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ABSTRACT

[astro-ph.SR] 30 Jun 2015

Context. In the current era of large spectroscopic surveys of theyillay, reference stars for calibrating astrophysical patans
and chemical abundances are of paramount importance.

Aims. We determine elemental abundances of Mg, Si, Ca, Sc, Ti,,\WiGrCo and Ni for our predefined setGhia FGK benchmark
stars.

Methods. By analysing high-resolution and high-signal to noise spetaken from several archive datasets, we combined sesult
of eight diferent methods to determine abundances on a line-by-lins.b¥¢e perform a detailed homogeneous analysis of the
systematic uncertainties, such affeliential versus absolute abundance analysis, as well assessaerrors due to NLTE and the
stellar parameters in our final abundances.

Results. Our results are provided by listing final abundances and itfierdnt sources of uncertainties, as well as line-by-line and
method-by-method abundances.

Conclusions. The Gaia FGK benchmark stars atmospheric parameters are already kédely used for calibration of several
pipelines applied to dierent surveys. With the added reference abundances of teele this set is very suitable to calibrate the
chemical abundances obtained by these pipelines.

1. Introduction precisely but also the chemical abundances of severalidhdiv
. _ ) ual elements. Examples of such projects areGha-ESO Sur-
>< M_uch of our understanding on the structure ar}d evolutiomef tvey Gilmore et al. 2012Randich et al. 2013hereafter GES),
s ‘Milky Way comes nowadays from the analysis of large stellgfay/g (Steinmetz et al. 2006 APOGEE @llende Prieto et al.
(T spectroscopic surveys. After the revolution of the way @ plygpg, GALAH (De Silva et al. 201pand the future billion of
sue Galactic science with the low-resolution spectra fr@@8S 4,5 from the Radial Velocity Spectrograph (RVS) frGaia.
data (seelvezic et al. 2012for a review), new surveys are on-grthermore, several groups have collected over the yazags |
going. These have_much higher resolution than SDSS aIIOW'é‘Qmples of stars, creating “independent” surveys for theesa
not only to determine the stellar parameters of the starmey,ose of unraveling the structure and chemical enricthien
tory of our Galaxy (e.gFuhrmann 201;1Adibekyan et al. 2012

Send offprint requests to: Ramirez et al. 201Bensby et al. 201,4and references therein).
P. Jofré, e-mailpjofre@ast.cam.ac.uk

* Based on NARVAL and HARPS data obtained within the Gaia
DPAC (Data Processing and Analysis Consortium) and coateléhby furt

the GBOG (Ground-Based Observations for Gaia) working grarnd h(_ermore, to link the data betwegn thefeiient surveys '.n a
on data retrieved from the ESO-ADP database. consistent way, good standard calibrators are needed. iJo th

** Tables XX are only available in electronic form at the CDEIM, we have defined a sample, tBaia FGK benchmark stars
via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.6)via (hereafter GBS), which includes 34 FGK stars of a wide rarige o
httpy/cdsweb.u-strasbg/égi-biryqcat?JA+A/ metallicities and gravities. These stars should be reptatee

Iv:1507.00027v1

To parametrise these data properly in an automatic way, and
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of the ditferent FGK stellar populations of the Galaxy. The sanbut none of them have done it for the whole sample. Under the
ple is presented irHeiter et al. 201phereafter Paper 1) describ-same argument as in Paper Il (inhomogeneity in the liteedtu
ing the determination offéective temperature and surface grawe determined the abundances in an homogeneous way for all
ity. Briefly, the GBS were chosen such that the angular diamethe GBS.
bolometric flux and distance of the stars are known. Angular We focus in this article on the abundance determination of
diameters are known from interferometric observationsiiost the o elements Mg, Si, Ca and Ti and the iron-peak elements
of the stars with accuracies better than 1%; bolometric #ux8c, V, Cr, Mn, Co and Ni. There are two main reasons for
are known from integrations of the observed spectral engisgy starting with these elements. The first one is a practical rea
tribution for most of the stars with accuracies better th&y 5 son: the data contains at least 12 spectral lines for eadheof t
and distances are known from parallaxes with accuracigsrbeglements, which allow us to follow a similar procedure as in
than 2%. The source and value for each star can be found in Paper Il for deriving the iron abundances. The second rea-
per . This information allowed us to determine the tempgeat son is thatr and iron-peak element are widely used for Galac-
directly from the Stefan-Boltzmann relation. WithgTand lu- tic chemo-dynamical studies (see e.g.Bensby etal. 2014
minosity in hand, the mass could be determined homogeneousbeche et al. 20%14Jackson-Jones et al. 2Q1Mikolaitis et al.
from stellar evolution models, and then the surface grawipg 2014 Nidever et al. 2014and references therein).
the Newton’s law of gravity (see Paper | for details). This article is organised as follows. In Se2twe describe

The third main atmospheric parameter for the characterishe data used in this work, which includes a brief descriptib
tion of stellar spectra is the metallicity, [}, which was deter- the updates of our library as well as the atomic data consitier
mined from a spectroscopic analysis. Since the GBS areddcafior our analysis. In SecB we explain the methods and strategy
in the Northern and Southern hemispheres, we built a spéictraemployed in our work, that is, we describe thé&eatient methods
brary collecting high resolution and high signal-to-ngiS&R) to determine abundances considered here, as well as thesianal
spectra Blanco-Cuaresma et al. 2014tereafter Paper Il). Us- procedure employed by the methods. The analysis of our re-
ing this spectral library, we determined the metallicityrfriron sults and the determination of abundances is explaineddh &e
lines Qofré et al. 2014bhereafter Paper IIl). In that work wewhile the several sources of systematic errors are desciibe
combined the results of six flierent methods, which used theSect.5, such as NLTE departures and uncertainties of the at-
same input atmosphere models and line list. There are devefiaspheric parameters. We proceed in the article with alddtai
studies in the literature reporting metallicities for thB& but discussion of our results for each element individually&etss.
as pointed out in Paper lll, they have a large scatter dueeto th Sect.7 we summarise and conclude this work.
different methods and input data employed in the analysis. We
determined the metallicity homogeneously, such that tie¢{F
values for all stars can be used as reference in the same Wa}Q.'Spectroscopic data and input material
addition to a final [F@H] value, we provided the results of each
method for each star and spectral line. This allows the GBSltothis section we describe the data we employed in this aisaly
be excellent material of reference when particular mettards By data we refer to the spectra (described in Sedj), list of
spectral regions are being investigated. A summary of ties spectral lines (described in Seét2) and the atomic data and
of papers and the parameters of the GBS can be also foun@tmospheric models (described in Secg).
Jofré et al(20143.

The material of the GBS are already being used to evalu :
and calibrate several methods to determine parameterse@ne%t'ﬁ' Spectral library
ample is the GES pipelinésniljanic et al. 2014Recio-Blanco As in our previous work on the subject, we built a library of
et al in prep), where the spectra of the GBS have been obsermgfh resolution spectra of the GBS, using our own observa-
by the survey for this purpose (see also Pancino et al. subd. @ons on the NARVAL spectrograph at Pic du Midi in addition
Randich et al. 201,3for calibration strategy of GES). In addi-to archived data. The fierent spectra were processed with
tion, recently inDe Pascale et a(2014, as part of the AMBRE the tools described in Paper land in Blanco-Cuaresma et al.
project (e Laverny et al. 20Q)3consisting in determining stel- (20143. Briefly, the spectra were normalised, convolved to a
lar parameters of the ESO archive spectra, the GBS parasnet@immon resolution, radial velocity corrected and re-sauhpl
are used to show consistency. Furthermore, with the tools dwe final library employed hereftiérs from the 70 k library used
scribed in Paper Il we have created GBS spectral librariesitoPaper Il in the following aspects:
have them in an SDSS-like data format which were analysed
by Schonrich & Bergemani2014. We also created libraries _
to reproduce RAVE-like data which helps to improve the anal- .om the PolarBaseRetit et al. 201 They were ingested
ysis of metal-rich stars of the RAVE samplédrdopatis 2014 in our library in chF(same fashior?‘ as the standard spectra
and GALAH-like spectra, which were initially used to develo  om HARPS, UVES and NARVAL. The advantage of ES-
its pipeline. Recently, some GBS have started being obderve pypons spectrais that the original spectra cover a verg larg
for GALAH with its own instrument e Silva etal. 201p In- wavelength range like those of NARVAL, (they are the same
deed, the GBS are showing the potential to be excellent ttars spectrographs) and have high resolution and high SNR. In

cross-calibrate dierent survey data. , _ . addition to ESPaDONS spectra, we added for the Sun and
_Inthis paper we present the further step in our analysistwhic - arctyrus the spectra from the Atlas biinkle et al.(2000).
is the determination of individual abundances. The mdtvat  ajthough the atlases were part of our library published in

A new source of spectra: ESPaDONS spectra were retrieved

for this is that high-resolution spectroscopic surveyedeine  paper ||, they became available after the analysis of Péiper |
not only the main stellar parameters automatically, but aidi- was carried out.

vidual abundances. Thus, a reference value for these aboasla

is needed. Since the GBS are well known, there is an extensivehe spectral library can downloaded from

list of previous works that have measured individual abuieda, httpy/www.blancocuaresma.cggbenchmarkstars
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— New processed spectra: Since the analysis of Paper Il Table 1. Spectral source used for each star. In parenthesis the date
'of observation of the spectra is indicated, except if thespm was

the UVES advanced data archive has provided newly re-
duced spectra of all archive data in an homogenous fa c
ion. We have updated our spectra considering this. In addi-

product of stacked spectra taken iffatient nights. N: Narval, U:
ES, E: ESPaDONS, H: HARPS, P: UVES.POP, A: Atlas.

tion, over the past year new spectra of GBS have been taken gy

UVES1

UVES2

HR21

with UVES, which we ingested in our library. In particular,” 18Sco
the spectrum ofr Cen A was kindly provided by Svetlana 61CygA
Hubrig before being public in the ESO archives. GlgygAB
— Wavelength coverage: The spectral range of the HR21 Gi- Zciﬂ B
raffe setup £848 — 875 nm), was included in addition to the 4 cet
standard UVES 580~480 — 680 nm). The reason was to « Tau
provide reference spectra and abundances in the wavelengtiycturus
range cover by the Gaia-RVS spectrograph and with Milky gégiq
Way field targets of GES observed with Gl

Hyi

— Telluric free: The telluric lines in the HR21 range were re- f;\ﬁyr
moved from the spectra (Sordo, R. priv. comm). S Eri

— Resolution: The data for this study at all wavelength ranges EFE(;'r
have a resolving power of R 65,000. This limit was set

according to the ESPaDONSs spectra, which have that resolu-; Boo

tion. v Sge
_ Normalisation:  Th ; re normali ina the Gmb 1830
ormalisatio e spectra are normalised using t €b107328

newest normalisation routines of iSpec as described 5750563
Blanco-Cuaresma et dR0143. HD140283
HD220009

The source of the spectrum used for each star is summarised hP22879
Tablel. Note that for some stars we could not find a spectrum inD49933

the HR21 range with high resolution. As in Paper lll, based onHDB,_f;,%37
visual criteria, we selected “our favourite” spectra focleatar, uAra

which were based on continuum placement and telluric contam u Cas
nation. For the UVES-580 wavelength range, we took two spec- # Leo
tra (UVES1 and UVES?2 in Tabl) except those cases where Proszg”
we had only one spectrum per star. There were three main rea-'g,
sons for choosing two spectra: (1) to cover the wavelengph ga  r Cet

E (2005-06-20)
N (2009-10-16)
N (2009-10-13)
H (2005-04-19)
H (2005-04-08)
U (2003-08-11)
U (2004-09-24)
N (2009-12-11)
H (2007-09-29)
H (2007-11-06)
P (2001-07-25)
E (2005-12-15)
P (2001-11-28)
H (2005-12-28)
H (2007-10-22)
E (2996-02-15)
N (2009-12-11)
N (2011-09-30)
N (2012-01-09)
H (2007-10-22)
E (2006-02-16)
E (2011-06-12)
N (2009-10-16)
H (2007-10-22)
E (2005-12-18)
U (2002-11-28)
E (2005-09-21)
H (2004-06-08)
N (2009-11-26)
E (2006-02-17)
E (2005-12-14)
H (2007-09-30)
H(-)
E (2005-09-21)

N (2012-03-10)

U (2000-04-11)

N (2009-12-09)
H (2007-10-22)
A (2000-01-01)

U (2008-02-25)
H (2005-11-13)
H (2009-04-10)

P (2002-10-11)

H (2008-02-24)
H (2008-02-24)

N (2009-11-26)
U (2002-02-19)
N (2012-01-09)
H (2007-10-22)
N (2009-11-27)
H (2011-01-05)
P (2002-11-28)
H (2008-02-24)
U (2003-09-05)

N (2011-12-10)
H (2007-11-06)
U (2003-02-08)
A (2000-01-01)
H (2008-09-09)

E (2005-06-20)
N (2009-10-16)
N (2009-10-13)

U (2012-01-20)

N (2009-12-09)
N (2009-10-26)
A (2000-01-01)

E (2007-12-29)
P (2001-07-25)
E (2005-12-15)
P (2001-11-28)
P (2002-10-11)

N (2009-11-27)
N (2009-12-11)
N(2011-09-30)
N (2012-01-09)
N (2009-11-26)
E (2006-02-16)
E (2011-06-12)
N (2009-10-16)
N (2009-11-27)
E (2005-12-18)
N (2012-01-08)
E (2005-09-21)
U (2011-04-12)
N (2009-11-26)
E (2006-02-17)
E (2005-12-14)

A (2000-01-01)
E (2005-09-21)

of the red and blue CCD of the UVES-580 setup with data of
other spectrographs, (2) to determine abundances initefier

gions with more confidence, (3) as validation check for régeta in Table2. Additionally, as part of the online material, the ta-

lines, which must give same abundances regardless of instjle (INFO_LINES) contains the wavelength and atomic data of
ment. In the red RVS wavelength range (HR21 in Tableve these lines.

chose only one spectrum per star, due to the fewer spectita ava

able at high resolution in this wavelength range. Furtheéeno . . .

note the Sun as observed by HARPS has no date of observatd®.1. Selection of lines in the 480 — 680 nm UVES range
This spectrum is the co-addition of the three spectra ofaiste . N .
in the HARPS archive (see Paper Il for details). Note thattfer | "€ lines in this range were selected by the Epinarbo method

SecB3.3.5 mainly on the basis of a statistical analysis of the
star HD84937 we used the UVES and the UVES-POP spec € . .
which were taken the same night. This means that we analy%l UVES sample of the Gaia-ESO Survey (@/ggrini et al.

h ith : inelines. 9, Which_ int_:luded 421 stars With recqmmended parame-
the same spectrum reduced with twéelient pipelines ters (seeSmiljanic et al. 2011 Equivalent widths (EWs) were

measured in a homogeneous way with an automatic version of
Daospec (DOOp, Cantat-Gaudin et al. 20)4and the abun-
@nces were determined with the method FAMMagrini et al.

?[3 for lines in the EW range of 15-100 mA. This range helps

2.2. Line list

The elements to analyse were selected by the Porto andg

Epinarbo methods (see SeBt3.3and Sect3.3.5 respectively),

as described below. From the lines of the GES v4 line Ii%gea(\d/iosltdriEﬁ:iL:)rr??fotlr:g]gzvziigt?oﬁg}:c?rmﬁ?;?grgy gglast?ﬁ(g;?fn’
(Heiter et al. 201p we rejected all those lines whose flag re- 9

lated to the atomic data quality was “N” (meaning that thedtraeach element_ were cc_)m_puted in all 421 stars. Fma(l)ly, I'”_m; w
sition probabilities are expected to have low accuracy &ed tandard deviation within the corresponding 68.2% perieent

usage of these lines is not recommended). However, we allow&s"® selected.

for lines for which the synthesis profile in the Sun and Aratur

were flagged with “N” (meaning that the line is strongly bledd 5 5 > selection of lines in the 848 — 875 nm HR21 range

with line(s) of diferent species in both stars) since we work with

stars that are dierent form the Sun and Arcturus, for which thisThis selection was done by the Porto method (see Segt3

line could have a better synthesis profile. For details ohsuwhere a selection of strong lines (Ig§ > —4) was taken. Only
flags, sedHeiter et al.(2015. In this article we focused on thethose unblended lines whose EW were potentially measurable
10 « and iron-peak elements, which have at least 12 spectoglthe ARES codeJousa et al. 20QAvere considered. Then,
lines. The elements and the number of initial lines are agid abundances were determined for those lines using a subset of
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Table 2. Number of initially selected lines for each element. which explains the the fferences in & for these stars. How-
ever, as discussed in Paper I, the resulting Values are still

element| atom | N lines considered uncertain and were not recommended as reference

Mg 12 12 values. Further stars with uncertain parameters wwedera,

Si 14 15 ¥ Phe, and Gmb 1830. For HD84937, a new parallax was pub-
Ca 20 25 lished andenBerg et al. 20)4ince the results of abundances
Sc 21 17 by the diferent methods were provided, explaining théed

Ti 22 68 ence in logy. For Arcturus, the recommended lggs 1.6 + 0.2,

v 23 30 that is, the logy uncertainty is twice as large as what was con-
Cr 24 25 sidered here. Stars with uncertain pgalues are: For, u Cas,

Mn 25 13 7 Cet, HD 2200098 Ara, ¥ Phe (see discussions in Paper I).
C(_) 27 22 Although the parameters slightly evolve throughout Papdis

Ni 28 25 and l11, the values employed are still within the errors, e¥his

taken into account in our spectral analyses (see belowhisn t
paper, for completeness with Paper I, 1l and 11, we analyse t

\%ole initial GBS sample, regardless of how uncertain tieé st

GBS spectra in the HR21 wavelength range using the metqar arameters are and our suggestions made in Paper | tb whic
described in SecB.3.3and the stellar parameters indicated in P 99 P

Paper Ill. The deviation for all the lines was calculated bgne stars should be treated as reference and which should not.
paring with the mean abundance. The lines which on average
(for all the stars) gave abundances thdfeded from the mean 3.2, Runs

abundance (derived by all the lines) 8.3 dex were rejected. ] ) . ) )
The ditferent analysis runs were identical except of the input

. ] parameters. For each run we fixed all parametegg, (Ibgg,
2.3. Atomic data and atmospheric models [Fe/H], Vimic, Vsini), as indicated in Tabl&. Macroturbulence

The atomic data was taken from the fourth version of the lif¢8S determined together with the abundances for thosesasialy

list created for the Gaia-ESO surveyiter et al. 2015 Like- making synthesis on-the-fly. Some methods re-normalisdd an

wise, the atmospheric models are those employed by thesisal hifted in radial velocity the spectra to improve their fésurhe

of the spectra in the Gaia-ESO survey. These are the MAREEerent analysis runs are described below:

models Gustafsson et al. 2008which are computed under the

1D-LTE assumption and assume the standard composition for Run - all: Main run: determination of individual abundances

a—enhancement respect to iron abundance. of all lines and all spectra using the main stellar paramseter
of the input table.

3. Analysis strategy — Run - LTE: like before but using the metallicity value ob-
tained before NLTE corrections (i.e. the input of [Ag-
LTE, see Tabl&). This run allowed us to quantify thigtect

in the abundances.

To determine individual abundances we employed a similat-st
egy as that one of Paper Ill, namely fixing the stellar paranset
and using a pre-selection of lines that were analysed tgreli

ent methods determining the abundances. The results ware th Run-errors As Run-all but considering error on the stellar

combined at a line-by-line basis and finally NLTE departures . S
were computed. parameters as determined for the metallicity in Paper III.

