0 .05 0 .32 
224930 5300 4 .1 − 0 .91 0 .7 0 .33 0 .05 0 .20 0 .02 0 .61 
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