3.1. Stellar parameters 3.3. Methods to determine abundances

ight methods were used to determine the abundances and are

The idea is to use thefective temperature and surface gravit _ - A ;
p g escribed briefly in this section. Most of the methods were em

from Paper | and the metallicity from Paper Ill as well as th

averaged value for micro turbulence obtained by théedint Ployed in the metallicity determination of Paper Ill and iret
methods. The initial value of macro turbulence was set to.zefl€termination of &, logg and abundances within the Gaia-ESO

The rotational velocity is the same value employed in Pajper [SUrvey for the UVES data (WG11 pipeline, semiljanic etal.
which comes from the literature. To assess systematicsawer 2014 for details). A summary of the methods can be found in
ran several times the same procedure, considering thetaicer 120/e4 and are briefly explained below.
ties on the stellar parameters. These parameters aretiedlica
Table3. _ 3.3.1. iSpec

It is important to mention here that [F4], Teg and logg are
not completely consistent between Paper |, Paper lll, aisd tiSpec Blanco-Cuaresma et al. 200)4a a spectroscopic frame-
work, as we are continuously improving them. The metailicitwork that implements routines for the determination of ctoain
was determined in Paper Ill using a previous line list verday  abundances by using the spectral fitting technique. Givest a s
GES than here. This should ndtect significantly our results of atmospheric parameters, atomic data and wavelengtesang
as changes between v3 and v4 of the GES linelist have not b&spec generates synthetic spectra on the fly and minimiges th
done for atomic data of iron. Also, fg Ara, HD140283, and difference with the observed spectra by applying a least-square
HD220009, new angular diameter measurements became awgorithm.
able (by Creevey et al. 20150r HD140283, and by Thévenin  We developed a completely automatic pipeline for the analy-
et al in prep foB Ara and HD220009) after the results of abunsis of the GBS. Each absorption line of each spectrum was anal
dances by the ¢tierent methods (see Seét3) were provided, ysed separately by the same homogeneous process. Evehthoug
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Table 3. Values of stellar and broadening parameters considerethéoabundance determinationfifétive temperature and surface gravity is
derived from fundamental laws (see Paper | for details).alleity and microturbulence velocity were derived coteig with these parameters in
Paper Ill. [F¢H] uncertainties were obtained by quadratically summihgradndA columns in Table 3 of Paper Ill. In addition we list the value
of metallicity before the correction of NLTHlects, which is used in one of the analysis runs (see Sejt.Rotational velocity is taken from the

literature (see Paper Il for the corresponding references

star TerxA Teg[K]  log gxAlogg (dex) [FeH]xA [Fe/H] (dex)  VmiczA Vimic [km/s]  [Fe/H]Lte (dex) vsini [km/s]
18 Sco 5810+80 4.44+0.03 0.03:0.03 1.07+0.20 0.01 2.2
61 Cyg A 4374+22 4.63+0.04 -0.33:0.38 1.07+£0.04 -0.33 0.0
61 CygB 4044+32 4.67+0.04 -0.38+0.03 1.27+0.36 -0.38 1.7
aCenA 5792+16 4.30+0.01 0.26+0.08 1.20+0.07 0.24 1.9
aCenB 5231+20 4.53+0.03 0.22+0.10 0.99+0.31 0.22 1.0
a Cet 3796+65 0.68+0.29 -0.45+0.47 1.77+0.40 -0.45 3.0
a Tau 3927+40 1.11+0.15 -0.37+0.17 1.63+0.30 -0.37 5.0
Arcturus 4286+35 1.64+0.06 -0.52+0.08 1.58+0.12 -0.53 3.8
B Ara 4173+64 1.04+0.15 -0.05+0.39 1.88+0.46 -0.05 5.4
B Gem 4858+60 2.90+0.06 0.13+0.16 1.28+0.21 0.12 2.0
B Hyi 5873+45 3.98+0.02 -0.04+0.06 1.26+£0.05 -0.07 3.3
B Vir 6083+41 4.10+0.02 0.24+0.07 1.33+0.09 0.21 2.0
¢ Eri 4954+26 3.75+0.02 0.06+0.05 1.10+£0.22 0.06 0.7
€ Eri 5076+30 4.60+0.03 -0.09+0.06 1.14+0.05 -0.10 2.4
€ For 5123+78 3.52+0.07 -0.60+0.10 1.04+0.13 -0.62 4.2
e Vir 4983+61 2.77+0.02 0.15+0.16 1.39+0.25 0.13 2.0
n Boo 6099+28 3.80+0.02 0.32+0.08 1.52+0.19 0.30 12.7
v Sge 3807+49 1.05+0.34 -0.17+0.39 1.67+0.34 -0.16 6.0
Gmb 1830| 4827+55 4.60+0.03 -1.46+0.39 1.11+0.57 -1.46 0.5
HD107328| 4496+59 2.09+0.14 -0.33:0.16 1.65+£0.26 -0.34 1.9
HD122563| 458760 1.61+0.07 -2.64+0.22 1.92+0.11 -2.74 5.0
HD140283| 5514+120 3.57+0.12 -2.36:0.10 1.56+£0.20 -2.43 5.0
HD220009| 4275+54 1.47+0.14 -0.74+0.13 1.49:0.14 -0.75 1.0
HD22879 5868+89 4.27+0.03 -0.86+0.05 1.05+0.19 -0.88 4.4
HD49933 6635+91 4.20+0.03 -0.41+0.08 1.46+£0.35 -0.46 10.0
HD84937 635697 4.15+0.06 -2.03+0.08 1.39:0.24 -2.09 5.2
& Hya 5044+38 2.87+0.02 0.16+0.20 1.40+0.32 0.14 2.4
u Ara 5902+66 4.30+0.03 0.35+0.13 1.17£0.13 0.33 2.2
u Cas 5308+29 4.41+0.01 -0.81+0.03 0.96+0.29 -0.82 0.0
uLeo 4474+60 2.51+0.09 0.25+0.15 1.28+0.26 0.26 5.1
Procyon 6554+84 3.99+0.02 0.01+0.08 1.66+£0.11 -0.04 2.8
¥ Phe 3472+92 0.51+0.18 -1.24+0.39 1.75£0.33 -1.23 3.0
Sun 5777+1 4.44+0.00 0.030Q:0.05 1.06+0.18 0.02 1.6
T Cet 5414+21 4.49+0.01 -0.49+0.03 0.89+0.28 -0.50 0.4

Table 4. Summary of methods employed to the determination of abug-3 o LB
dances in this work. The name of the method, the approach égW-

alent width, synth: synthesis), the radiative transferecemployed and The BACCHUS (for Brussels Automatic Code for Character-
the wrapper code that uses the radiative transfer codegicable) are ising High accUracy Spectra) consists in threffedient mod-

indicated. ules respectively designed to derive EWs, stellar parasate

name approach  radiative transfer code _wrapper ~ abundances. For the purpose of this paper, only the modules

iSpec synth SPECTRUM iSpec for measuring abundances and EWs have been used. The cur-

ULB synthEW Turbospectrum BACCHUS rent version relies on the radiative transfer code Turbcispm

Porto EW MOOG (Alvarez & Plez 1998Plez 2012 This method has been em-
Bologna EW SYNTHE GALA ployed in Paper lll, as well as for all for the WG11 pipeline.

G'ZF’JESR EV\t/h T '\é'OOGt FAMA With fixed stellar parameters, the first step consists in de-

Synspec zigth Tﬂ:bgzgggt:ﬂm termining average line broadening parameters (i.e. madrot

UCM EW MOOG StePar lence parameter in the present case) using a selectionanf cle

Fe lines. Then, for each element and each line, the abundance
determination module proceeds in the following way: (i) asp
trum synthesis, using the full set of (atomic and molecuia€s,

is used for local continuum level finding (correcting for e&spib

ble spectrum slope); (ii) cosmic and telluric rejections per-
formed; (iii) local signal-to-noise is estimated; (iv) aries of
iSpec includes routines to identify unreliable or doubtalu- flux points contributing to a given absorption line is sedelct
tions, we did not apply any automatic filtering to facilitdtee Abundances are then derived by comparing the observed spec-
comparison with the rest of the methods. trum with a set of convolved synthetic spectra charactérige
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different abundances. Fourfdirent diagnostics are used: line{ii) estimating a ratio between the synthetic flux and thesobesd
profile fitting, core line intensity comparison, global goeds- one over a spectral range of 20 A, centered of the intereisted |
of-fit estimate, and EW comparison. Each diagnostic yie&ds vand, (iii) fitting this ratio by a polynomial function. Finalthe
idation flags. Based on those flags, a decision tree therntsejeshserved spectra is divided by the polynomial fit in orderde a
the line, or accepts it keeping the best matching abundance. just its continuum.

One supplementary asset of the code is the computation of The individual chemical abundances were then derived as
EWs. They are computed not directly on the observed spggiows: (i) 1-D synthetic spectra grids for each stars auétb
trum, but internally from the synthetic spectrum with thestee from the initial 4-D GES grid. These grids in the searchechthe
matching abundance. This way, we have access to the inforigat abundances are cut around the analised spectral liae- P
tion about the contribution of blending lines, allowing @ah tically, for the iron-peak species derivation, we linedriterpo-

computation of the equivalent width of the line of interest. lated the GES grid on g, logg and f/Fe]. For thex element
cases, we linearly interpolated this grid og;Tlogg and [M/H].
3.3.3. Porto (ii) Then, we looked for the minimal ffierence between the ob-

served spectrum and the 1-D synthetic spectra grids. (ii§ T
It employes ARES $ousa et al. 200720 measure EWSs (auto-solution was finally refined with the Gauss-Newton algorithm
matically normalising the spectra) and MOOGngden 1973 GAUGUIN (Bijaoui et al. 2012
to derive abundances. For refractory element abundanaes (f
Na to Ni), the fast rotato Boo and stars with & < 4200 K .
(usually the EWs with ARES for these stars are not good) wete: /- Nice/Synspec

rejected. This method has been employed in Paper lll, asasel\ye adopted the recent version (v12.1.1) of the spectrunheynt

for the WG11 pipeline. sis code Turbospectruniez 2012. This pipeline determines
the continuum in two steps. First, it takes the normaliseztsp
3.3.4. Bologna tra from the library. Second, it adjusts the continuum Iycial

o the region £5A) around every line of interest. It was done by
Bologna analysis is based on the same method of Paper llisdiecting the possible line-free zones of the synthetictspe,
has also been used in the WG11 pipeline. In particular, we r@éfined as regions where the intensity of the synthetic spect
DAOSPEC Gtetson & Pancino 20080 measure EWSs throughis depressed by less than 0.02. If the possible line-freeson
DOOp (Cantat-Gaudin etal. 20)4ntil the input and output were too narrow or did not exist, we iteratively searchedter
FWHM of the absorption lines agreed within 3%. The abutyossible less contaminated zones in the synthetic specfism
dance analysis was carried out with GALMcciarellietal. nally we determined abundances with the method described in

2013, an automatic program for atmospheric parameter affkolaitis et al. (2014. This method has been employed in the
chemical abundance determination from atomic lines based\G11 pipeline.

the SYNTHE codeKurucz 2003. In order to provide measure-
ments for all the selected lines, discrepant lines with eesfo

the fits of the slopes of Fe abundance versus EW, excitation go3-8. UCM
tential, and wavelength were rejected with a very largecht.

Al stars and elements were analysed in this fashion. This method is based on EWs and has been used in Paper lIlI

and is part of the WG11 GES pipeline. fi@irent line selec-
tions were considered for fliérent stars. The division of stars
3.3.5. Epinarbo was based on metallicity and surface gravity. Metallicitgisw

i i , divided in metal-rich ([FgH] > -0.30), metal-poor £0.30 <
This method is based on EWs from DOOp, which are measuf; H] > —1.50), and very metal-poor ([Fd] < —1.50). Surface
in a similar way IQ '[he Bologne_l method (see above)_. _The ab avity was divided in: giants (log< 4.00) and dwarfs (log>
dance determination is done with the code FAMWa@rini etal. 4 0oy However, we decided to merge into one single regien th
2013, which is based on MOOG. This method has been efysry metal poor stars ([F] < -1.50). The EWs were measured
ployed in Paper Ill, as well as for the WG11 pipeline. using TAME (Kang & Lee 2012. We followed the approach of

FAMA can perform stellar parameter determinations, ®ang & Lee (2012 to adjust therejt parameter of TAME ac-
work with fixed parameters and return elemental abundameescqging to the SNR of each spectrum. The abundance analysis
this analysis all parameters were kept fixed, including tf@on 55 carried out with using a wrapper program for MOOG, in
turbulent velocity. We provided abundances for all thecelé  qer 1o take care of the elemental abundances automgticall

lines that were detected. No abundance was returned ifriee |h5sed on &Par (seeTabernero et al. 20)2 We also made a
was detected but its EW was smaller than 5mA or larger tha8ection of outliers for those lines that deviate more ttaee

140 mA, to avoid measurement errors associated with verkwes the standard deviation.
or very strong lines.

3.3.6. Nice/GAUGUIN 4. Determination of Elemental Abundances

For a given benchmark star, we first assumedagiF€] enrich- Following Paper 1, we firstly selecte_d only lines V\_/itlfﬁ.O <
ment consistent with the typical properties of Milky Wayrsta |09(EW/1) < —4.8 (which helps to avoid very weak lines or sat-
Then, we normalised the observed spectrum by (i) lineatiyrin Urated lines) and grouped the stars imigial -poor, FG-dwarfs’,

polating a synthetic spectrum in the GES synthetic specidd,g FCGK giants, M giants andK dwarfs. Furthermore, to avoid ef-
fects due to normalisation or bad employment of atomic deta,

2 Synthesised with the GES v4 line list and convolved to thesplesi
resolution and to the rotational velocity of the star, moeéads on the 2 The subgiants (cf. Paper 1) are included in the group@f-dwarfs
grid computation irde Laverny et al(2012 in this work.
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Fig. 1. Abundances of Co at a line by line and method by method basidasction of wavelength. Colours and symbols represenditfierent
methods, which are indicated in the legend. Top panels:lates@ieft) and relative to the Sun (right) abundances ofstagéa Cen A. Bottom
panels: absolute (left) and relative to Arcturus (rightyatances of the star HD220009. The horizontal line reptetka mean of all abundances
with its standard deviation indicated at the top right ofrepanel.

Table 5. Final absolute abundances for the Sun obtained in this oy the reference star and then looked for common lines for
(here)l’: where the Sta“daml'. de‘;\'at'ob” a(tja "”e'(%¥;'”e§’m”dl'cggeod7 that method in the rest of the stars in that group. Like this we
aso. For comparison, we list the abundances®fevesse et al. ; AR
G07) with their reported error in the last two columns. — heesneed COli”d have dferential abund_ances for each mdlv'dual. methpd,
new table with all odd-Z with hfs onl which we then could combine with a much lower dispersion
y . : ; >
at a line-by-line and method-by-method basis than using-abs

Element] 10g¢enere  Ohere | 100€c07  TGo7 lute abundances. The advantage of usirigcntial abundances
Mg 7.65 0.08] 7.53 0.09 for Milky Way studies with elemental abundances has been dis
Si 7.49 0.08| 751 0.04 cussed in e.gSmiljanic et al(2007%; Ramirez & Allende Prieto
Ca 6.32 0.09| 631 0.04 (2019 andFeltzing & Chiba(2013.
;IC ggg 82‘71 g?g 8(1)8 ~ One example of dierential abundance results on line-by-
v 393 004| 400 004 line and method-by-method basis is shown in Higln the fig-
Cr 5.58 0.06 5.64 0'10 ure, we plotted the results of individual Il_ne abundancdganfas
Mn 5'30 0'09 5'39 0'04 function of Wavelengt_h for. all _methods inftérent co_Iolu_rs a_md
Co 4.89 0'09 4'92 0.08 symbols. For better visualisation of the symbol definitionhie
Ni 618 010! 623 004 figure, the legend is split in the two panels. The top panels il

lustrate an example of d&AG-dwarf star,a Cen A, which has as
reference star the Sun. The bottom panels illustrate an geam
of a FGK giant star, HD220009, which has Arcturus as refer-
ence star. The left panels show the absolute abundances minu
performed a dterential abundance analysis. For that we chotiee mean of all abundances, while the right panels show the re
one reference star in each of the groups, being HD22879, ttve abundance with respect to the reference minus its nigan.
Sun, Arcturuse Tau and 61 Cyg A, respectively. We lookedstandard deviation of this mean is indicated in the top reidié

for the lines in the allowed EW range analysed by each methofdeach panel. We plot these relative abundances with respec
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Fig. 2. Schematic picture of how the GBS ardfdrentiated against each other. Stars are associated inffigeedt groups according to their
spectral type. One star is chosen as a reference for eacp @inoed). The rest of the stars in that group is analysed reitpect to the reference
star, and are connected with arrows. The reference stafially analysed with respect to the Sun, which is the zeratpoi

to the mean only for illustration purposes, aiming at kegpire

same scale in both cases. This allows us to focus on the disper 0.2F
sion of each case. Note that the scatter fiiedént methods for E
individual lines is considerably decreased from absolitela-

~ 3 ]
tive abundances. This mostly reflects on the removal of metho @ O-'¢ ]
to-method systematic errors such as the approaches to liggma fI: : + ]
the data. In addition, note that some absolute abundancesag & (- || [.4. | L #. | . E
| C ]

well between methods, but deviate significantly from the mea
One example is the reddest Co line, which for both stars gield _ g
absolute abundances higher than the mean. This would duggess _g ¢ &

.. . . . . <C o
a revision of the atomic data, in particular of lgf. When using g
differential abundances, one can see that this line yields abun- g
dances that agree better with the mean. -0.2¢

Since our abundances are relative to a reference star in each O SOt NN N e
group, we needed to determine the abundances of those refer-
ence stars separately. This is also done infadintial way with
respect to the Sun. This implies that not all available lwese Fig. 3.  The diference between abundances of the Sun obtained by
used but only those for which reliable EWs could be measurecHs and byGrevesse et a(2007) is displayed with a red diamond. The
the spectra of both the reference star and the Sun. An eyﬁan%?d error bars correspond to our line-to-line scatter whiteblack error
discussion of this strategy can be found in the followingdisec ars are the uncertainties listed in Table Ioévesse et a(2007).

A scheme of the dierential analysis employed in this work

is shown in Fig2. The zero point is the Sun, for which we deteré{ence stars of each of the groups. In summary, all groups of

mine absolute abundances. The lines for the Sun were cirefigf ) except thEG-dwarfs are analysed in a two-step approach,

'(g%pl%ae.?hzsﬁ\p’set” ?gu'ts gﬂt:o(;r_l :j?/v(;?;[sigsaggczzzevtﬁﬁrree; aé'ctdifferentiating the stars with respect to a representativeaede
: group y P sfar, which is then analysed with respect to the Sun.

to the Sun by dterentiating the abundances obtained by eaC
method for each line. This group contains the stars indicate
the top right of the scheme. The other reference stars, whigh. aAnalysis of reference stars

are in red colour in the large boxes in the figure, are also-anal

ysed by diferentiating between common lines with respect to the the case of reference stars, the Sun and the rest of tiseastar
Sun in the same way as all the stars from R dwarfs group. very different from each other, which meant that common lines
Finally, the rest of the stars are analysed with respectdadfr were in some cases very few. This issue is of crucial impogan
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for our final results. In the spirit of homogeneity, having ®un ual lines can be found as part of the online material in thietab
for zero point and employing a fikerential analysis in steps for(SUN) for the Sun. Note tat the values listed for Sc, V, Mn and
the rest of the stars is the best way to proceed. In this sectfoo consider only the results from ULB, GAUGUIN and Syn-
we compare this approach with direct determination of alisol spec, which is diferent than the values plotted in Figfor the
abundances for the reference stars. We show that similan mdascussion, which consider the measurements of all methods
abundances are derived and that the homogeydiffiesential

approach, although with significant loss of lines in somessas

is the best possible one for our purpose. 4.1.2. Differential vs absolute approach of reference stars

4.1.1. Solar abundances Employing the diferential strategy of reference stars with re-
Sigect to the Sun meant that a considerable number of lines had
be discarded in some cases. The few lines left were care-
y checked in order to have few, but trustable lines foe th
?égerential abundance of the reference stars. We studied the

We defined the Sun as our zero point, for which we needed
determine the abundances in an absolute way. For that, vde L%)(ﬁ
all lines with—6.0 < log(EW/1) < —4.8 from all methods and u
defined the final abundance to be the median of all abundan
after 1.50—clipping of all abundances. This rejects in most @
the cases less than 10% of the total measurements.

€cts of our diferential analysis of stars that have very dif-
erent spectra such as the reference stars with respectdab wh
Jvould be the “standard” analysis, namely the determinatfon

The comparison of our abundances including the line-te-li S .
standard deviation and the solar abundanc&mdvesse et al. abundancc_as considering the dlrect_ measurements o_f all-meth
ods. In this case, we relaxed our line-strength criterioerie

(2007 is displayed in Fig3. We compare with the solar abun-, -
dances ofGrevesse et al(2007) because these are the solali]ance the number of ovgarlappllng lines betwee_n the ref_erence
rs. We selected the lines with reduced equivalent wiélth o

abundances employed for the chemical analyses of the Gag h .
ESO Survey (see e.@miljanic et al. 201} In the figure, we _t§'5 < log(EW/4) < —47, that is, we allowed for slightly
plotted with red diamonds thefe&rence of our results from theWPtaker and slightly stronger lines than for théetiential anal-
values ofGrevesse et a(2007), while in black we plotted only ysis of one group of stars. For Mn we even allowed for stronger
the errors ofGrevesse et a2007. Note that our values are!Nes (109(EW) < -4.6) to have more lines to analyse. The

obtained under LTE, which might cause some of the slight di%t_andard abundances were calqulated using ﬂ:lH»ping of all
crepancies seen in fhe figure. In any case, within the erars measurements of all methods, in the same fashion than for the

abundances agree well with those@fevesse et a{2007) ex- Sun
cept for vanadium. Nonetheless, our results for V agree well

with Battistini & Bensby(2013. As extensively discussed in ..
e.g.Lawler et al.(2019, optical lines of i are among the weak-

est ones produced by Fe-peak elements in the Sun (most of tfgﬂﬁa' a . B
X : pproach, we added to the findfeiential abundances the
with log(EW/1) < —6) partly because of the slight under abur"r'esults obtained for the Sun listed in Taldle Around the zero

dance of V with respect to other Fe-peak elements in the SunJ'ine the error bars in black represent the standard dewiafithe
Note that the line-to-line scatter of some elements is qu

large. Indeed, the odd-Z elements V, Sc, Mn and Co are i e-by-line scatter of the standard measurements of atats

fected by hyperfine structure splitting (hfs. for a recerscds- td in the figure). The dlierence between the standard and the
sion seeBatfistini & Bensby 2015 None 'Of the EW meth- differential (dif in the figure) final abundances is indicatechwit

ods considered hfs in the determination of abundances,hw red diamonds in the figure, with the error bar corresponding t

e line-by-line scatter. Each element is indicated in thidm
could be translated to greater abundances from the derived 4

; . . the panel, and each panel represents one reference gtar, w
in some lines. The synthesis methods ULB, GAUGUIN a ; o itl h f |
Synspec considered hfs in the line modelling, while iSpet name and its group indicated as title. On the top of eackipa

It onl hods th ider hf ken i 0 sequences with numbers can be seen. They correspond to
nhot. M onby r‘r(1jet 0 S;[ ";‘{[ ans' .erb S aLe Ija en ;nto acc403u e number of lines used for the determination of abundances
ggo nTﬁ uln ance IO the un Is ro_ug_f; ower}_ rom 5. ~ if? each approach. The upper sequence indicates the number of
réspéct t 0eG rgtltggs\ga ;ea(z%so% ;%res ustl)%glqlsgg p;ggres"(‘)”rt] SqIi_nes used for the standard approach while the lower seguenc
lar abundances such assplund et al.(2009 and Scott et al, ndicates the number of lines used for thé&atiential approach.

(2013 of 0.09 dex, but agree well witBattistini & Bensby From Fig.4 we can see that the line-by-line dispersion is
(2013. Our values and those @fattistini & Bensby(2019 are sjgnificantly decreased when theffdiential approach is used
performed under LTE considerations, wheréagvesse etal. for the determination of the final abundances. Theedénces
(2007, Asplund etal.(2009 and Scott et al.(2019 consider of the final values in both approaches is also within the error
NLTE. An extensive discussion on théects of hfs is found This suggests that theftérential approach provides robust final
in Sect.4.3 abundances while improving the internal precision due & sy

Note also from Fig3 the large scatter of Sc. From Se¢t3  tematic uncertainties in the methods and the atomic data.
we can not attribute it to a hfdfect. The scatter in this case

could rather come from a NLTEffect, which can produce dif-  The number of lines used in thefféirential approach drops
ferences of up to 0.2 dex in the abundances obtained for the Sualmost every case, as expected because the allowedtstreng
from neutral and ionised lineZfang et al. 2008 We use both of the line needs to be satisfied in both, the Sun and the refere
ionisation stages to determine the abundances of Sc. A®xé&nstar. For Arcturus, 61 Cyg A and HD22879 in most of the cases
discussion for each element can be found in Sect. the number of lines loss with thefiBrential analysis is minimal,

The final absolute abundances for the Sun are indicatedanthereas forr Tau the lost can be significant. This is not surpris-
Table5. The horizontal line divides the elements (top) and ing as spectra of cool giants are extremelffetient to the solar
the iron-peak elements (bottom). The measurements ofididivspectrum.

The comparison of abundances for both approaches (stan-
d vs differential) is displayed in Figl, for all reference stars
and elements. To obtain the absolute abundances with filee-di
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Arcturus - FGK giant 61CygA - K dwarf
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Fig. 4. The line-to-line scatter of abundances of the referenas sietermined directly from the absolute values obtainedhfall methods is
indicated with black error bars (std). Red diamonds repitetbe diference of these abundances with respect to the final abueslabtained by
performing a diferential analysis with respect to the Sun (dif), with theehar representing the line-to-line scatter. At the topaaftepanel the
number of lines used for the determination of the abundawétbshoth approaches.

4.1.3. Summary tent results between fiiérent methods. The Mn line a6004 A

lacks a good continuum in its vicinity. Thus, the absoluterab
To summarise, the fierential approach in two steps fordance obtained for this line gave venffdrent results for each
FGK-giants,K—dwarfs andmetal — poor, namely one dfer- method, which can be noted from the large error bar, and dhoul
ential step with respect to Arcturus, 61 Cyg A and HD22879¢ treated with care.

respectively, and a second one with respect to the Sun, is bet |t js important to discuss here that the reference star of the
ter than the standard approach of taking all absolute ainoesa metal — poor group was chosen to be the most metal-rich star
and performingr clipping. This is because without loosing tothecause it provided a better link between the Sun and the rest
many lines, we are able to retrieve abundances with the sagfi¢he metal-poor stars. We performed similaffefiential tests
absolute value yet better precision. with the star HD140283 ([Fel] ~ —2.5) and the Sun finding that
The two-step dferential approach foM—giants is less ob- Most of the lines were lost, either because they were too Wweak

vious because strong lines for the Sun might be saturatedti¥f metal-poor star or saturated in the Sun. Furthermor&, no
blended fore Tau due to the dierence in fective tempera- anq C_Zo Imes were V|S|ble. in our spectral range for HD140283.
ture of about 2000 K and gravity of 3.5 dex. The lines usedis implies that when using HD140283 as reference, no V and
for the determination of abundances were carefully ingbctC0 @bundances could be provided for any star imtégal — poor

for blends and normalisation problems. These few overtappidfoup. The few lines left for the rest of the elements (vagyin
lines between the Sun andTau are able to give us more accullormally from 1 to 3) were so weak that only synthesis methods
rate abundances withouffacting the final absolute abundanc&0uld provide abundances, which were very uncertain, mostl
significantly. There is one exceptional case where no operl&lue to diferent normalisation placements.

ping lines were found: V. For V, four clean lines could be ysed To conclude, the absolute abundances of the Sun provide the
which are not detectable in the Sun, yielding relativelysien zero point for all abundances of the reference benchmark sta

Article number, page 10 &5



Jofré et al.: Gaia benchmark stareind iron abundances

N@std): [ @ 14? 10 s 52 22 15 11 18 2d I 3 11? 5 12? 51 23 14 8? 16 19? ]
N@in0.4- 5 14 10 8 52 21 158 11 18 20 1+ 2 u 5 12 48 21 14 8 16 19 -
g o02F ] T I ] .
£ - : . i 4+ : : : :

SN S S I NGRS I I O I ]

s F | T 1 Ty T I ¢ [ 1 1 bt R
c) L ; . . : . I . : : : ! R
< c02p o o | HEE I o | 3
oaf alfcera . oaces ]
N(std): [ 7 15? 14? 7 44? 15 12 10? 15? 20? [ 6? 15? 11? 7 427 13 13 11? 13? 21? ]
N@in0.4- 5 15 14 744 15 12 9 15 20 4+ 5 18 1t 742 13 13 11 13 21 -
s o2f | | X E
z [ 3 3 o o L 1 ]
NN N I
s T T T T
< -02F R L ]
~oaf betdyi | +ovevir ]
N(std: [ 5 12 8 12 53 23 15 g 18 18? [ 3 12? 10 1& 55 zé 10 11? 17 22? ]
N@in0.4- 4 12 8 12 50 2L 15 g8 18 18 4+ 2 12 1w 10 5 23 10 10 17 22 -
s o2l % ] + | =
n L . : r ; .

S S S S N S G A A A A ST S S S N G G A S G
S :[¥1{T1TIII::I’1111111I
< -02F : Do R R : : ]
oaf delEii . Joepsfor ]
N(std): [ 5 10? s? 3 3é 15 3 8 13? 15? [ 6? 13? 9? 10? 52 24? 15 11? 19? 19? ]
N@if0.4 4 9 8 3 3\ 13 8 & 13 15 1+ 5 13 9 10 52 22 18 1L 18 19 -
s o2f l T ] .
o E i F ;

20 S S 0 S U SN O T N N O A
%zillTlliliizzl’T ITT;
< -0.21 oo ‘ N b ]
]
N(std): [ e 15? 11? 10? 57? 21 12 11 17? 22? L 7 15? 12? 8 53 19? 13 11? 18? 22? ]
N@if0.4F 5 15 11 10 56 20 12 10 17 22 4+ 5 158 12 8§ 53 18 13 11 18 22 —
(aif r . . . . . . . . . . I . . . . . . . . . . T
s o2f | I R T | B E
) S o T : : ‘

T oob_4 S S S S S 4 | 43 1 1

s ¢ L P Tt T P10 0 bd o ] I ;
<-02f o | b .
o4f taucet | . . 18Sco ]
N(std): [ 8 13? 15 5 29 5 13 8 3 20? (o 3 12? 19 7 20 1 8 5 o] 12? ]
N@in0.4- 6 13 15 5 29 4 13 7 3 20 I+ 2 12 17 7 18 L 6 4 0 1T -
g0k . E EREES
2 L : : . . : r .

I oo % 4 T } { t i i 1 4 i 1 1

5 C : . : . ! : . : I : : . . ]
< -02p 1 oo ¥+ l 1 b
0af Procyon . J Hpagess ]
N(std): [ Y 7 7 7 ; 1 O 6\‘ > o Q A. S 0. o N
el § M B o1 @z opuoa J® 9@ ¢

g o2F 5 ]

&2 E ; :

T oobd 1 1 * Lo bor

= ISR O l ISR

S : : : : ]

< -0.2 § | 3 .

muCas . . .

O o}' & 90' Q 3 o Qo' K D

Fig. 5. Comparison of the abundancesFG—-dwarfs determined using the standard approach and by perfgra diferential analysis with

respect to the Sun. Same information as Eig. Article number, page 11 &5
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The FG-dwarfs have in general a large number of lines,

o IR B & w8 1 which remains the same whenfférentiating with the Sun in
P £ 5 oz * 1 most of the cases .(see Fh. Itis _expected that this group uses
1 ool 4 24 1 oo 3 .| alargenumberoflines as these lines were selected fronmtie a
<4 ) arecs | <, s x 1 ysis of the Gaia-ESO Survey, Whlch contains mostly solpety

x x et 4 E xpor stars (e.gSmiljanic et al. 201% The lines are clean and numer-
o8 b “oap up 1 ous, making the standard deviation in general very smadinev
WO engn A in the standard approach. The scatter of titkedéntial approach

alfcena alfCenA-Sun is, however, still considerably decreased to values of tHerof

oaf aa=0377 1 oaf w000 {  0.01 dex. Recent works on main-sequence stars perfdier-di

ol % &, | ential analysis of chemical abundances with respect to time S
3 b & . g ho B - (e.g.Meléndez et al. 203 Bensby et al. 20L4Liu et al. 2015
o w41 3 %s T a =™ 1 Battistini & Bensby 2015 which allows to do a very precise
T y s ispec 2 gfuz'xx;gp x 1 analysis of relative dierences in Galactic stellar populations.

-0af Wi o4l - 1 Note that the dispersion of Mn is systematically higher ttran

) =] rest of the elements. As mentioned in Settl.], the lines

wavelength (A) wavelength (A)

are dfected by hfs, adding a source of error in the EW mea-

Fig. 6. Line-by-line abundances in the standard approach (left) agureément and line modelling. Indeed, several Mn lines arg ve

differential approach (right) of scandium for tW&—-dwarfs. The dif- Strong, partly due toféects of hfs, so we allowed for stronger

ferent symbols representftérent methods lines as in the reference stars (log(FE¥W < —4.6) to have more
lines to analyse. We can see here that, like for the reference
stars, the fects of hfs in the line-to-line scatter is significantly

of all groups, where a reference star was used fiemintiate cancelled when diierential abundances are determined. Further

with respect to the Sun, except for tR&—dwarfs, for which discussions on this regards is found in Séct.

the reference star was directly the Sun. The abundance of V fo The case of Sc is worth commenting as it also has a sys-

M-giants needs a special treatment as no common good linegehatic high scatter in the standard approach. Tiiemintial

Vin the reference star and the Sun could be found. In this, cagfalysis however yields a scatter that compares to thefrédfst o

the zero point for V was the abundancexofau (see below).  elements. The Sc lines are clean for these kind of stars, and

abundances agree between methods for a given line quite well

Two examples are shown in Fig. which is similar to Figl. We

show abundances of Sc at line-by-line and method-by-meihod

The lines15592,15632,16002 andi6565 A are clean lines (not the starsx Cen A andg Vir which presented significant larger
blended by molecules) in this cool giant which can be used $62tter from the standard analysis with respect to the feseo
measure V abundances. The continuum normalisationfiis diéléments in FigS. One can see in the left panels of Figthat
cult for this star, being probably the cause of large disenejes t_he methods obtain more or less consistent results for time sa
among the dferent methods seen in some extreme cases, whﬁ!&’?s aroundi5400 A, but they are very fferent for the diterent
can be even more than 0.5 dex (see 5892 A in table (ALF lines. The Sc abundances derived from the neutrall5856 A,
TAU). It is impressive to realise that even when using theesarfPr €xa@mple, are systematically lower for all methods, 539
atomic data and atmospheric models, as well as the same VB either that the atomic data of this line could be reveiter
high SNR and resolution spectrafférent methods can obtaint,hat the NLTE é&ects of this line are rather strong. NLTE correc-
very different abundances for a given line. This particular cali@hs enhances the abundances of Sc of neutral lines in the Su
is a strong argument of how better is to emploffefiential ap- (£hang etal. 2008 We recall that we could see in Fig.that
proaches because this cancel some of the systematic efrars g the Sun we obtained a large line-by-line dispersion.h# t
given method. Like this, one is able not only to achieve a gighdiSPersion is caused by NLTEfects, then a dierential analysis
precision of a measured line, but also allows for better caminp Would remove part of thisfeect, at least for the stars that are
son of the results with another independent method. being diferentiated with respect to the Sun.
Itis instructive to discuss the case of 18 Sco, a classidaft so

) ) twin. The same lines are used for théfdiential and standard

4.2. Differential vs absolute approach of group stars approach except for Mg and V. The Mg line. #8319 A and the

It is instructive to visualise the globaffect of the abundances ine at16296 Ahad agap in the solar atlas due to a blend from
obtained in the standard and thefdiential way for the stars & telluric feature. The line-to-line scatter is greatly mesed

of the same groups. Figurés 7, 8, 9 and 10 show the com- N the diferential approach, whlch_ is e_xpected bec_ause the
parison of diferential versus standard approach for the groupBectra of these twins are almost identical. For this reason
of FG-dwarfs, FGK—giants, K—dwarfs, metal — poor and chemlcall analyses of solar twins are commpnly performed
M—giants, respectively. As for the reference stars, in bladifferentially (e.g.Meleéndez etal. 20142012 Nissen 2015
colour the scatter of the line-to-line and method-to-mdtfay and references therein). This allows to detect at greatracyu
the standard approach is plotted with black error bars whie slight differences in their chemical pattern that otherwise would
same scatter but for theftrential approach is plotted with red®® Undetectable.

error bars. The red diamond shows thé&atience in the final

value obtained with both approaches. The numbers on the e FGK—giants (Fig.7) also have a relatively large humber
indicate the number of lines used in the standard and tfierdi of lines analysed, although slightly less than th&é—-dwarfs.
ential approach. Each panel shows one star, which is ireticatn our reduced EW cut, several lines are rejected because
in the bottom left part of it. they saturate in giants. The final value using both appraache

4.1.4. Vanadium for a Tau
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Fig. 8. Comparison of the abundanceskof dwarfs determined using
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EIE 0.0 E } { l respect to 61 Cyg A. Same information as Fig.
b L L1 i
< -0.2 ! ! ; -
_04F muLeo’ ¢t 1 wuleoandArcturus. The abundances of Mn foteo which
L : : . 1 relyonly on those two lines, should be treated with care. As
N(std): 6 13 & 7 4 21 16 & 19 15 1 for the FG—dwarfs, number of lines remains very similar
N@p04pe 1T T s 6 e M 3 petween the standard and thefeliential approach, meaning
= o2F i - 1 thatArcturusis a good reference star for @K —giants group.
S S0 S S S N N S S G S _ | |
& OO I t T 1 ¢ REE Regarding the&K —dwarfs (see Fig8), while a large number of
2 o2f i ; ! i i i ; © 1 lines was used for the determination of elemental abundance
- L1 of ¢ Er, for 61 Cyg B fewer lines were used. This star is
“04p ksiHya: —© 0000 b 3 very cold, meaning that most of the lines are blended with

molecules and can not be used. For those fewer selected lines

30 11 12 12 11

N(std): [ 7 13 6 9 7 ] . .

nan04F 7 13 e 9 20 1 1 6 1 1 4 almost all overlap with 61 Cyg A, allowing us to perform a
o A . 1 differential analysis in this case improving the precision af ou

g o .o l . 3 measurements in every case while keeping the final abundance

< ook IS S N } ] [ 1 unchanged within the errors. We point out here that the i lin

g - [ ! l * I 1 H ! 1 at16371 A was removed from the analysis of 61 Cyg B because

e S S S R S A -7 itwas contaminated with a telluric line.

-04f HD1O7328 : . ]

NS S S T S S S .~ + 1 Metal-poor stars are moreficult to analyse in a dlierential ap-

N 7ok 8 0 = 14 1 4 1= 1 proach because they are all veryfeient from each other span-

N@if04F 7 15 & 10 3L 14 12 ! ot
Coo | | 1 1 1 1 1 ning a metallicity range of 1.5 dex or more. Moreoveg; T

; -1 and logg of the metal — poor group also cover a wide range.

[ 1 31 Onecan see in Fig that the number of lines decreases in ev-

1 ery case with respect to tHeG—dwarfs, which is expected be-

4 cause of the low metallicities. The case of Gmb 1830 still pre

1 serves most of the lines after performindteiential analysis,

oo oo o1 with the finally abundances practically unchanged. Intergly,

o > o %c,' ~ 2 o @0' o é\' HD122563 also preserves most of the lines aftﬁe(ﬁan_tiating,

with results notably better in every case. This case is amexa

ple of the degeneracies of stellar parameters: a very rpeta-

giant has most of its lines of the same size than a more metal-

rich dwarf. We are able to measure V for HD122563 from one

line, whose final value diers by~0.2 dex when using standard

or differential approach. This line, however, should be treated

with care as it is on the wing of 8§ making the continuum more

remains unchanged within the errors, and the scatter systéhficult to set.

atically decreases. Only Mn fqr Leo has a dterent final Regarding HD140283, as previously discussed, very few

abundance in the standard and th&edential approach. We lines are detected (Mg, Si, Mn), or no line at all (V and Co).

inspected the two lines used5004 and15117 A), both having It is unfortunate that two initially selected silicon liné#701

a continuum diicult to identify in their vicinity for both stars, and15948 A) had to be removed because they were blended by
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Fig. 7. Comparison of the abundances &K —giants determined
using the standard approach and by performingfiemdintial analysis
with respect to Arcturus. Same information as Fig.
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Fig. 9. Comparison of the abundancesadtal — poor stars determined Fig. 10.  Comparison of the abundances Mf-giants determined
using the standard approach and by performingfiedintial analysis using the standard approach and by performingfiedintial analysis
with respect to HD22879. Same information as Big. with respect tar Tau. Same information as Fig.

. . . - dispersion of measured abundances line-to-line and metirod
telluric features in every spectrum of our library. The tigling method in general, especially for the extreme cool gtathe.

of the 15948 A line can still be used for synthesis methodgyom Fig. 10 we can see that the error bars are significantly
yleldlng an abundance that is consistent with the only Wgﬂk k?arger than those of the other groups. However, tifiedintial
clean line at5708 A we have left. The abundance of Mn is lesgnalysis yields better results in terms of precision in nodghe
precise when the fferential approach is employed. Althoughases, in particular far Cet andy Sge. There are several cases
the final value agrees within the errors, it is worth comnmenti that lines did not provide trustable abundances becausptte

that the only line used14823 A) has a slight blend in the lefttrum in that region was too crowded with molecules. In these
wing in the spectrum of HD22879, the reference star. The Mases the lines were rejected by hand which meant to not have
abundance obtained from this line for the reference stdesarabundances for some of the elements. These cases have zeroes
between EW and synthesis method by 0.1 dex probably duestahe top sequences of Fity.

hfs (see Sect4.3). Finally, HD84937 has few lines in general,

but they are not lost after performingi@irential analysis. Some ) »

elements can not be measured in the standard approach (V, f18;, Hyperfine Structure splitting

Co), and thus can not be measured in thiéedential approach The odd-z elements Sc, V, Mn and Co analysed in this work are
either. affected by hyperfine structure splitting. Since we have meth-

ods that considered hfs and some that did not, we performed an
The last group oM—giants is the most élicult one. These cool analysis to quantify thefeect of hfs in the measured abundances.
giants have few clean and unsaturated lines in general; edpeFig. 11 we plot in each panel the absolute abundances of the
cially from our initial selection of lines which was done bds Sun for the four odd-Z elements for each line and method, as
on the Gaia-ESO data, which contains very few of such cool gi-function of wavelength. The open black triangles corragpo
ants. Furthermore, detecting the continuum is very chgiley to the abundances derived from the EW and iSpec methods (i.e.
as well as fitting the right profile to the lines. That makesrgda no hfs), while the filled red circles represent the abundaobe
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Fig. 11. Abundances of the Sun for the odd-Z elements determined Big. 12. Similar as Fig11 but for Arcturus respect to the Sun.

the different methods as a function of wavelength. In red filled escl

we plot the methods that consider hfs in the determinatioabafn-

dances. In black open triangles we plot the methods thatoehfs. forming a diferential analysis respect to stars that aféedent
from each other, thefiect of hfs can not be cancelled. Simi-
larly, we could see that hfdfects significantly the abundances

tained by the methods considering hfs. The dotted black ligéCo and V. For Mn, it is more dicult to say due to the few
represents the standard deviation of all measurementk thiei lines used. The metal-poor reference star HD22879, present

red dashed line represents the standard deviation of tHeoohet Slight dfset in the abundances with and without hfs for Sc and
that consider hfs only. V, but for Mn and Co the fiset is not clear, again due to the

(fﬁyv lines used. The cool dwarf 61 Cyg A shows significatfit o

et for vanadium only. This analysis suggests that althdnfigh

is not prominent for the determination of Sc, V and Co for the

Sun, it dfects significantly stars fierent of the Sun. Thus, we

confirm that to achieve more reliable results in an homogesieo
ner, only methods employing hfs should be considered for

One can see in the figure that V, Sc, and Co, although
fected by hfs, a systematidfect in the final abundance is no
significant, where the averaged absolute value and theseat
line-by-line and method-by-method basis remain esséntiaé
same. AThis is not surprising since the line-profiles in thea S
for those elements are symmetric and can be well represe he reference stars. including the Sun
with a Gaussian profile. few individual line abundances of Finall ; ! dth %@ : fhfs | the di tial
and Co might be féected - those where the non-hfs abundances inally, we investigated thefiect of his In the dierentia
are systematically higher than the hfs ones: for V only ome it analysis when stars are similar to each other. That is, fosst

: i within their group. Examples are shown in Fig for u Ara, a
ﬁgg;gi f_(l)_rhg(():;gzfgfug/:'nnehsofxgygﬁsﬁgﬁs"l:gﬁg&g’;i%gqg star from theF G—dwarfs group, and for HD107328, a star from

L ) the FGK—giants group. We chose these examples as one case
hfs, explaining the large scatter seen in Fig.On the contrary resenting systematic ffiérences when considering hjs Ara)

toV, Scand C.:O’ sev_eral strong Mn lines presented a prondungﬂd one case not presenting significafiiedtences (HD107283).
boxy-shape, in particulan5407,15420 andi5516 A.Theline |y 'the first case, the dwarf star has similar temperature and s
profile at15420 A can be seen in Fig. 1 &ott etal(2019. face gravity as the Sun, but it is considerably more metl-ri
This analysis suggests us that only Mn hfs should be taken iftan the Sun, so its lines are much stronger than the Sun. Even
account, which in our analysis it means that only the abuceinin, the diferential approach theffects of hfs in this case are not
of Mn obtained from ULB, GAUGUIN and Synspec should beytally cancelled, where we see that V, Mn and Co show notable
taken for the Sun. For the rest of the odd-Z elements, all mefiy,erabundances for methods that neglect hfs. On the othelf ha
ods can be used withouffacting the line-to-line precision and4p107283 has a more similar metallicity than Arcturus, but a
absolute value of the solar abundance. slightly higher surface gravity and higher temperatureerghs
Next, we investigated if the fierential approach cancels theno evidence of any odd-Z element having particularifedent
effect of hfs, such that all measurements can be employed, abundances when methods consider hfs or not. We know, from
gardless of the consideration of hfs. For that we did a similkig. 12, that V and Co are stronglyffected by hfs. This suggests
analysis to that shown in Fig.1 but comparing the dlierential that in the case of HD107283 analysetfelientially respect to
abundances obtained by the methods. We started with the refacturus, the dferential procedure cancels thieets of hfs.
ence benchmarks, which are veryfdient from each other. In  To conclude, since the GBS are slightlyffdrent from each
Fig. 12we show the case of Arcturus with respect to the Sun. &ither, the &ects of hfs can not be cancelled vidfdrential ap-
contrast to the Sun, we can see that thieats of hfs are impor- proach for all stars in a group in the same way. Furthermore,
tant for this giant for V and Co. The lines are stronger than gince our aim is to achieve the most reliable abundances in an
the Sun, making theffect of hfs more pronounced. Since we seleomogeneous way for all GBS, we restrict the determinatfon o
that hfs dfects diferently the diferent kind of stars, when per-abundances of Sc, V, Mn and Co from only the methods that
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muAra___ . muAa was added to the averagedfdiential abundance); the fourth

0.7 0.65
sl ¢ ; o0l R ] column lists the NLTE correction obtained for that line (see
' sy, ossh £ ] Sect.5.4); columns 5-10 show the fierent measurements of
O [ - g |I# . EWs of the Porto, Epinarbo, Bologna, UCM and ULB methods,
Toab | oo i} X <O : '*'§@*" ''''''' 1 respectively. The final eight columns correspond to theistar
N B B I R - I~ B ] point of this work, namely the direct measurement of abundan
' 0.40 g =" for this line by each method.
02F . . ; 0.35} : . ] After selecting the good lines (those un-saturated and un-
01 °, . . 0.30 . . . blended, in common between the reference and the star under
R A B el 2 investigation) the final value was determined with averggith
muAra muAra selected lines of all methods. The final value for each stdr an
12 ' 08 N ' ' element can be found in Tablésl, A.2, A.3 andA.4 for Mg,
1ol s ] & Si, Ca and Ti, respectively, and in Tables5, A.6, A.7, A.8,
< : < la®s . ,s] A9andA.10, for Sc, V, Cr, Mn, Co and Ni, respectively. The
z 08f N z égggg“? af. first column in the tables indicates the final abundance jii[X
S S o g MRV notation, and the rest of the columns represefiedint sources
S L s 8 < s of uncertainties, which are explained in detail in Séct.
oAb __af3 9% % ______ 1 b B ] More specifically, the final abundance was calculated in the
. following way:
OfBOO 5[;00 5560 6(;00 6500 0‘ASO()OO 55‘00 6600 6560 7000
e e [X/H] = (A(X) = AX) ) + (AX) ot = AX) ), (1)
o ' ' ' o e ' where(A(X) — A(X),) is the final averaged fierential abun-
ref g
02 i 03f % . B dance of the star with respect to the reference ¥8(X) s —
g L. S ol : * 3+ | A(X)o) correspondsto the final averagedeliential abundance
< Y e < P P of the reference star with respect to the Sun.
3 s Az% § g oaf . s Itis worth to comment here that the final abundances are un-
< frmAe e B e . . -
der the assumption of LTE. The reason is that NLTE correstion
0.0 2 2 3
. ooy . ] for these 10 elements for the variety of spectral classasjtgs
-01 ‘ A -01 . ‘ ‘ and metallicities of the GBS are not available. We calcudlate
2 S e T %000 5500 e °°  dedicated NLTE departure cieients for some of the elements
HD107328 HD107328 for all the stars but these calculations are not possibletfod
04 ' ' ' 0.35 ' ' ' every atom configuration (see Seg#). Since our work aims at
ok 2 030} s homogeneity, we provide LTE abundances for all elements and
e bt SR = ozl : stars as our default abundance, and provide the average NLTE
£ ozt ant i1 2 departure of all the lines when available. Regarding the odd
= Lt 3 & 020F Z elements, the final values listed in Taldles, TableA.6, Ta-
R /S € o1sf ble A.8 and TableA.9, contain only the abundances obtained by
oof § ool ] the ULB, GAUGUIN and Synspec methods. However, we de-
. e cided to keep the unused EWs and abundances in our final tables
O oy e e e e e e e 0o fOT @ach star, to enable further investigations on ffisas in the
wavelength [A] wavelength [A] fUtU re.

Fig. 13. Similar as Fig.11 but for aFG—dwarfs star g Ara) respect
to the Sun and for 8GK—giants (HD107328) respect to Arcturus. The4.5. Golden lines

name of the star is indicated in the title of each panel. ) ) ) )
The atomic data of all the lines employed in this work can be

found in the online table (FIN_LINES), where we list the wave
consider hfs. That is, we neglect the results obtained bgdSplength, loggf, low excitation potential, the quality flags from the
Bologna, Porto, UCM and Epinarbo for those elements. GES line list (see Sec?.?) and flags representing if the line is a
“golden line” (see also Paper IIl) or not. There are five casm
with flags for “golden classification”, one for each of the gps
mentioned above. In the columns two flags are indicated (Y and
As a final step, we visually inspected the profiles of all selec N). We defined a line to be golden line if it is analysed in astea
lines individually and removed unreliable abundancesmédi 50% of the stars in the group, in that case the flag corresgonds
with blends or potential bad profiles. The final selecteddinghe letter “Y” (yes, it is a golden line). If the line was anséd
for each star can be found as part of the online material. & hdxy less than 50% of the stars in the group, then the line is not a
are 34 tables (one for each star) containing the individoaha golden line and the flag has the letter “N” (no, it is not a golde
dances for each line for the 10 elements analysed in thidarti line). Finally, if the line was not analysed for any of therstan
The first column indicates atomic number of the element; thigat group, then there is no flag.
second column the wavelength of the line in A; the third col- Note that to derive the final abundances, we used all the lines
umn the final abundance for that line obtained with the poceasot only the golden lines. Nonetheless, it is useful to have a
described above (thefigrential abundances for that line werglobal view of which lines are used most. For magnesium all
averaged between the methods analysing that line and tleenlithes except one are classified as golden for @& —giants.
absolute abundance determined for the reference benclstaarkHowever, there is no Mg golden line for all groups. For theecas

4.4. Final abundances
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of silicon, the group o G-dwarfs all the lines are classified ash.2. Systematic errors due to the consideration of [Fe/H] in
golden and one lineA6684 A) is a golden line for all groups. LTE

Among the numerous lines analysed for Ca, golden lines dWe defined in Paper Ill our metallicity as the value obtained

tribute be_tW??“ the ﬁ'erent groups, which tell us that Ca Ilne":for the iron abundance after NLTE correction. This opens the
change significantly in dierent spectra. Interestingly, cool star

(giants ancK—dwarfs) use much less lines (3—7 lines) com ar%&testion on how robust our determination of more elememts ar
tg metal-poor an@G—dwarfs (18-19 lines). The most nume?ou en they are determined using material and methods that con

. P L . ‘ ' Rider LTE. To assess that question, we made an extra run (see
lines are those of titanium, with theG-dwarfs h".i\('ng many Sect.3.2) on determining abundances but consideringHifas
golden lines. Metal-_poorstars also use several Ti linésoaph the value obtained in LTE, that is, before the NLTE corrattio
very few were cllassn‘led as golden. Giants &xedwarfs gener- (i.e. [FeH] = [Fe/H] - Are as explained in Paper Ill). In this
ally do notuse Ilngs bluer than 53.00 A, probably they Saeumat o ction we aim to see théfect of NLTE corrections for iron in
blend with other lines due to their cooler temperatures wath

: ; the resulting elemental abundances. The resulting abaedan
spect to the solar-type stars. All scandium lines are enguldy g 9

X ... were determined as explained in Settand the error due to
the FG—dwarfs group, but about half of the lines were Class'f'q\grE is considered as theffiirence between both results. These

as golden. The lin@5686 A is a golden line for the dwarfs andyifferences are listed ad TE in the final tablesA.1, A.2, A.3
FGK-giants, but was not used by the other two groups. Almoghq A 4 for Mg, Si, Ca and Ti, respectively, and in the tables
all of the used Sc lines except onts641 A) were classified asA5 A6, A7, A.8 A.9andA.10, for Sc, V, Cr, Mn, Co and Ni,
golden for theFGK —giants. respectively.

Vanadium is another element with numerous lines employed. The diference in the abundances obtained considering the
For dwarfs and=GK-giants most of them were used with sevmetallicity after and before NLTE corrections is displayed
eral being classified as golden. Metal-poor stars employ ve{l| elements and stars in Fifj4. The error due to the NLTE cor-
few (8 lines), none of them goldenM-giants, on the other rections in the iron abundances for the determination cfehe
hand, employ even less lines (4 lines) but all of them aregyold and iron-peak elements is in most of the cases negligiblés Th
Chromium behaves line Ca, in the sense that golden lines gy@ot surprising given the normally small corrections of L
distributed between the fiérent groups, and very few lines argor metallicity, which are in most of the cases less than @1 d
golden lines. The lin@5628 Ais a golden line for all groups ex-(see Paper Ill). Theftect of that diference causesftiérent re-
cept the metal-poor stars, for which we did not use that INM@. sults in individual abundances which are usually below Q€2
line redder than 5600 A was employed by the metal-poor stagithough some cases such agHifor the cool gianty Sge has
Concerning Mn, most of the lines were used by fte-dwarfs, a difference of 0.1 dex in the resulting abundance. Note that
and were classified as golden. On the other hand, most of éwen for this extreme case, thigférence is less than thefidir-
lines were used by theetal — poor, but only one line {4823 A) ences in the value for Si abundance due to errors in thestella
was classified as golden. Féf—giants, only two lines were parameters of the line-by-line scatter.

used, none of them golden. All lines used féBK-giants (6 Chromium abundances of the cool giant§au andy Phe
lines only) are golden. have the largest fferences of 0.19 dex when considering the

Regarding cobalt, most of the lines were analysed for tH@n abundances under LTE or after NLTE corrections. THis di
dwarfs, being most of them golden for tR6&—dwarfs and only ference is, however, comparable to the line-by-line scaftthe
those redder than 5500 A for the—dwarfs. Metal-poor stars abundances determined from the 6 selected Cr linea ffau.
employ only 3 Co lines, none of them golden. There are twde line-to-line scatter of [@H] of y Phe is slightly lower but
lines that are golden lines for all groups except the metaip ONly two lines were employed in that case.
stars (5647,15915 A). Finally, Ni has many golden lines for
several groups. FdfG-dwarfs, all of them were golden excepts 3. Errors due to uncertainties in stellar parameters
one, forFGK-giants, all of them were golden, although fewer . o
were used with respect to tifG—dwarfs. Metal-poor stars em-We quantified the errors due to uncertainties in stellar ppara
ploy numerous lines, but very few are golden. The cool staes (£ters in the same way as in Paper I, namely we determined
less lines than the previous groups, but several of thees tine abundances using the procedure explained above but clgangin

golden. More details for each element and nature of lineheanthe value of the stellar parameters considering their gsee
found in Sects. Sect.3.2). This process was repeated eight times, two for each

parameter (&, logg, [Fe/H] and vyc) by adding and subtract-
o . ing the error from the respective parameter. Then, the gragr
5. Sources of uncertainties of derived abundances  ¢onsidered to be thefiiérence between the values obtained from
In this section we discuss théfect on the final abundances ofOth runs of each parameter. These values are represented as
different sources of uncertainties, most of them having asysteMJFE‘/H]’ ATer, Alogg and AVimic for Fhe error in metaII|C|_ty,
atic origin, such as the consideration of stellar pararsetafe €Mperature, surface gravity and microturbulence vetocé-

also discuss theffects of NLTE corrections for some of the eleSPectivey. They are indicated in Tables—A.10. _
ments. The diferences are displayed for all elements and stars in

Fig. 15. For this illustration we considered the total error of the
stellar parameters, defined by:

— 2 2 2 . )2
In general, we have a fair amount of lines and methods pn(ngidiA - ‘/(A[Fe/H]) + (Aten)” + (Aogg)® + (Avmic)”. 2)
abundances for each elemystdr, which allows us to determine  This difference is plotted in Figl5 only, it should not be
a standard deviation around the mean of all those measutemdreated as a total error because it would be overestimated. T
These values for each elemitar are indicated as the columrway of treating the total error assume that thedent param-
o(€) of TablesA.1 —A.10. eters are not correlated to each other, which is not the dése.

5.1. Line-by-line scatter
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causes a larger flerence in [MgH]. This star is also slightly
metal-rich, making the abundance determination of strores!
more sensitive to this parameter. A similar behavior is een
some elements for the metal-rich gianteo. Finally, the error
of ~80 K in the temperature of For produces a étierence in
[X/H] of 0.08, 0.08 and 0.09 dex for Ti, V and Mn, respectively.
This agrees with what has been discussed in &lprén et al.
(2009 for this star.

The metal-poor stars have for most of the elementdfardi
ence below 0.1 dex in the determined abundances. Uncéetint
of that order are found for Ti, Cr and Ni, suggesting that ¢hels
ements are particularly sensitive to the stellar pararadtethis
type of stars. In the chemical analysis of 14 metal-pooisstéar
Hollek et al.(201]) an extensive discussion can be found on how
the diferent elements arefacted by stellar parameters. In their
Table 7 there is a detailed description of how the abundaraes
change with errors in stellar parameters. If an error of 158 K
considered in the temperature (the temperature unceesiof
our metal-poor sample is 6f100 K) then the abundances of Ti,
Cr and Ni can result in up te0.2 dex diference. The rest of
the elements havefiiérences 0f0.15 dex for this temperature
error. Similarly, if viic has a diference of 0.3 dex, then abun-
dances of Ni, Cr and Mn can bé&ected by~0.15 dex as well.

B ool il bbbttt bbbttt bbb As inHollek et al.(2011), we find that the uncertainty in surface
0.2 [T gravity is less significant for most of the species (see Eblg
Tooal oo b to A.10).
goo ESPSRIPER SRR 3P SPESY FERAR AR IR 2 RN R A R IR T ..
As commented before, the error due to ¢pgncertainties
Q«*i;e@S%@?%ﬁg%@iﬁ&%ﬁxﬁgo@%a%;&‘iﬁzéggyﬁ” for Arcturus has been calculated considering a value thels
SR & T A large of what is reported in Paper I. We expect the errorsen th

abundances to be twice as large approximately. We obtained
: : _ _ ) uncertainties due to lagierror for Arcturus of the order of 0.01
F'?' 1‘:' Differences of ab”rédancﬁs (y)l%a'”led e thehf'“a"“:e — 0.02 dex (see Tables.1 — A.10), with the error obtained in
value from Paper Il compared to the value before the NLTE X L o .
corrections of iron. Stars are sorted in temperature. _Pap_er l, the uncertainties ShOUId.become O.Q3 — 0.04 dexfwhi
is still smaller than other uncertainties listed in the ésbl

a covariance between parameters would be taken into accogty. NLTE departures
the error would be smaller. In the final tables we give eacbrerr

independently, here for the discussion we consider thé¢ dog
as defined above. The totalfidirences are usually compara
ble with the line-to-line scatter although in some casey tam
be significant. This reflects on one side the some rather la
error in the stellar parameters (see Tabland Paper | and I
for details) and on the other hand the dependency of tfierdi
ent elements on stellar parameters. For example, the csl s
have relatively large dierences in most of the determined abu

dances, but the uncertainties of the stellar parameteralsoe ¢ 5 awin (1968, rescaled by a factdBy which is calibrated
relat_lvely large. Furthermore, for the cool stars thﬁeﬁen_ces empirically. Full details are given in the respective pape&n-
are in general large for most of the elements, which m'ght_la'?ner source of uncertainty is related to the equivalentivgid

dye to the fewer lines employed for the abundance determifgs corrections were performed considering an average EW of
tion. Solar-like stars, on the other hand, have in most of tha | ohods.

cases dierences below0.05 dex except few cases such as Mn

for @ Cen B, Mg foré§ Eri, and Ti, V, and Mn fore For. The The mean corrections for the elements where we calcu-
0.31 km's error invmic of @ Cen B causes afilerence of 0.08 dex lated the NLTE departures are displayed in Ri§for all stars,

in Mn, which is expected sinae Cen B is a metal-rich star andsorted by temperature. In general, the NLTE correctiondare

its lines are strong, i.e. more dependent on microturbelésee low 0.1 dex, which is comparable with the uncertainties dis-
e.g.Gray 1992. The rest of the parameter uncertainties producessed above. Metal-poor stars, however, have large NLTE
negligible diferences in the abundance of Mn (see Tahlg). departure of Cr of up to 0.3 dex, which is consistent with
In any case, the line-to-line scatter is larger than thisutainty. Bergemann & Cescut{i2010. Silicon abundances have small
This is probably because of the same reason, given thatténis 8ILTE departures for all stars. Mn has larger departuresher t

is metal-rich, the Mn abundances are more uncertain fongtranetal-poor stars, but for the rest of the stars, the depestare
lines that have large hfs. For the Mg abundancé Bfi the sit- also normally very small, consistent wiBergemann & Gehren
uation is very similar to Mn forr Cen B, the large error iy (2008.

NLTE corrections were computed for selected lines of mag-
nesium Qsorio etal. 201p silicon Bergemannetal. 20}3
calcium (ind etal. 2013, chromium Bergemann & Cescultti
Qﬁo and manganesd&érgemann & Gehren 2008The main
uncertainty in these calculations is typically related e in-
elastic hydrogen collision rates. In the case of magnedivese
fates have been accurately computed from quantum mechanica
"hethods, while the other studies rely on the classical fétamu
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Fig. 16. NLTE departures of Mn, Cr, Ti, Ca, Si and Mg for all stars,

Fig. 15. Differences of abundances obtained using the uncertaint?gsrted by temperature.

of stellar parameters. The individual values shown froml§abl to
TableA.10 were summed quadratically. )
(see e.gLee et al. 2008Jofré et al. 2010Li et al. 2014 for stel-

_ _ o lar parameter determination of SDSS or LAMOST spectra), as
6. Discussion on individual abundances many of the smaller lines vanish. Since Mg is @relement,

In Fig. 17 and Fig.18 we show our final results, which are disIMg./Fe] can have dierent valges depending on the chemical
played with red filled circles. These values are listed insibe- enrichment history of the environment where the star formed
ond column of Table#..1, A.2, A.3 andA.4 for Mg, Si, Ca and Furthermore, Mg and O are the-elements that separate the
Ti, respectively, and of TébIeA.S, A.6,A.7,A.8, A.b aﬁdA.lO, t_)est in the §/Fe] VS [FeH] d'e!gfams u;ed to d|sgntangle Galac-
for Sc, V, Cr, Mn, Co and Ni, respectively. The blue open cific components using chemical tagging _(Hawkms et al, sitbm.
cles are dferent values taken from an extensive search from t 8callee of ttrlle strerf1gth of thte Mglb :rlpflett, the abunqlal?czlof
literature which were then transformed to/fY§ scale using the IS element known for a vast amount o stars, especially dis

solar abundances employed by thfatient literature works. For }_ant n:etlalé%ci:cilr:star,s ?jbsi\\l/ed W,lthl Iozvg rgéoll#:on Speeirg.
a description of our literature search and a general dignusé eeetal ernandez-Alvar et al. 2015or these reasons,

our results in the context of previous studies, see AppeRdin a well defined scale of Mg abundances is very important fér ste

this section we focus on a detailed discussion of each eItemlaji spectroscopy as we_II as Galactic sue_nce.

individually. We point out here that this discussion is irded to Eight of the twelve initially selected lines were used foe th

be for consultation of the results of the elements for thechen determination of Mg, with the triplet being excluded as #s r
mark stars focusing on the main aspects and results in agjen@iced equivalent width was larger tha#.8 for the reference
way. Thus, this section does not contain important fundasneftars. The atomic data of these lines can be found in the elec-

needed for concluding this work, and can be skipped by impg&onic table (FINAL LINES). Each line was classified as a goid
tient readers. line for at least one stellar group, meaning that they weeel as$

least by 50% of the stars in their group. The line2@818 and
16319 A were golden lines for all groups except the metal-poor
stars. The line8712 A has no quality flag from the GES linelist,

In spite of the relatively few spectral lines of magnesiunthwi Which means its synthesis and atomic data quality have rest be
respect to other elements analysed in this work (see T3ble analysed yet. We included this line anyway because of the few
the abundance of this element is very important in speamsc lines in the Giréie HR21 (and Gaia-RVS) range.

studies partly because of the Mgl b triplet around 5180 ASehe  For magnesium we calculated for each of the lines and stars
lines are commonly used to derive the surface gravity oftde s the departures from LTE, being most of the cases very smiadl. T
especially for spectra with low resolution or low signalrtoise largest averaged NLTE departure of -0.1 dex is for Gmb1830

6.1. Magnesium
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excitation potential above 5 eV (see table FINAL_LINES). As
discussed isratton et al(1999, for warm giants NLTE correc-
tions can become large for high excitation Mg lines. Regentl
Osorio et al.(2019 presented a detailed 3D-NLTE analysis of
Mg of some of the GBS, in particular the Sun, Arcturus, Pro-
: cyon and the metal-poor stars. Although they find that NLTE
b departures do not significanthffact the solar abundances, for
R Arcturus diferences of up to 0.3 dex can be reached. We found

B an average departure of 0.08 dex for Arcturus, with extreme

‘ cases of around 0.15 dex for the linesi8712 and18717 A.

Osorio et al(2019 discusses further how 3Dfects become im-
portant as well, making it more filicult to make a one-to-one
comparison with our case.

In general, our results agree well with the literature. The
solar abundance of Mg is quite discrepant with respect to the
scale ofGrevesse et a(2007) among the 10 elements analysed
P RO in this work. Nevertheless, when uncertainties are takém in
P2 K 22002 S E LS (& P
o R Q%ng%\g

(TR e account, the values agree. In our extensive literatureckear
we could not find Mg abundances for the cool GBS, except

Fig. 17.  Abundances ofr—elements for the GBS sample sortedor @ Tau, which was analysed lves-Brito et al.(2010 and

by effective temperature. Filled red circles represent our fiailles by Thevenin(1998. From Alves-Brito et al.(201Q we could

while open blue circles representfiérent results from the literature derive two values for [MgH] as they provided two values for

(see Sectd). [Fe/H] using two atmosphere models. In Talflel the value of

[Mg/H] = -0.16 corresponds to the abundances obtained with

MARCS models.Thevenin(19998, on the other hand, obtained

‘ a value of 0.2. We obtain a value of -0.32, which is lower than

i § thatofAlves-Brito et al.(2010 but when considering the uncer-

i 4 tainties in our measurement (up to 0.17 dex), both resudtsnar

agreement.

Pibd We obtain a value of [M@H] = 0.012 foré Hya. The

; standard deviation of the line-to-line scatter is reldyiiarge
(0.1 dex) but the errors due to stellar parameters or NLTE cor
rections are very small. This star is a relatively metafgéant
([Fe/H] = +0.16+ 0.2) so its spectrum is moreftlcult to anal-
yse, explaining why the scatter in the [} abundance is quite
high. We could not find a value of [MB] reported in the litera-
| ture for this star. This star has a ratio of [jfg] = -0.15, which
P is consistent with [Mge] ratios of metal-rich stars observed in
the Galactic disk (see e.@ensby et al. 201;4Mikolaitis et al.
: 2014 Bergemann et al. 2014Holtzman et al. 2015for recent
11§ studies)

.70 Based on our literature search, we provide new values of
Piit 4 [Mg/H] for a Cet,y Sge, 61 Cyg B ang Ara. These are all
D Do AR AR cool stars for which we analysed between three and four,lines
T T T K N F P Yo TR W e among them the line at6319 A. The line-to-line scatter can
W ERIR S TR ST e be large for these measurements (about 0.1 dex). The uncer-
tainty due to stellar parameters can also produce largesgrro
Fig. 18. Abundances of ironpeak elements. See caption of FIf.  up to 0.2 dex when the error inef is taken into account for
a Cet. Given the diiculty of analysing such cool spectra, we
find it encouraging to be able to measure Mg with our combined
(see TableA.1). As discussed in Appendi®, the abundances method. The final lines were carefully inspected to ensure re
of this star are determined using affieetive temperature that isability of this new measurement. The [Mg] ratios ofa Cet,
very different from the typical spectroscopic temperature, whighSge angB Ara are slightly enhanced with respect to solar (0.16,
might cause that the calculations for departures from LTIEan 0.19, and 0.16, respectively), which is within the typical-v
per Il are incorrect. The rest of the stars present a smallBNL ues found for disk giants for solar and slightly lower métall
correction, usually below 0.05 dex, except for the gianfau, ities (Holtzman et al. 2016 The [Mg/Fe] ratio of 61 Cyg B is
B Gem, e Vir and Arcturus, which have an averaged departureore enhanced+0.3 dex) with respect to its binary companion
of the order of 0.1 dex. Note that large departures of NLTE aBd Cyg A (+0.15 dex). When considering the errors, especially
found for most of the lines used to determine Mg for thesesstathe metallicity of 61 Cyg B, which is of 0.38 dex (see TaB)e
The lines we used for the Mg determination of giants haverall &oth ratios come to a better agreement.
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6.2. Silicon agrees very well with that one #fffer et al.(2005 but disagrees
with the result oMishenina et al(2009.

Silicon has several clean lines in the optical part of thecspe Finallv. to our knowledae. we are the first ones aiving a value
trum, making it an importantr—capture element, as it plays Y g€, gving

an important role in testing supernovae and chemical eivzxuiuto.f [Si/H] for th? cool giania Cet, which is bas.ed on t.he analy-
models. It is believed that silicon is created during lates-e S!S of the two linesl5684 Aan@lS?Ol A. The line-to-line scat-
lution of massive starsioosley & Weaver 1996and by Type ter is of 0.1 de>_< but as seen in Table (ALF CET), few meth(_)ds
la supernovaeTsujimoto et al. 1995 Some works studying ((N0S€ performing synthesis) were able to analyse thess, in
Galactic chemical evolution models that use spectroscomd: thus the scatter is °V¢feS“m?‘ted due to the S”_‘a" statibttus
yses of stars and measure silicon Bxvardsson et a(1993: measurement. We visually inspected these lines to ensare th

Ti (1 - Valenti & Fischer (2 B ] yeliability of this new measurement. The [B2] value_ofa Ce_t
(érg(%egneél\illilfol?ii?s,et ;t_a(nz%ib_lsc er(2009; Bensby eta is rather low (-0.07) which is lower than [Mige]. This star is

We have a total of 13 neutral and 2 ionised Si lines. all §E"Y cool and the errors in the measurement of Si abundances

them having rather high excitation @.9 eV). The 15 lines were 2'¢ significant in all our sources of uncertair)ties. Wh_erB'cd}n
classified ags golden ?ines for the @group)E)G—dwarfs 13 of EMNY the errors, [$|Fe]_ and [MgFe] are consistent. Itis worth
' to comment the trend in temperature found for Si abundances b

g:gg gjcg?]o:idseﬂlfgolr igggsKﬁr?éasniugﬁr f)):l;;?géyl&m:rtgl'F:(e)f)rHoltzman et al(2015 in the large sample of APOGEE giants.
' y P'® The coolest stars (those around 3500 K such &=t) have sys-

ferred to determine Si abundances (see @rgtton et al. 2003 : : ) : :
who has determined Si for many metal-poor GBS), which I{%?\?\};?Agrlggﬁzs(even negative) [Be] ratios with respect to

blue wards from our spectral region. We could still detemnmin
the abundance of Si for this extreme case based on only one
very weak line 5708 A), which has an EW of 2.2 mA as mea#.3. Calcium
sured by the ULB method. Only the ULB and iSpec (which are ) ]
based on synthesis) methods could provide an abundandesforgimilar to the case of the Mg Ib lines, the Ca Il triplet around
line, which was checked with the synthesis performed tokgerat 8500 A is a very important feature to derive surface gravi-
stronger line but blended with telluric features. Our reémi ties. Furthermore, the Gaia-RVS spectra are centred on this
[Si/H] of -2.2 agrees well with previous reported works of -2.feature, and so the spectra of RAVE and the HR21{&ira
(Gratton et al. 20080r of -2.1 (Thevenin 1998Francois 1985 setup of the Gaia-ESO survey. Examples of works determin-
We found that the linel8899 A, which is a golden line for ing parameters using this feature &i@dopatis et al(201]) and
the FG—dwarf andF GK —giant groups, yields an absolute abunBailer-Jones et a(2013. Furthermore, calcium is an-capture
dance that agrees between the methods, but the absolute agl@ment, and like Si and Mg, a star can havéedent val-
dance is systematically lower (about 0.4 dex) than whenitapk ues of [CdFe] depending on the age and star formation his-
at the value obtained for that line with thefférential approach. tory of the gas that formed the star (e.gVenn etal. 2004
This suggests for a revision of the atomic data of this line. ~ Nissen & Schuster 20)0
We performed NLTE corrections for this element, showing All the initially selected 22 lines were considered for threfi
that most of the cases the corrections are zero or below @3 dibundance determination, where 18 of them are neutral and 4
These corrections are negligible compared to the lineig-I ionised lines. For thél—giant group, 3 lines are used, for the
scatter found for Si for all cases. The analysis of Si abuodan FGK—giant group, 7 lines (all golden), fd—dwarfs 6 lines
in LTE and NLTE ofShi et al.(2012 agrees with us in the sensg3 golden), forFG-dwarfs 19 lines and for metal-poor stars 18
that the abundancesftiirences are very small in the optical relines. The lines at5867 is classified as golden for all groups
gion. We note however tha&hi et al.(2012 derived signif- except for the metal-poor stars. Five lines are golden lines
icantly larger NLTE departures for strong lines in the infch both theF G—dwarfs and thenetal — poor groups. The overlap
(between 10200 and 10900 A). between metal-poor and giants or thedwarfs is much smaller,
For the cool starsy Cet, 61 Cyg B and3 Ara we used because these lines become too strong (log(W —4.8) for
2-5 lines only, because most of the lines were blended wgRoler stars. The lowest excitation potential of Ca linestisut
molecules or the continuum could not be properly placed. The? €V while the highestis 8.4 e.V.
line-to-line scatter is for these cases rather larg®.Q dex) but We performed NLTE corrections for this element as de-
for the rest of the stars the scatter is in general below Ox1 de&cribed in Sect.5.4, with large negative corrections for
The cool starsy Tau, € Eri and 61 Cyg A have also a rathe-GK—giants. Note that this averaged NLTE correction is in this
large line-to-line scatter, but given thefitiulty in analysing cool case not representative for the majority of the individuat-c
spectra, we find the values acceptable. The uncertainti€s irrections. One can see that the red ionised line¢88tL2 and
abundances due to errors in stellar parameters is for mest #8927 A have corrections of up t60.25 dex, while the other
stars smaller than the line-to-line scatter. The cageArfais an lines have corrections below 0.05 dex. Solar-like stars heu-
exception presenting largeftiirences in [$H] of upto 0.17 dex ally smaller NLTE collections than the line-to-line or theas
when considering the errors of [ andvpmic, but this star has due to stellar parameters. The aforementioned two linealaoe
parameters that are uncertain and it is very cool, which makensidered in the final Ca abundance and have large comectio
the analysis of spectra in general morgidilt. as well, although slightly smaller than for giants (of 0. k)dend
The abundance of Si we obtain for the Sun agrees very waiice there are more lines used for the final abundance, tthese
with Grevesse et a(2007 within the errors. When comparingNLTE sensitive lines have less weight in the final value.
our results of silicon abundances with the literature (3gel), Normally uncertainties in final Ca abundances are below
we can conclude that our values agree for most of the stays v@rl dex when considering errors in stellar parameters dirthe
well with those reported in previous works, with exceptidn do-line scatter. The uncertainties in Iggroduce in most of the
B Ara(+0.67,Luck 1979, which considers a value for,F 500 K cases a negligible flerence or zero flierence in the measured
and forvmic 3 kiys larger than our own. For 61 Cyg A our valueCa abundance. The uncertaintyvgic, on the contrary, pro-
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duces diterences in [Céd] more significant although still small not enough to evaluate excitation and ionisation balangg, (e
except for the cool stars. Uncertainties in temperaturdyces Preston & Sneden 20D0

slightly smaller diferences in final Ca abundance thap with Titanium is the element where we have most of the lines and
the warm giants having a largerfiéirence with respect to thethys the mean and standard deviation for the derivation®f th
warm dwarfs. Metallicity errors do not significantlyfect the fina| abundances allowed us to sigma clip the bad lines quite
final Ca abundance, in a similar way as tpg straightforwardly. We have a final selection of 55 neutnak4

We were able to determine Ca abundances for all GB&hd 12 ionised ones, all of them rather with low excitatier8(1
which is important because this makes Ca a good element é&f). For the stars belonging to the groupMf-giants we used
calibration of homogeneous-abundances using all benchmark 2 lines, among them 7 classified as golden. Among these 4
stars. The abundance of Ca we obtain for the Sun agrees Vgfys, one Ti (15005 A) and three Ti(15689,45702 andi6091
well with Grevesse et a(2007) (see Fig3). Our results for the have been classified as golden for rest of the groups except fo
rest of the stars also agree well with those found in theaiteline metal — poor one. As for Mg, we included a linel7819 A)
ture. One exception is the cool gianSge, for which we found \yhich has no quality flag form the line list. This line showsdo

thatBoyarchuk et al(1999 obtained a value of [Q&] = 0.05, yesults and its synthesis and atomic data should be anakjged

that is 100 K higher, a surface gravity that is 0.3 dex lowet an . '
a metallicity that is 0.2 dex higher. For the same line we used NLTE corrections for Ti were not computed as for the

: . previous cases, so the respective column in Tablé is
here (6156 A) they determined a value of leg= 6.4 while empty. The corrections should be however small for FGK stars

we determine 6.0. The lagf value they employed agrees With(Takeda 2007Bensb ; ;
L . : ; y etal. 2003 As extensively discussed
ours within 0.1 dex. We attribute thefférence on the stellar pa—|Oy Bodaghee et a[2003, neutral Ti lines are more sensitive to

rameters and probably fiérent methodologies and continuuny T efects, especially for metal-poor stars. Our abundances
placement. _ _ are based on mostly Tiines, meaning that uncertainties due
We could not find works reporting abundances of Ca for thg NLTE should be investigated with detail in the future. The
cool giants)s Phe,a Cet ands Ara. Our abundances are detertarge parameter coverage of the GBS, together with the large
mined from one and two lines. In these starsféedénce invmic number of Ti lines makes this task challenging. The line-to-
causes a dlierence in [CA] of about~ 0.1 dex or more, while |ine scatter of Ti abundances, in particular for metal-pstars,
the rest of the uncertainties do not cause a significant @éhéngis rather large, which could be attributed to NLTHegts, in
the final abundance. We visually inspected these lines torensyhich abundances obtained from ionised and neutral lines ar
reliability of our results. The [G&e] ratio for these cool giants giferent. Since we do not have ionised and neutral lines for
are consistent W|th_the expectation of chemlcal evolutiadm g| the elements in this study, we prefer to take a final avedlag
els. The [Cgre] ratio ofy Phe of 0.5 agrees with—enhanced gne rather than two separate values, but we list abundaaces f
stars at low metallicities (-1.25, see Talile For the rest of each line in the online material, so it is possible to choasg o
the giants, [Cée] ratios between 0 and -0.15 were obatineghnised Ti lines, which should be less sensitive to NLTEets
which agrees with the systematic lower [Ee] ratios found by (Brown et al. 1983Bodaghee et al. 2003
Bodaghee et al2003 andHoltzman et al (2013 with respect Uncertainties due to NLTE corrections of iron from Paper

to othero—elements in their samples of stars. Il yield very small or zero derences in Ti abundances. Even
Itis worth commenting that although we provide a measurgmajler are the dierences in Ti abundances when uncertainties

ment for [CaH] for y Phe, this is done using the [fF] value de- o |ogg are considered, where most of these stars, especially the

termined by us in Paper lIl. We recall thatin Paper | we cowlt nyarm ‘stars, have a zerofflirence. One exception is the cool

use areliable stellar evolutionary track to measurglatpen us- gianty Sge, for which an error of 0.35 dex in lggauses a dif-

ing the metallicity determined in Paper Ill, thus a solaraflet-  ference of 0.07 dex in [TH]. Uncertainties in fective tempera-

ity was employed. The stellar parameters of this star haee byre do not significantly iect the final values of Ti abundances.

recently determined bchonrich & Bergeman(2014), obtain-  petallicity uncertainties have in general a small impacttie

ing a rather metal-rich star of metallicit0.1 + 0.4, with tem-  fina| Tj abundances of less than 0.05 dex. Finally, erromsin

perature and surface gravity consistent with Paper I. Thosvs  produce in the cases where the spectral lines are the ssbnge

how difficult the determination of abundances of this cool giaf¢ool or metal-rich stars) greaterfiirences, as expected. The

is. Therefore, we recommend to take this value of Ca with Cayhe-to-line scatter is below 0.1 dex except for metal-pand

tion and we suggest to reanalyse this line using a revis#tev cqo stars. These stars have a slightly larger line-todieter,

of metallicity. mostly due to the few lines used to measure the Ti abundance
and stronger NLTE féects.
6.4. Titanium Our abundance of Ti for the Sun agrees perfectly with the

solar abundance @revesse et a(2007). When comparing our
Titanium is sometimes referred to as an iron-peak elemesatiues with the literature in FidlL7, we can see that in general
(Timmes et al. 1995 but whose overabundance at low metathere is a very good agreement. As in the case of Ca, we are able
licities follows thea-element behaviour. Optical spectra have determine abundances of Ti for all GBS in an homogeneous
for FGK stars numerous Ti lines, which makes this elementfashion. For the cool starg Sge,a Tau and 61 Cyg B, how-
common one in chemical analyses of stars, as one can deterreiver, we obtain systematically lower [Hi] values than the liter-
this abundance from spectra at almost every wavelengtterargfure. As above, the abundance of Ti was determineg fage
Due toits ‘@” nature, Ti abundances are widely used to study thy Boyarchuk et al(1999, who used a hotter and more metal-
structure and evolution of our Galaxy (e.gMissen & Schuster rich set of atmospheric parameters than us. Theasteau was
201Q Mikolaitis et al. 2014 Boeche et al. 2004 Titanium lines analysed byAlves-Brito et al.(2010 and by Thevenin(1998
are in addition sometimes employed in metal-poor stars éer deporting Ti and Mg abundances (see above). These two works
termination of parameters, when the amount of iron lines iis this case agree with a value of [Mi] zero or slightly above,
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which is 0.4 dex above our result. Nod¢ves-Brito et al.(201Q0 ronment, (in particular the IMF) in which these supernovag-h
uses a solar metallicity foir Tau, while our [FgH] is —0.4. pened are dierent in diferent parts of the Galaxy. For exam-
For 61 Cyg B, a value of [TH] of —0.05 was reported by ple, the Sc yields show very large variations as a functichef
Luck & Heiter (2005, which is 0.3 dex below our result. In Paimass of the progenitor in the computationSbiieffi & Limongi

per Il we discussed that our measurement of metallicity dad2002 producing scatter in [$Ee] v/s [Fe'H].

difference of 0.3 dex with respect to this work and discussed its For scandium, we have 6 neutral and 7 ionised lines, all of
reasons. them with low excitation£ 1.9 eV). All the lines were used for

The case of Gmb1830 is worth commenting. We found FoG-dwarfs, all except two for th&—dwarfs. All ionised lines
measurements of Ti abundance in the literature for this sté8 of which are golden) and no neutral line were used for the
for which the results varied from1.33 (Gratton et al. 200B8to  stars of thanetal — poor group, and=GK-giants considered 4
—0.85 (Thevenin 1998 Our result of [TYH] = —1.64 is 0.3 dex ionised and all the neutral lines. The group\fgiants used 4
below the literature range of values. We discussed in Pdperibnised and 3 neutral lines. Three ionised lin@5667, 15684
the dfect on abundances of having a significarffedence of ef- and16604 A) were used in common for all the groups, but are
fective temperature between the fundamental value datednionly golden for some of the groups. The metal-poor stars are
in Paper | and the spectroscopic value. The metallicity @ téhose that need stronger lines to be visible at low meta#wi
low, and as a consequence, the abundances are too low as wethich saturate for cooler more metal-rich stars.

The final case worth mentioning is the star HD49933, for We did not calculate NLTE corrections for Sc, but an exten-
which Takeda(2007) provides two values for the abundance ddive discussion on NLTE corrections of Sc for the Sun can be
titanium, which come from the analysis of neutral and iotisdound inZhang et al(2008 They found large NLTE departures
Ti lines and have 0.5 dexfligrence. In their Figure 11 one carto abundances from neutral Sc lines (about 0.15 dex) in the Su
see how the dierence between [TiH] and [Till /H] behaves as Recently,Battistini & Bensby(2015 studied the dferences in
a function of temperature. For hot stars thifelience increase, [S¢/Fe] with and without NLTE corrections for Sc finding that at
explaining the dierence of 0.5 dex they obtain for HD49933low metallicities these dlierences are larger. No particular trend
Our value is computed averaging all lines and lies in-betwewsas found in temperature or surface gravity. Unfortunatedye
as expected. Note the line-to-line scatter of this star, elbag is still little information on NLTE corrections for Sc for ats
of Procyon, which are the hottest stars of our sample, aheratvery different than the Sun, such as most of the stars studied in
large (above 0.07 dex). For these stars, like for the metat-p this work.
stars, the dference of abundances from ionised and neutral lines Scandium is an odd-Z element that can lfiected by hfs.
could be a NLTE #ect. One might consider lines of ionisationAs extensively discussed in Seét3, hfs total éfect of hfs in the
stages separately to decrease this scatter. In this cas@nwedetermination of odd-Z element abundancesfigedint for each
for an homogeneous analysis of 3¥dient stars and 101ftier- GBS. Although we could not see a clear systematifecénce
ent chemical elements, so we prefer to have a larger lifg¢o- on the dfects of hfs in Sc, to be consistent with the analysis of
scatter in the Ti abundance of hot stars than having two seffze other odd-Z elements analysed in this work, we resttiote
rate [TyH] values. Since we provide the individual abundanceketermination of Sc to only the methods considering hfs.
for all lines in the online tables (STAR_LINE) one can easily We provide abundances of Sc for all GBS. The line-to-line
calculate the separate Ti abundances if needed. scatter can be in many cases quite large, probably due to the

For B Ara our Ti abundance is much lower than the only rémbalance between abundances obtained betweear8tSar
ported one byLuck (1979 by 0.8 dex. The atmospheric pa{see TableA.5). This scatter is normally below 0.1 dex except
rameters considered by us and loyck (1979 are very difer- for the Sun, which is also seen in Figy.Note that the abundance
ent, causing this dlierence, which goes in the same direction af the Sun is not determined with afifirential analysis, so it is
[Si/H]. The errors of this star, in particular the line-to-lireaster, expected that the scatter at line-by-line basis can ineraéth
are very large. We provide a measurement of Ti for the re$teof trespect to the rest of the stars. From Tablg one can also see
cool giants ¢ Phe andr Cet) for which we could not find a valuethat the diference in [StH] is normally much smaller than the
of [Ti/H] in the literature. The [TFe] ratios obtained for theseline-to-line scatter.
stars arer0.36 fory Phe, which is consistent with the enhance- Our result of scandium for the Sun agrees very well with
ment of this element seen for metal-poor stars. As discussedthe solar abundance @revesse et a2007). For the rest of
Ca, this abundance should be taken with care and a revisiontfte stars our results also agree very well with the liteegtex-
the metallicity is needed. The cool giamtCet andy Tau have cept forg Ara and Gmb1830. As discussed above for titanium,
solar [T{Fe], which is consistent with the ratios obtained for C#. Ara has been only analysed hyck (1979, who systemat-
However,3 Ara has very low [TiFe] abundance (-0.4) but theically found higher abundances than us because of the reason
errors of this value are very large when considering thererranentioned above. We found in the literature five works report
of Ti and Fe together. Determination of Ti abundances in girg abundances of Sc for Gmb1830, which vary freth23 to
ants is dificult, which can also be seen in the large dispersion 0.68 (both values determined byakeda 2007and the rest of
cool giants in the [TFe] vs [F¢H] diagram ofHoltzman et al. the works lie in between). As mentioned befofakeda(2007)

(2015. made a separate analysis of ionised and neutral lines,dingvi
two different values. Our value agrees with the low value of
6.5. Scandium Takeda(2007).

We were able to determine [&t] for ¢ Phe andr Cet. For
This element is important for studying the structure anchthethat we used two lines in commong667 andi5684 A). The

ical evolution of the Milky Way as [FEe] v/s [FgH] seem abundances are uncertain, with a large line-by-line scatie

to relate diferently for the dfferent Galactic componentsseen in TableA.5 for these stars. We checked the line profiles
(Adibekyan et al. 2012 This suggest that although both eleand decided to keep the abundances, even if tierdint meth-
ments are synthesised through the same process — corpsepllads gave dterent results, as we could not find an obvious reason
and thermonuclear supernovda@el 199Y— the physical envi- to reject those lines. These lines are used for all groupawé st
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The [S¢Fe] ratios of the cool giants have expected values (s€eevesse et al (2007, with our abundance being slightly
trends of Battistini & Bensby 2015for dwarfs) when consid- lower. As previously discussed, our value agrees well with
ering the uncertainties, witlh0.16, —0.05 and+0.16 fory Phe, Battistini & Bensby(2015. For the rest of the stars, there is
a Cet anda Tau. The [Sg@-e] ratio of 3 Ara has a similar be- in general a very good agreement with the literature as can
havior as [TjFe], i.e. it is rather low+0.3). This abundance is be seen in Figl8. Note there are few measurements of V
very uncertain but a revision of the stellar parameters oba 3abundance in the metal-poor stars HD122568li§right 2000
NLTE investigation of its line profiles could bring this staeick Westin et al. 2000 Gmb1830 Thevenin 1998Fulbright 2000
to normal chemical evolution level expectations. Gratton et al. 2003 Kotoneva et al. 2006Takeda 200y and
HD22879 Reddy et al. 2006Neves et al. 2009Gratton et al.
2003 Fulbright 2000 Zhang & Zhao 2006 Fulbright (2000
for example, who reported an abundance of V for the thres star
The nucleosynthesis channel of vanadium is not properlgundmentioned here, analysed 5 V lines, among them only two over-
stood, and the supernovae yields lead to largely underatiin lapping with our selection of lines. Our values agree well fo
values compared to observed abundances (benoto et al. HD122563 and HD22879. Regarding Gmb 1830, our value fol-
2013 for a recent review). Regarding its Galactic distributiolpws the same direction than the rest of the elements, thit is
and enrichment history, [¥e] shows a very large dispersionis underabundant with respect to the Iite_rature. The re&son
suggesting dferent trends for dierent data Bodaghee et al. the diferent Ty employed in this work, which needs urgent re-
2003 Battistini & Bensby 2015Holtzman et al. 2016 The for-  Vision. Note also that for the hot metal-poor dwarf HD84937
mation channels of this element as well as the usage of Vi tr&nd for the very metal-poor star HD140283, we could not find a
the chemical enrichment history of the Milky Way can be betténeasurement of [\H] in the literature.
controlled when better and more consistent observed abgada  We recall that we could not find lines in common between
are derived. a Tau and the Sun, so the V abundances were determined with
Vanadium is another odd-Z element sensitive to hfs. Atespect to the absolute value ferTau. Our result for that star
though this &ect is hidden in the line-to-line and node-to-nodagrees within the errors witfhevenin(1998 and our results for
scatter, it can produce significant systematiedences in the y Sge agree well within the errors wiBoyarchuk et al(1995.
determination of V for some of the stars. In our aim to have @worg Ara again our only comparison is the worklafck (1979,
homogeneous analysis for all GBS, we restricted the determiwhich is higher than our values. For the other two cool giants
tion of V of only methods that took hfs into account. ¢ Phe andx Cet we could not find a measurement of V in the
We determined homogeneous abundances of vanadiumlii@rature. The abundances are determined from 3-4 lines, o
all the GBS. In total 30 neutral V lines were selected, alha@fmh  taining a high line-to-line scatter, especially f@rPhe. Both
at wavelength belom6600 A, except for18933 A. The lines stars have a rather high [Fe] (about+0.2), but given the high
have rather low excitation potential, with the highest &xt@n dispersion of [VFe] measured on disk stars, especially on giants
of 1.2 eV. All the 4 lines used for th®l—giants were classified (Holtzman et al. 2015it is difficult to ensure that these values
as golden, while all the 8 lines used for timetal — poor were are expected.
not classified as golden. A large number of lines is used ®rth The cool dwarf 61 Cyg B is another case where we could
dwarfs and thé-GK—giants. o not find a reported value in the literature. For this star wedus
As discussed irBcott et al.(2019 andBattistini & Bensby 16 |ines, with 5 methods providing abundances for them. The
(2019, departures of NLTE for V lines in the Sun have not begfhe-to-line scatter is below 0.1 dex, which is encouradiog
reported. In this work we determined abundances from neutiigis cool dwarf that has so many molecular bands blending the
line only, and as known from other iron-peak elements, @utgtomic lines. The errors due to stellar parameters are giegli
Ilnes sufer more from NLTE &ects than ionised ones. We agreg|e except the error due tg,ic, which is expected since the V
with the claim ofScott et al (2019 that a study of NLTE of V' |ines of 61 Cyg B are rather strong. The/R¢] ratio for this
is urgently needed. We did not analyse ionised lines to sae ifgo| dwarf is around solar, consistent with the trends fopd
systematic dterence would hint at possible NLTHects. Battistini & Bensby(2015 or Bodaghee et a2003, although
What concerns our internal uncertainties, final V abundsinqgieir study involved warmer stars. Finally, the hottest GBS
when changing the overall [ft¢] — either considering its un- Hp49933, has no [YH] reported in the literature. Our value has
certainty of the value determined from LTE — do not changg|arge line-to-line scatter (or better said in this case otk to-
significantly, being usually less than 0.05 dex. The coolriwanethod scatter) of less than 0.1 dex. Only one line was used fo
61 Cyg A presents a slightly largerftiirence of 0.08, which is e Jetermination of V.A5627A), which is very weak, having an
still very small and can be neglected when looking at the-lingy, e agyred only by the Porto method of 8.2 mA. Note that the
by-line scatter obtained for V abundance of that star. Tipede abundance obtained by the Porto method is significantlydrigh

dency of V on logy errors is aimost ZEro in all cases, while th an the abundances obtained by the other 3 synthesis nsethod
dependency on e of Vmic can be significant although always, . sing that line, suggesting a strong hiieet. These EW
less lthar:j %1 dex. Th'ts t;?h&VlOl’ IS not surp.rls!lng t?shg”é“n%lues do not contribute to the final result of V abundances, b
€Mployed Nere aré neutral ines so We See a simiiar be OUhese detailed results can be found in the table (HD4993%)1ds

Whlat Wﬁylﬂ happen Witr:jthe d((ejterminati%[] %f irgn tlr_ﬁmlﬁaes of the online material. The [e] ratio for HD49933 is high, of
only, which is a strong dependency Ogr Bndvmic. The larger +0.3, which still would follow the trend oBattistini & Bensby

uncertainty in the V abundances is thus the line-to-lindteca P )
which can be slightly above 0.1 dex for some cases, such as(t%%la for metalicities of -0.4.
very hot or very cool stars, which is probably due to the fewer
lines employed for these stars. For solar-like stars, tadestis 5 7. chromium
very small, usually below 0.05 dex.
The abundance of vanadium obtained by us for thehe scatter of Cris very small since there is not very much var
Sun agrees within the errors with the solar abundance aif/ in the SN Il yields and [GFe] is almost zero for all metallic-

6.6. Vanadium
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ities (Timmes et al. 1995Kobayashi & Nakasato 20).1 How- As usual, the cool giafit Ara has a value of the abundance of
ever, several works in the literature report that while faniC Cr from Luck (1979 which is much higher than our value. We
this is the case, for Gthe [CrFe] ratio increases with metallic- provide [CyH] for the two very cool giantg Phe andr Cet and
ity (Gratton & Sneden 199Bai et al. 2004Cayrel et al. 2004 no comparison is available in the literature. The abundsiace
Lai et al. 2008 Adibekyan et al. 2012 Bergemann & Cescutti determined from few linest6272,45287 and15628 A), which
(2010 explained this discrepancy by finding that neutral Cr lingsave large errors, especially when considering the erriotiseo
are heavily sensitive to NLTE for metal-poor stars. measured [F&]. NLTE corrections for these lines are in both
We have a final selection of 23 Clines, which have rather cases of the order of 0.05 to 0.08 dex. The line-to-line ecét
low excitation & 3.8 eV). Only two lines have been analysegmall (0.16 dex) given the fliculty of analysing such cool gi-
by the five groups of stars simultaneousl§272 andi5287 A), ants. The [CfFe] ratio would become-0.4 and solar foy Phe
mainly because of the fact that lines that are strong enaugh t ande Cet, respectively. Chromium is an iron-peak element and
visible in metal-poor stars are usually saturated in moreame thus it is expected to follow a rather flat trend in metaljicit
rich stars. Lines classified as golden in four groups — all efBensby etal. 2014 although studies of lower resolution tar-
cept themetal — poor one — are the Cr line a'5272,15827 and geting also giant stars have found some higher abundan€s of

15628 A. For the group oM—giants, only these 3 lines out oflike the one ofy: Phe (Mikolaitis et al. 2013. The abundances
six are classified as golden. of this star, especially the ratios as a function of iron wtide

Chromium is the only iron-peak element for which wdreated with care until a revision of the iron abundance igena

calculated the departures of NLTE for each star and line
used in this analysis (see Se&4). In consistency with 5 g panganese
Bergemann & Cescut(R010, the departures for solar-type stars ™ 9

are of the order of 0.05 dex, while for metal-poor stars they avianganese is produced more by SNe la than Fe. Thus, from
very large (0.24 dex for HD84937, — 0.39 dex for HD122563).[|:e/H] ~ -1, [Mn/Fe] starts showing an increasing trend to-
The systematic uncertainty due to strong NLTieets for ward higher metallicity, which is caused by the delayed en-
Cr1 lines are much larger than uncertainties in Cr abundaneg&hment of SNe la Kobayashi & Nakasato 20).1 Further-
due to errors in stellar parameters or the line-to-linetscaAs more, this trend varies within the fiitrent Galactic compo-
in the case of vanadium, the major change in Cr abundanceéhts Adibekyan et al. 201;2Barbuy et al. 2018 from cluster
when the error of temperature and at a certain level the miaeofield stars Gratton 1989, and it is diterent for the Milky Way
turbulence velocity are taken into account. The reasonds thnd dwarf galaxiesRrochaska & McWilliam 2000North et al.
same: in this analysis we study only neutral lines so meagur012. Measuring accurate abundances of Mn are thus impor-
abundances of Cr or Fe have the same impact from fiiereint tant also for studying the structure of our Galaxy because, f
parameters. Our line-to-line abundance determinatiamiisdst example, there is observational evidence of the existehiosvo
of the cases very accurate, with a line-to-line scatter @uaib [o/Fe] stars (e.gNissen & Schuster 201@ackson-Jones et al.
0.05 dex or in several cases below. Few exceptions, mosibeth2014), which are important for discussions of the formation his-
stars where few lines were analysed, present a line-tcstiatter tory of the Galactic halo (e.g.Hawkins et al. 2014 The ma-
slightly above 0.1 dex. These are few cases, and in generaljtrity of low [e/Fe] stars should also have high [{fe] because
cool and metal-poor stars. of the SN la contribution as explainediwobayashi & Nakasato
Our solar abundance is slightly lower than the value ¢2011). Recently, in Hawkins et al 2015 (submitted) Mn has
Grevesse et al(2007) but they agree well within the errors.shown to be one of the best candidates to disentangle Galacti
The abundance corrected for 0.05 dex NLTE departure (see Famponents. While thin disk stars have enhanced/Pdhra-
ble A.7 for the Sun) would produce a better agreement witips, thick disk stars have solar [Vie]. They explain this dif-
Grevesse et a{2007) but we restrict our analysis to LTE for ho-ference with the fact that Mn is produced at a higher fraction
mogeneity. The rest of the stars show a good agreement wifinpared to Fe during SNla, meaning that at a given metgllici
the literature as seen in Fij8. We were able to determine thex—poor stars (which have been polluted by more SNla) will have
abundances of Cr for all GBS homogeneously. It is worth tigher [Mr/Fe] ratios compared their-rich counterpart.

comment on the star Arcturus, for which our value of/Hr The abundance determination of Mn is however complicated.
= -0.58 is 0.38 dex lower than the result obtainedTiyevenin |t has significant hyperfine structure splitting, which hieas
(1999. Our result however agrees very well with the other tWihe spectral lines. As discussed in Sécg reliable abundances
values ofRamirez & Allende Priet¢201]) and Luck & Heiter  should preferentially not be obtained by only using the EW an
(2005. one total oscillator strength of a given line.North et al (2012

One can see in Fid.8 that there is a scatter in Cr ferFor one can see that aftBrence of up to 1.7 dex can be obtained de-
spanning from [CiH] = -0.22 (Thorén et al. 200¢to [Cr/H] = pending on whether hfs is or is not taken into account for Mn.
-0.95 Gratton et al. 2008 The main reason for the discrepancyhe large scatter found for this element at a method-by-ateth
in the literature values is theftirent consideration of the stel-and line-by-line when the absolute abundances are taken int
lar parameters in each of these works. In the particular @l@maccount, could be attributed to the fact that EW methods did n
mentioned above, there is df@rence in Ty of about 400 K, in consider hfs while the synthesis methods (except iSpedheyn
logg of ~0.8 dex and [F&] of about 0.4 dex. Thorén etal. sise the line profiles including hfs. We could see in Fidjthe
(2009 showed that a dlierence of 150 K can produce up tcsystematic dference of Mn abundances for the EW and iSpec
0.09 dex diference in the abundance of Cr foFFor. Further- method compared to the other synthesis methods that coedide
more, Cr is an element which is sensitive to NLTE for metahfs, the latter being 0.13 dex lower in the Sun.ffBientially,
poor stars (see Se&.4) which might cause a scatter in the litersystematic dferences of Mn abundances for methods consider-
ature. As explained in Paper lll, the literature is highlgagmo- ing or neglecting hfs were considerable for several stas. F
geneous, which is a reason why we re-determine the abunslanbat reason, the determination of Mn was done considerihg on
of all GBS in an homogeneous way. the synthesis methods that took hfs into account. Furthexmo
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many Mn lines lie in spectral regions that are crowded makitigem is Gratton et al.(2003, who used lines lying bluer than
the continuum identification nontrivial, which contribateéo a our spectral range. We could not detect any Mn line for the
large line-to-line scatter respect to other elements. main-sequence metal-poor HD84937. Bohra, we could not

Our Mn abundance determination was based in the analy§isl trustable lines to provide a value of [V, soLuck (1979
of 10 Mn lines, all of them with excitation potential between 0s still the only reference to our knowledge reporting a [Mh
and~3 eV. All these lines were used for tiiG—dwarfs group, Vvalue for this star. For the stagsPhe andy Sge we were not
except the bluest on&t823 A. For theM—giants stars we used@ble to find trustable lines for Mn abundances, and no work in
only 2 lines 5004 and16021 A), none of them classified adN€ literature has reported a value for Mn either.
golden. The latter line was used for all groups. Almost a4 In this work we could however provide a new measurement
were used for the determination of Mn of thetal — poor stars, ©f Mn fora Cet,a Tau,¢ Hya and HD49933. For thil-giants
none of them golden except823 A. For theGK —giants, only the two lines mentioned above were used. F5004 A no NLTE
six lines were used, but all of them were classified as golden.corrections were provided, while fot6021 A, the corrections
The NLTE dfects in Mni have been studied for the sunVere negligible. The [MfFe] value for both stars is very similar

and for metal-poor stars Bgergemann & Gehre(2008, who (-0.49 and -0.47 forr Tau anda Cet, respectively), which is

found that NLTE @ects on formation of Mn lines can be veryAS0 observed for the APOGEE giantsHolizman et al(2019.

large, in fact the abundances of Mn deviated from a given lifd'€ detérmination of Mn abundancesé&Hya was based on
¥ lines, among them the two ones used for tegiants.

b to 0.4 dex d di the stell t f . . :
styarupN(c))te theye )éiider?c?tncg;]gsiggr hfes ?er I\fllrz %a;ﬁgtes?lﬁyo |No NLTE corrections were possible to calculate for this reta
' " rich giant, in the same way as férEri andu Leo, which are

the recent study oBattistini & Bensby(2015 Mn NLTE cor- ; . -
: ; other rather metal-rich stars. The line-to-line scattervof
rections ofBergemann & Gehre(2009 have been applied for aabundances f Hya is relatively large (0.1 dex), which is ex-

large sample of stars, finding that indeediefiences of O'-4 dex ected for metal-rich giants, whose lines are very strond) an
ﬁ;e p055|bll(e, especially for metal-pol_ordstars. In this ﬁtU(P'th large hfs. The [MyFe] raltio ofé Hya is of -0.1, which is
Besrg\:jlveﬁzatr?n?clsrgﬁr:(%%ooug f‘.orvl://len ?grpr#eost’\(l)%-lt-lf ecg ggc?i(r)\g? éfightly lower than what is observed in Galactic disk pofiolas,

ing that in the majority of the cases the corrections areigigge. Were [MnFe] tends to increase with metallicity. Although in
Metal-poor stars however have large corrections, but otigx2 Battistini & Bensby(2015 some metal-rich dwarfs are observed

rather than 0.4 dex. We stress that these corrections ajecSuBNith. [Mtn/l_:e] vt?]luesto:]_-oh.z, ingItzma}n et a';gﬁﬂla tr?e bulk
of uncertainties due to EW measured in lines where hfs is vérj]rgg'an s is rather at higher [MRe] values. ougn we can

pronounced and should be taken with care.

In general, Mn abundances have a small dependency on
lar parameters, which behaves as the other iron-peak etem
discussed above. That is, its uncertainty due fiedént logg or
[Fe/H] (errors or the consideration of [Ad] before NLTE cor-
rections of iron abundances) is negligible compared to the
certainty due to & or Vmic. The line-to-line scatter can be up t
0.15 dex, especially for giants. We attribute this high tscab
the ditferent ways to deal with hfs in ourftierent methods.

For the Sun the comparison between our value and that
of Grevesse et a(2007) shows a systematidiset, with our re-

t compare both datasets and our results directly becaicbe e
%f them is calibrated dierently, we can see that the [Nie]
ﬁ‘Ue obtained fo¥¢ Hya, @ Cet anda Tau are normal for disk
rs.

The hot dwarf HD49933 is the last star of our sample for
hich we provide new Mn abundances. They are based on four
Jather weak lines of typical EW of 10 mA. We were able to per-

form NLTE corrections, which for all lines are of the order of
0.03 dex or less. The line-to-line scatter of this abundatese
termination is relatively high (0.07 dex) reflecting the artain-
&S of the diferent methods in measuring the abundance from

sult being less than those Gfevesse et a(2007). This presents :Cvesivgﬁak dlllrnfsﬁ tTrrr:e 3;1”&3407 AVLS ﬁart'CUI?{ily ler(I:er\';z/im It)e-13
a similar behaviour than V, which we attribute to the LTE gnal een the diere ethods, as well as particularly weak (

sis used here and NLTE analysis performedGngvesse et al. mA). The _[Mr}/Fe] value for HD49933 is of_ 03 consistent with

(2007. As for V, our results for Mn for the Sun agree welfhe negative trend tOV\_/ards Iowe( mgtalhmﬂes seen wheB LT

with Battistini & Bensby(2015. The comparison for the rest ofaPundances are used in dwaig(tistini & Bensby 2015

the stars with the literature (Fig8) shows for warm stars very

good agreement, but for the cool stars HD10732&8e0 and 5 g9 copait

61 Cyg A we see systematic higher literature abundances: Man

ganese in HD107328 has been studied.bgk & Heiter (2007  Co has very similar behaviour as Cr in terms of supernovalyiel

and byThevenin(1998, obtaining a value of [MfH] of -0.6 (Kobayashi & Nakasato 20).1 It is another odd-Z iron-peak

and -0.1, respectively. Our value of -0.68 agrees very wigh w element which is synthesised principally in explosivecsifi

Luck & Heiter (2007. The case of: Leo has been investigatedourning in SNII {Moosley & Weaver 1998Nomoto et al. 2018

by Luck & Heiter (2007 obtaining a value of [MfH] of 0.7, but also in SNIaBravo & Martinez-Pinedo 2032 The chemi-

which is 0.4 dex higher than our value of 0.33. Finally, tra stcal evolution of Co is supposed to follow the same trend with

61 Cyg A has been studied tyuck & Heiter (2009, who ob- metallicity as Cr, which is Co evolves with Fe and [Ee]

tained a value of [MfH] = -0.04. As previously discussed, weremains constant. Observations however show that Co be-

determined a value of [Ad] for this star that was about 0.4 dexhaves like ana—element in the sense that at low metallici-

lower than this value in Paper Ill, which is translated to bara ties it is enhanced by more or less the same amount than the

dance of 0.4 dex lower, which is what we see here. Further-elements, decreasing towards solar values at higher igétall

more, 61 Cyg B has reported a measurement of/[ilby by ties (Cayrel et al. 2004Nomoto et al. 2013 shigaki et al. 2013

Luck & Heiter (2009, which is higher than our value. This isBattistini & Bensby 201k

because the metallicity is higher by the same amount. We employed 21 lines of Gdfor our analysis which have
There are several values of [I¥Hi reported for the metal- excitation potentials from 1 to ~ 4 eV. Only three lines were

poor stars in the literature. One example analysing many udeful for measuring [G#6l] of the metal-poor stars, but none of
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them was classified as golden. Lines used for all the growes &r10. Nickel
15280 and15352 A but are not golden for all groups. The line i

15647 and15915 A are golden lines used for all groups excea
for themetal — poor. For theFG-dwarfs we used 19 lines, out of
which only two were not classified as golden. For khedwarfs

8 out of the 16 lines were classified as goldE@K —giants have

ckel is the last iron-peak element analysed in this wotts. |
oduction mechanism is similar to iron being produced Jrin
cipally in SNla (Nomoto et al. 2018 Abundances of Ni scale
linearly with Fe Edvardssonetal. 1993Reddy et al. 2006
; S Nomoto et al. 2013Holtzman et al. 2015 with a remarkable
a total of 16 lines (13 golden) analysed;-giants a total of 11 |\ gispersion. The behaviour of Ni abundances at low mietall
(7 golden). ities is more uncertain, making the chemical enrichmeribhys

NLTE analysis for cobalt has been carried out bgf this element dficult to model. It has been shown that lew-
Bergemann et a2010 obtaining corrections of up to 0.6 dexstars in the halo, which are believed to have formed in a gmall
for neutral Co lines depending on temperature and surfane grgas cloud than typical Milky Way stars, have Ni abundancat th
ity and low metallicities. They claimed that the main stellaare much lower than what models prediblifsen & Schuster
parameter that controls the magnitude of NLTfeets in Co 201Q Kobayashi & Nakasato 201 Hawkins et al 2015).
is in fact metallicity. Although their analysis includesnse The fact that the dispersion in the Ng] is so small is partly
GBS such as HD84937, the corrections are done for lines bue to the many clean Ni lines available in optical spectra fo
ing bluer than our wavelength coverage. We provide Co abwseveral spectral type of stars. We selected 2dliNes, with ex-
dances for more metal-rich stars compared to the sampleciétion potentials between 1.6 and 4.3 eV, approximaidtere
Bergemann et a2010, making it dificult to estimate a value are three Ni linesA5846,16176 and16327 A) that overlap for
of NLTE effects in our case. Since we only have neutral Co lines) five group of stars, but none of them are golden lines fbr al
a possible ionisation imbalance due to NLTE can not be soug®ups. The two first ones are not golden only for the metal-
of line-by-line scatter in our abundances. It could howe&act poor stars. Almost all lines used for the dwarfs &@K —giants
systematically the absolute value of Co. were classified as golden (only the lin8137 A was not golden,

Since Co is an odd-Z element, it isfected by hfs. As @ndwas notused by any other group). The metal-poor stags use
discussed in Sect.3 the splitting #ects the net abundancedn0stly non-goldenlines, while té—giants group had 3 golden
by different amounts for each GBS, even in th@aential ap- and 3 non-golden lines. .
proach. For that reason, we restricted the determinatiabofi-  There is little known on the NLTE departures of Ni in stel-
dance of Co to only methods considering hfs. The uncereaint|ar atmospheres. A recent paper which summarises what has
of Co determination behave like the rest of the iron peak elgéen investigated on NLTE departures of nickel is that one of
ments, namely small uncertainties for surface gravity aetain  Vieytes & Fontenlg2013. Unfortunately they studied lines at
licity variations, and slightly larger uncertainties fentperature the near-UV, finding that thefiects can be quite significant in
andvic variations. These uncertainties are usually smaller thifme cases. We did not calculate NLTE corrections for Ni in ou
the line-to-line scatter. The latter is normally less thahdex, Stars, butas discussedSiott et al(2019, they should be small
except for some giants, in particular the cool ones. Since | neutral Nilines in the optical range. _ L
base our abundances in neutral lines for this iron-peakmm The Uncertalntles in the determination Of Ni are very simila
it is expected that the errors ingTandvimic propagate the most to the rest of the iron-peak elements for which we analyséyl on
to the uncertainties in the Co abundances. neutral lines. Errors due to meta”lC|ty (LTE or Uncertamas

. well as errors in surface gravity, give negligible changedli

The abundances of Co for the Sun agree very well with thg,|nqances. Uncertainties igsTandvimic give somehow larger
solar abundances @revesse et al2007). The agreement for gjiferences in the final Ni abundance, although still small ugual
the rest of the stars with the literature is also very good, & the order of 0.05 dex or less. The line-to-line scattehis t
cept for Ara, which we again compare with the abundancgsgrger source of uncertainty for most of the cases, althaugh
of Luck (1979 having the same behavior as the rest of the &j;easurements for each line are quite accurate and therssatte
ements. i.e. our abun_dances IO\_/ver than thoskuak (1979 usually just above 0.05 dex.
because of a systematididirence in the stellar parameters. We  Eqr the Sun we have a good agreement of the result obtained

were able to provide abundances for the cool gignihe and ¢ pickel with respect ta@Grevesse et a(2007), with our value

a Cet, which have no Co abundance reported in the Iiteraturesﬁbhtly lower than the one dBrevesse et a(2007). For the rest
our knowledge. The measurements come from 4 lineg #he .t e stars there is also a generally very good agreement wit

and from 11 lines fow Cet, obtaining a line-to-line scatter Iqwerthe literature. One can see that the dispersion in the titezds
than for other elements on t.hese stars. The uncertainti#ssof ¢, ihis element particularly low. Fg8 Ara we again obtain a
measurement due to errors in [Fgandvimic are above 0.1 dex, |o\yer abundance thanuck (1979, as expected. Far Tau and
which is not surprising as the error in [fF§ (see Table3) is g1 cyg B our results are slightlyfiiérent than those afhevenin

very large as well. When considering the metallicities @fsi (1998 andLuck & Heiter (2009, respectively. Difterences for
stars, the [Cde] abundance obtained is 0t0.34 fory Phe g9 cyqg B are seen in the rest of the iron-peak elements, and the

and -0.07 forw Cet, both being consistent with trends observgdason is the dierence in the value employed for [Fgé by us

for s}el_lay populations of those metallicitidsifigaki et al. 2013 54 byLuck & Heiter (2005.

Battistini & Bensby 201 We were able to determine Ni abundances for all GBS, pro-
On the other hand, we could not detect Co lines for the metalding new values for the coolest stagsPhe andx Cet. The

poor stars HD140283 and HD84937, as well as the hot (adldundance of Ni fog Phe was determined using two clean lines

rather metal-poor) HD49933. A value for [G4] exists in the at 15587 and15846 A. Synthesis and EW methods were able

literature for HD140283 as determined bhevenin(1998 of to provide abundances for those lines, however with larfferdi

-2.3, while a value for HD49933 has been providedTlakeda ences causing a scatter rather large (0.34 dex)aRiet [Ni/H]

(2007. For HD84937, the abundance of Co still remains to heas determined using five lines, including those used/Bhe.

determined. Because these lines are clean, synthesis and EW methods were
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able to derive abundances, having several measuremerdb tothese corrections were below 0.1 dex, although Cr for metal-
culate a line-to-line scatter with significance. The valt®.46 poor stars had a more significant departure e.g. up to 0.3cex f
is indeed very small for such cool and complicated star. Th122563. Furthermore, we discussed how our results campar
scatter compares with the error propagated fromvtheuncer- with the literature, showing that in general our resulteagrery
tainty. The [NfFe] ratio of these cool giants are very close taell, except Gmb1830. We explained thigdience by claiming
solar, withys Phe having a value of 0.03 butCet a bit lower that the temperature we employ for this star might be too low.
(-0.15 dex). As shown ikloltzman et al(2015, the systematic In the last part of this article we discussed with more detesl
offset of [NjFe] ratios for very cool giants becomes larger faresults for each individual element, giving a descriptidrihe
higher metallicities. general behaviour and explaining special cases.

Although a direct comparison of our results with those of In this article we provide homogeneous abundances of 10
Holtzman et al.(2019 should not be taken too seriously, duelements for the GBS and quantify several sources of uncer-
to the diferent spectral ranges and calibrations employed, itt&inties, such as the line-to-line scatter and thgedénces ob-
interesting to realise that our systematitsets for very cool gi- tained in the abundances when the stellar parameter uimcerta
ants show the same trend as APOGEE data. The absolute vafiggsare taken into account. Furthermore, we quantify ffects
should not be directly compared but there is a bias in homefFNLTE departures for iron which is translated into #felient
geneous determination of abundances towards very coalisgigFe/H] value. We also perform direct NLTE calculations in four
that goes to the same direction in our analysis and that onestdments at a line-by-line basis. These values for eactasthr
APOGEE. element can be found in Tablésl, A.2, A.3 andA.4 for Mg,

Si, Ca and Ti, respectively, and in Tables5, A.6, A.7, A.8,
A.9 andA.10, for Sc, V, Cr, Mn, Co and Ni, respectively.

In addition to final abundances and their uncertainties, we
The GBS are 34 stars spanning a wide region in the HR giresent in this work all the material we used to derive thé fina
agram. Their atmospheric parametergg(Tlogg and [FgH]) values of Table\.1to A.10. Thatis, we provide the atomic data
and spectra are excellent material to evaluate methodsitgsen of each line; the final abundance we obtained for each lire; th
stellar spectra, as well as to cross-calibraféedent stellar spec- abundances derived by each method and each line; the ezntival
troscopic surveys. Since the on-going and future survefsato widths determined by our methods; and the NLTE correction of
high resolution data, methods analysing these spectratamhpo each line. We believe this material is crucial to calibratel a
aim at determining the main stellar parameters, but alsm-abdevelop new methods, as well as to understand better FGX star
dances of individual elements. In this article, being thetfloof in general.
the series of papers on the GBS, we determined abundances offhe GBS are bright stars, in fact many of them visible at
four @ and six iron-peak elements. naked eye in a clear night. They are so well known that some

The abundances were determined using eigfeidint meth- of them even belong to ancient star catalogs done by our an-
ods, combining dferent strategies of measuring equivalertestors millennia ago Bright stars have always been necessary
widths and computing synthetic spectra. The methods were gplars to guide us in the sky. Now the Gaia satellite is orbit
plied on a spectral library especially created for this @cojvith ing in space, collecting data for the largest and most ateura
the tools described iBlanco-Cuaresma et a{2014b, which 3D stellar map of our history. The spectra of million of stars
covers the wavelength ranges €480 — 680 nm and-848 — yet unknown as observed by Gaia, Gaia-ESO, GALAH, RAVE,
875 nm, the latter overlapping with the Gaia-RVS spectnajea  APOGEE, 4MOST, or any other future survey, will be anal-

The analysis was done using the MARCS atmospheysed and parametrised according to calibration samplesh Wi
models and the common line list of the Gaia-ESO Surveyr dedicated documentary work on their atmospheric proper
(Heiter et al. 201pk The abundances were determined fixing tHées and spectral line information, the GBS provide fundatale
stellar parameters as definedHieiter et al.(2015 for T and  material to connect these surveys and and contribute toterbet
logg and Jofré et al.(20141 for [Fe/H] and vnic. Three runs understanding of our home galaxy.

were performed by all methods: the first one using the above Q‘&nomﬂedgements P.J. is pleased to thank A. Casey for fruitful discussiorgs an

rameters; the Second one considering a Sligh‘ﬂﬁedﬁ“t [FEH]  suggestions on the subject, as well as K. Hawkins and T. Méati¢heir support.
aiming to quantify the #ect of NLTE in the iron abundances;we thank S. Hubrig for providing us with the yet unpublisheduced spectrum

the third one considering the above parameters and thearunef akCen A Vllle also aCFndO\tl)vletggeEthe constbuqtiveFrggort fromme'fﬂei ETEI(S:

tinties, aiming at quantiying the thefect of the uncertainties hork e Ay suppatc by i Eurcneer o PP oo £

in stellar parameters on the derived abundances. 2012-541. UH acknowledges support from the Swedish NdtiSpace Board
To reduce the sources of scatter amonfiiedént lines and (Rymdstyrelsen). This research has made use of the SIMBAdbédse, operated

methods, our analysis was done in &efiential mode, by look- at CDS, Strasbourg, France.

ing at common lines between two stars. For that, we sepa-

rated the GBS into five groupsmetal — poor, FG-dwarfs,

FGK-giants, M—giants andK-dwarfs. For each group we

chose one reference star, being HD22879, the Sun, Arcturgéferences

« Tau and 61 Cyg A, respectively. Thefldirential analysis was adibekyan, V. Z., Sousa, S. G., Santos, N. C., et al. 2012, AB45, A32

done between the reference star and the rest of the staratin Mer, L., Micela, G., Morel, T., Sanz-Forcada, J., & Favat®2da5, A&A, 433,

group. At last, the reference stars were analysé@mintially 647

with respect to the Sun, which was set to be our zero pointh Ed/en. D- M. & Porto de Mello, G. F. 2011, A&A, 525, AG3

final line used in our analysis was carefully inspected taigns A”ig%e lpsr'seto’ C., Barklem, P. S., Lambert, D. L., & Cunha, 2004, A&A,

trustable abundances. An extensive discussion was dorféson t ’

subject. 4 MUL.APIN is one of the first stellar catalogs done by the Babyl
We performed NLTE corrections at a line-by-line basis afians 3 thousands of years ago. The GBS Arcturus, AldebBmlhyx

the elements Mn, Cr, Ca, Si and Mg. For most of the casasd Procyon are part of it.

7. Summary and conclusions
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Appendix A: Final abundances

In this appendix we write the results obtained for the abnndsa of four
a elements and six iron-peak elements, which are listed iepaddent
tables. The first column indicates the star, which is listeohcreasing
order of temperature. The second column indicates the fadakvof
[X/H] determined as discussed above. The third column cornespim
the standard deviation at a line-by-line basis for each mreasent. The

Hollek et al.(2011) and Gratton et al(2003. They analysed spectral
lines lying below 4500 A which is outside the wavelength raofour
spectra. We were still able to provide most of the abundabaesd on
very few lines, but since we have several methods, we canrifeleot
that our abundances are robust. We can see how our resuith are
mostly determined from very few lines, agree well with therature
for metal-poor stars, which provide abundances of more lioeated at
the blue part of the spectrum.

As discussed in Sect, for cool stars we could not trust any of the
abundances determined from the selected lines after viissiaction
for some cases, such as Mg, Si and Mn goPhe and Mn fory Sge
andp Ara. We preferred to be conservative and have less abundance
determinations but ensure that our values are accuratil temains a
challenge to have abundances for these elements and stars,cauld
not find in the literature a value reported either, except/Mtfior 8 Ara
of 0.36 byLuck (1979.

In general, our newly determined abundances agree verywitéll
the literature, especially for the solar-like stars. There few cases
where our abundances do not agree so well such as Ti and Ca abun
dancesy Sge,a Tau and 61 Cyg B, where our abundances are slightly
lower. These stars are, however, very uncertain as theitdowpera-
tures make their spectra have several molecular lines whight be
blending atomic lines. It is interesting to note that in gahée abun-
dances we determine for Gmb1830 are systematically loveer sev-
eral literature measurements. We recall that thective temperature of
Gmb1830 is about 400 K below the typical adopted spectrastom-
perature of this star. We could see in Paper Il how this teatpee gave
us a metallicity with large ionisation and excitation imdnate, suggest-
ing that the angular diameter of this star should be measageth.
Therefore this star does not currently have a recommendachbeark
Tex (See discussion in Paper I). Here we see that with the speltame-
ters of Paper | and Ill, most of the abundances we obtainesdtagree
with previous works in the literature.

next 4 columns indicate thefiierence obtained in the abundances when
considering the errors of the metallicityfective temperature, surface
gravity and micro turbulence velocity, respectively (sed)t The col-
umn labeled withALTE corresponds to the fierence obtained in the
abundance when the metallicity used was the one before Nbfitec
tions (see Paper lll and Se@.2). The column labelled with NLTE
lists the averaged NLTE correction, when available. Thedakimn
indicates the number of lines used to derive the final aburelan

Appendix B: Literature compilation of abundances

In this appendix we list the individual abundances that waébin the
literature for the benchmark stars. Each element is iffaréint table for
all stars, with the abundance in ] and the value obtained from the
reference indicated in the table. In several cases the {4 had to
be calculated using the solar abundances as indicated nespective
reference. Important part of our compilation comes from Hlypatia
catalog Hinkel et al. 2014

A general comparison of our results (see Appenfdixand the liter-
ature are shown in Fid.7 and Fig.18in the text. An important feature
to note from both figures is that we could not find for all stard ale-
ments a value in the literature. This is in particular for¢bel stars such
asa Cet,yy Phe andy Sge. In addition, we could not find reported abun-
dances of V and Mn for our hottest GBS, HD49933, and M¢tfblya.
However, there are cases where although there is a valudlfilitera-
ture, we could not provide an abundance such as Co for HDB48a8
HD49933, and Mn for HD84937 arglAra. Example works in the liter-
ature providing several of these abundances for our metal-BBS are
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Table A.1.Final abundances for magnesium.

Star [Mg/H] o(oge) A[FeH] ATef Alogg AVme ALTE NLTE NLIN

psiPhe - - - - - - - - -
alfCet -0.271 0.109 0.062 0.165 0.080 0.039 0.277 -0.010 03
gamSge | 0.042 0.097 0.005 0.005 0.017 0.047 0.021 0.000 04
alfTau -0.172 0.151 0.034 0.017 0.084 0.053 0.000 0.130 04
61CygB -0.061 0.069 0.002 0.036 0.021 0.001 0.000 0.002 04
betAra 0.131 0.036 0.016 0.018 0.014 0.093 0.000 0.013 03
Arcturus | -0.158 0.088 0.050 0.010 0.014 0.025 0.010 -0.080 07
HD220009| -0.347 0.039 0.041 0.000 0.017 0.024 0.070 0.009 07
61CygA -0.184 0.083 0.091 0.007 0.013 0.000 0.048 0.000 07
mulLeo 0.466 0.107 0.013 0.030 0.017 0.067 0.012 -0.015 06
HD107328| -0.079 0.066 0.054 0.006 0.024 0.058 0.007 0.009 07
HD122563| -2.354 0.055 0.003 0.034 0.005 0.080 0.005 -0.005 02
Gmb1830 | -1.141 0.062 0.002 0.013 0.005 0.004 0.095 -0.103 07
betGem | -0.086 0.066 0.035 0.015 0.003 0.034 0.044 0.095 04
epsVir 0.057 0.090 0.050 0.021 0.005 0.032 0.001 0.107 07
ksiHya 0.034 0.111 0.018 0.014 0.007 0.032 0.006 -0.012 06
delEri 0.179 0.085 0.077 0.005 0.002 0.082 0.025 0.000 04
epsEri -0.078 0.100 0.017 0.007 0.002 0.007 0.004 0.006 05
epsFor -0.206 0.054 0.002 0.030 0.002 0.008 0.007 -0.040 02
alfCenB 0.296 0.086 0.042 0.005 0.006 0.014 0.027 0.000 02
muCas -0.454 0.047 0.012 0.007 0.002 0.004 0.057 0.002 05
tauCet -0.224 0.034 0.036 0.001 0.011 0.018 0.059 -0.006 05
HD140283| -2.326 0.046 0.005 0.050 0.005 0.000 0.000 -0.010 01
18Sco 0.038 0.038 0.009 0.027 0.005 0.007 0.001 -0.004 05
Sun 0.000 0.080 0.025 0.002 0.000 0.005 0.001 0.002 05
alfCenA 0.241 0.049 0.035 0.013 0.003 0.005 0.010 -0.072 05
HD22879 | -0.476 0.061 0.018 0.029 0.001 0.010 0.049 -0.022 08
betHyi -0.038 0.039 0.027 0.015 0.004 0.005 0.004 -0.022 05
muAra 0.360 0.043 0.039 0.022 0.005 0.009 0.002 -0.012 05
betVir 0.093 0.058 0.033 0.015 0.005 0.005 0.001 0.006 05
etaBoo 0.367 0.085 0.043 0.014 0.016 0.017 0.044 -0.055 04
HD84937 | -1.764 0.106 0.043 0.037 0.005 0.005 0.032 -0.010 02
Procyon | -0.037 0.068 0.001 0.027 0.010 0.010 0.018 0.002 06
HD49933 | -0.364 0.047 0.009 0.031 0.005 0.020 0.008 -0.020 02
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Table A.2.Final abundances for silicon.

star [Si/H] o(loge) A[FeH] ATeff Alogg Avmie ALTE NLTE NLIN
psiPhe - - - - - - - - -
alfCet -0.524  0.098 0.022 0.141 0.039 0.063 0.062 -0.040 02
gamSge | 0.150 0.105 0.124 0.080 0.151 0.050 0.110 -0.025 06
alfTau -0.179  0.172 0.033 0.045 0.084 0.073 0.001 -0.024 08
61CygB | -0.328 0.182 0.027 0.043 0.041 0.029 0.000 0.000 03
betAra 0.228 0.175 0.164 0.056 0.085 0.180 0.005 -0.036 05
Arcturus | -0.252  0.051 0.014 0.026 0.023 0.022 0.012 -0.021 15
HD220009| -0.472  0.049 0.006 0.025 0.038 0.025 0.042 -0.025 15
61CygA | -0.289  0.091 0.044 0.019 0.017 0.005 0.003 0.000 09
mulLeo 0.522  0.093 0.011 0.040 0.033 0.078 0.000 -0.015 10
HD107328| -0.119  0.049 0.009 0.036 0.046 0.041 0.009 -0.017 13
HD122563| -2.325  0.082 0.001 0.024 0.006 0.040 0.005 -0.030 05
Gmb1830 | -1.151  0.085 0.037 0.019 0.011 0.001 0.013 0.000 10
betGem | 0.139  0.055 0.006 0.027 0.016 0.037 0.031 -0.013 13
epsVir 0.178  0.046 0.012 0.016 0.006 0.046 0.007 -0.016 13
ksiHya 0.077  0.060 0.002 0.009 0.005 0.051 0.007 -0.016 13
delEri 0.139  0.060 0.005 0.013 0.006 0.025 0.017 -0.007 12
epsEri | -0.095 0.102 0.006 0.010 0.008 0.006 0.001 0.000 09
epsFor | -0.375 0.036 0.016 0.019 0.016 0.010 0.013 -0.010 12
alfCenB | 0.234  0.043 0.008 0.008 0.009 0.026 0.032 -0.001 11
muCas | -0.579  0.056 0.004 0.007 0.004 0.008 0.051 -0.001 14
tauCet | -0.354  0.031 0.007 0.013 0.013 0.015 0.005 0.000 15
HD140283| -2.246  0.042 0.005 0.040 0.015 0.005 0.000 -0.010 01
18Sco 0.048 0.018 0.010 0.003 0.006 0.017 0.002 -0.005 15
Sun 0.000 0.080 0.010 0.007 0.000 0.014 0.002 -0.005 15
alfCenA | 0.250  0.027 0.012 0.001 0.005 0.009 0.009 -0.007 14
HD22879 | -0.586  0.075 0.010 0.009 0.007 0.009 0.020 -0.008 14
betHyi -0.067  0.030 0.019 0.005 0.005 0.007 0.004 -0.009 15
muAra 0.327  0.038 0.017 0.001 0.008 0.014 0.004 -0.008 13
betvir 0.132  0.043 0.019 0.007 0.005 0.011 0.001 -0.009 15
etaBoo | 0.362  0.103 0.030 0.007 0.008 0.026 0.027 -0.010 09
HD84937 | -1.731  0.176 0.002 0.021 0.008 0.002 0.000 -0.008 06
Procyon | -0.033  0.071 0.005 0.023 0.006 0.010 0.018 -0.011 13
HD49933 | -0.383  0.080 0.011 0.014 0.008 0.021 0.001 -0.009 12
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Table A.3. Final abundances for calcium.

star [CagH] o(loge) A[Fe/H] ATeff Alogg AvVymec ALTE NLTE NLIN

psiPhe | -0.694  0.291 0.241 0.016 0.002 0.084 0.147 -0.060 01
alfCet -0.456  0.132 0.025 0.029 0.015 0.117 0.055 -0.015 02
gamSge | -0.292  0.089 0.071 0.045 0.013 0.136 0.065 -0.033 03
alfTau -0.340 0.064 0.015 0.043 0.009 0.125 0.009 -0.020 03
61CygB | -0.403  0.059 0.010 0.007 0.008 0.043 0.000 -0.003 03
betAra -0.136  0.081 0.064 0.063 0.003 0.117 0.110 0.010 02
Arcturus | -0.405  0.125 0.017 0.012 0.014 0.085 0.009 -0.072 08
HD220009| -0.493  0.051 0.004 0.020 0.027 0.039 0.014 -0.095 06
61CygA | -0.356  0.104 0.013 0.005 0.000 0.007 0.058 -0.015 06
muLeo 0.280 0.116 0.018 0.036 0.023 0.060 0.032 -0.113 03
HD107328| -0.321  0.067 0.043 0.014 0.062 0.058 0.006 -0.085 06
HD122563| -2.434  0.080 0.003 0.051 0.006 0.040 0.005 0.068 15
Gmb1830 | -1.243  0.057 0.056 0.049 0.004 0.038 0.025 -0.009 14
betGem | 0.076 0.075 0.050 0.010 0.016 0.050 0.127 -0.076 07
epsVir 0.106 0.096 0.020 0.014 0.009 0.056 0.000 -0.090 07
ksiHya 0.068 0.072 0.016 0.007 0.007 0.068 0.004 -0.084 07
delEri 0.025 0.093 0.022 0.004 0.007 0.039 0.021 -0.041 08
epskEri -0.055  0.069 0.003 0.014 0.002 0.009 0.003 -0.027 06
epsFor | -0.272  0.062 0.028 0.057 0.008 0.032 0.003 -0.051 10
alfCenB | 0.225 0.054 0.025 0.012 0.002 0.048 0.018 -0.014 05
muCas | -0.573  0.035 0.007 0.018 0.004 0.037 0.002 -0.035 13
tauCet -0.291  0.055 0.008 0.011 0.004 0.064 0.011 -0.037 11
HD140283| -2.311  0.094 0.004 0.060 0.003 0.015 0.002 0.031 12
18Sco 0.058 0.036 0.010 0.028 0.001 0.034 0.001 -0.047 12
Sun 0.000 0.090 0.015 0.008 0.000 0.029 0.002 -0.044 13
alfCenA | 0.194 0.028 0.025 0.006 0.001 0.015 0.010 -0.044 10
HD22879 | -0.531  0.054 0.016 0.051 0.005 0.028 0.012 -0.038 18
betHyi -0.061  0.057 0.020 0.018 0.002 0.012 0.004 -0.061 14
muAra 0.320 0.049 0.038 0.017 0.001 0.024 0.007 -0.037 09
betvir 0.135 0.055 0.021 0.016 0.000 0.018 0.003 -0.039 11
etaBoo 0.290 0.100 0.046 0.002 0.003 0.035 0.037 -0.035 08
HD84937 | -1.665  0.082 0.017 0.039 0.006 0.010 0.022 0.003 14
Procyon | 0.036 0.065 0.007 0.035 0.000 0.023 0.014 -0.049 15
HD49933 | -0.336  0.080 0.010 0.027 0.000 0.048 0.002 -0.062 17
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Table A.4.Final abundances for titanium.

star [Ti/H] o(loge) AJFeH] ATeff Alogg Avmic ALTE NLTE NLIN

psiPhe | -0.886 0.332 0.026 0.075 0.018 0.165 0.135 - 10
alfCet -0.525 0.108 0.061 0.027 0.068 0.104 0.064 - 05
gamSge | -0.266  0.099 0.008 0.038 0.068 0.158 0.002 - 12
alfTau -0.338  0.147 0.006 0.037 0.031 0.138 0.091 - 12
61CygB | -0.369  0.090 0.002 0.016 0.009 0.069 0.026 - 28
betAra | -0.414 0.215 0.052 0.082 0.028 0.102 0.033 - 06
Arcturus | -0.313  0.078 0.017 0.046 0.013 0.051 0.015 - 37
HD220009| -0.534  0.051 0.006 0.068 0.021 0.040 0.017 - 31
61CygA | -0.288  0.109 0.026  0.027 0.002 0.010 0.000 - 39
mulLeo 0.322  0.099 0.002 0.060 0.018 0.105 0.010 - 20
HD107328| -0.131  0.040 0.032 0.077 0.020 0.065 0.011 - 29
HD122563| -2.496  0.128 0.001 0.057 0.009 0.041 0.007 - 31
Gmb1830 | -1.238  0.116 0.035 0.058 0.005 0.019 0.006 - 44
betGem | 0.060  0.070 0.021 0.063 0.012 0.053 0.013 - 36
epsVir -0.025 0.087 0.012 0.065 0.011 0.032 0.009 - 32
ksiHya 0.028  0.081 0.010 0.040 0.006 0.042 0.010 - 35
delEri 0.038  0.066 0.010 0.029 0.003 0.058 0.007 - 50
epsEri -0.036  0.092 0.011 0.032 0.000 0.008 0.016 - 36
epsFor | -0.224  0.088 0.023 0.078 0.009 0.026 0.023 - 52
alfCenB | 0.293  0.076 0.020 0.020 0.001 0.067 0.008 - 48
muCas | -0.524  0.057 0.008 0.026 0.002 0.024 0.032 - 52
tauCet | -0.165 0.070 0.008 0.024 0.009 0.065 0.019 - 56
HD140283| -2.418  0.058 0.010 0.090 0.005 0.041 0.027 - 05
18Sco 0.046  0.026 0.011 0.062 0.008 0.027 0.017 - 53
Sun 0.000 0.070 0.014 0.010 0.000 0.025 0.013 - 54
alfCenA | 0.206  0.037 0.017 0.021 0.004 0.014 o0.018 - 52
HD22879 | -0.545  0.096 0.002 0.053 0.007 0.017 0.005 - 50
betHyi -0.074  0.040 0.014 0.033 0.004 0.009 0.008 - 44
muAra 0.388  0.052 0.025 0.051 0.010 0.020 0.013 - 52
betVir 0.068  0.060 0.011 0.030 0.005 0.013 0.003 - 42
etaBoo | 0.212  0.108 0.034 0.022 0.007 0.023 0.010 - 35
HD84937 | -1.664  0.112 0.005 0.024 0.030 0.004 0.033 - 15
Procyon | -0.069  0.085 0.001 0.048 0.006 0.011 0.015 - 29
HD49933 | -0.394 0.074 0.010 0.032 0.011 0.030 0.004 - 18
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Table A.5. Final abundances for scandium.

star [SgH] o(loge) A[FeH] ATeff Alogg Avmic ALTE NLTE NLIN

psiPhe | -0.674  0.507 0.077 0.025 0.060 0.094 0.045 - 02
alfCet -0.397  0.199 0.158 0.015 0.111 0.110 0.068 - 04
gamSge | -0.319  0.290 0.025 0.029 0.108 0.154 0.005 - 07
alfTau -0.264  0.198 0.025 0.035 0.068 0.158 0.114 - 08
61CygB | -0.324  0.075 0.005 0.010 0.020 0.040 0.000 - 04
betAra | -0.716  0.213 0.111  0.098 0.023 0.043 0.000 - 03
Arcturus | -0.428  0.140 0.003 0.033 0.018 0.033 0.024 - 10
HD220009| -0.643  0.046 0.005 0.047 0.029 0.034 0.012 - 10
61CygA | -0.324  0.169 0.056 0.007 0.018 0.007 0.012 - 12
mulLeo 0.230 0.062 0.022 0.044 0.018 0.068 0.018 - 04
HD107328| -0.342  0.048 0.001 0.056 0.031 0.043 0.012 - 09
HD122563| -2.500 0.077 0.051 0.016 0.026 0.039 0.030 - 07
Gmb1830 | -1.264  0.075 0.114 0.002 0.014 0.008 0.052 - 07
betGem | 0.062  0.122 0.013 0.053 0.020 0.035 0.018 - 09
eps\Vir 0.065 0.084 0.025 0.037 0.009 0.072 0.062 - 05
ksiHya 0.062 0.114 0.007 0.039 0.016 0.062 0.008 - 07
delEri 0.077  0.104 0.000 0.029 0.006 0.040 0.006 - 12
epsEri -0.164  0.097 0.009 0.023 0.011 0.008 0.010 - 11
epsFor | -0.508  0.067 0.014 0.038 0.023 0.025 0.022 - 10
alfCenB | 0.304  0.085 0.009 0.020 0.006 0.039 0.009 - 12
muCas | -0.686 0.069 0.009 0.012 0.005 0.021 0.092 - 08
tauCet | -0.343  0.062 0.003 0.010 0.013 0.039 0.014 - 10
HD140283| -2.668 NaN 0.005 0.047 0.044 0.002 0.027 - 02
18Sco 0.043 0.016 0.006 0.019 0.010 0.041 0.013 - 08
Sun 0.000 0.140 0.009 0.018 0.000 0.031 0.016 - 08
alfCenA | 0.297  0.052 0.001 0.010 0.004 0.015 0.023 - 08
HD22879 | -0.788  0.075 0.013 0.015 0.009 0.019 0.010 - 08
betHyi -0.043  0.039 0.007 0.021 0.008 0.010 0.015 - 07
muAra 0.401  0.057 0.003 0.044 0.013 0.022 0.012 - 10
betvir 0.183  0.039 0.004 0.013 0.007 0.018 0.010 - 07
etaBoo | 0.227  0.087 0.011 0.006 0.008 0.056 0.039 - 03
HD84937 | -1.895  0.150 0.005 0.032 0.019 0.026 0.017 - 03
Procyon | -0.134  0.061 0.004 0.019 0.007 0.015 0.021 - 05
HD49933 | -0.488  0.050 0.000 0.021 0.011 0.040 0.004 — 07
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Table A.6. Final abundances for vanadium.

star [V/H] o(loge) A[FeH] ATeff Alogg Avmic ALTE NLTE NLIN
psiPhe | -1.178 0.353 0.035 0.136 0.043 0.146 0.138 - 04
alfCet -0.172  0.274 0.011 0.055 0.060 0.106 0.213 - 03
gamSge | -0.314  0.156 0.003 0.058 0.079 0.125 0.157 - 04
alfTau -0.204  0.240 0.005 0.047 0.040 0.101 0.225 - 04
61CygB | -0.442  0.097 0.005 0.023 0.011 0.074 0.030 - 16
betAra | -0.474  0.087 0.047 0.128 0.041 0.029 0.375 - 03
Arcturus | -0.441  0.103 0.009 0.064 0.009 0.057 0.012 - 18
HD220009| -0.674  0.051 0.015 0.087 0.017 0.038 0.019 - 14
61CygA | -0.331  0.115 0.086 0.026 0.004 0.010 0.006 - 25
mulLeo 0.296  0.080 0.008 0.080 0.015 0.061 0.025 - 05
HD107328| -0.197  0.062 0.018 0.094 0.013 0.052 0.012 - 11
HD122563| -2.696  0.007 0.038 0.128 0.008 0.000 0.005 - 01
Gmb1830| -1.395  0.103 0.001 0.076 0.002 0.012 0.000 - 08
betGem | 0.059  0.157 0.000 0.091 0.003 0.054 0.019 - 17
epsVir -0.031 0.071 0.005 0.087 0.007 0.028 0.014 - 14
ksiHya 0.053 0.072 0.004 0.051 0.005 0.031 0.011 - 14
delEri 0.037  0.046 0.001 0.036 0.002 0.055 0.023 - 21
epsEri -0.017 0.118 0.001 0.038 0.003 0.008 0.025 - 20
epsFor | -0.395 0.030 0.033 0.075 0.000 0.015 0.030 - 23
alfCenB | 0.363  0.054 0.001 0.024 0.004 0.064 0.023 - 21
muCas | -0.663  0.027 0.012 0.031 0.003 0.010 0.032 - 17
tauCet | -0.248 0.028 0.005 0.024 0.022 0.089 0.045 - 20

HD140283| - - - - - - - - -
18Sco 0.035 0.013 0.005 0.070 0.006 0.010 0.016 - 18
Sun 0.000 0.040 0.002 0.012 0.000 0.010 0.014 - 17
alfCenA | 0.241 0.031 0.010 0.027 0.002 0.009 0.050 - 21
HD22879 | -0.731  0.050 0.010 0.068 0.110 0.012 0.013 - 08
betHyi -0.079  0.037 0.003 0.045 0.000 0.005 0.014 - 15
muAra 0.427  0.028 0.007 0.059 0.002 0.012 0.024 - 22
betVir 0.074  0.032 0.009 0.037 0.001 0.005 0.005 - 13
etaBoo | 0.223  0.071 0.029 0.031 0.002 0.009 0.063 - 13

HD84937 - - - - - - - - -
Procyon | -0.140  0.088 0.010 0.050 0.005 0.002 0.021 - 04
HD49933 | -0.260  0.085 0.038 0.060 0.010 0.007 0.020 - 01
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Table A.7.Final abundances for chromiun.

star [Cr/H] o(loge) A[FeH] ATeff Alogg Avmic ALTE NLTE NLIN

psiPhe | -0.835 0.103 0.138 0.070 0.023 0.070 0.195 0.025 02
alfCet -0.472  0.115 0.133 0.068 0.030 0.075 0.191 0.060 03
gamSge | -0.152  0.060 0.035 0.043 0.056 0.104 0.017 0.025 06
alfTau -0.295 0.214 0.019 0.033 0.020 0.097 0.190 0.060 06
61CygB | -0.339  0.095 0.000 0.008 0.015 0.019 0.075 0.005 13
betAra -0.223  0.165 0.119 0.080 0.009 0.066 0.000 0.063 06
Arcturus | -0.582  0.069 0.008 0.035 0.010 0.014 0.013 0.091 15
HD220009| -0.742  0.030 0.017 0.052 0.010 0.019 0.011 0.115 12
61CygA | -0.341 0.111 0.058 0.020 0.006 0.008 0.048 0.015 14
muLeo 0.335 0.083 0.009 0.049 0.008 0.092 0.014 0.050 14
HD107328| -0.410 0.035 0.012 0.054 0.013 0.019 0.005 0.079 11
HD122563| -3.080  0.105 0.015 0.087 0.005 0.054 0.002 0.386 07
Gmb1830 | -1.551 0.141 0.023 0.061 0.006 0.047 0.010 0.098 13
betGem | 0.077 0.044 0.020 0.054 0.006 0.028 0.008 0.057 13
epsVir 0.057 0.054 0.008 0.051 0.003 0.028 0.004 0.059 15
ksiHya 0.077 0.042 0.012 0.029 0.008 0.032 0.001 0.059 15
delEri 0.031 0.061 0.004 0.021 0.001 0.035 0.007 0.054 15
epskEri -0.028 0.084 0.003 0.024 0.002 0.009 0.009 0.044 11
epsFor | -0.518  0.055 0.003 0.056 0.006 0.015 0.024 0.097 10
alfCenB | 0.274 0.049 0.002 0.016 0.000 0.039 0.014 0.034 14
muCas | -0.825  0.050 0.002 0.026 0.003 0.046 0.014 0.082 12
tauCet | -0.417 0.036 0.000 0.019 0.004 0.051 0.009 0.067 12
HD140283| -2.892  0.130 0.013 0.098 0.005 0.032 0.060 0.334 05
18Sco 0.049 0.023 0.006 0.051 0.004 0.017 0.013 0.049 13
Sun 0.000 0.060 0.003 0.011 0.000 0.023 0.013 0.051 15
alfCenA | 0.205 0.041 0.005 0.015 0.007 0.011 0.016 0.045 15
HD22879 | -0.856  0.085 0.002 0.060 0.005 0.021 0.002 0.111 16
betHyi -0.098 0.045 0.002 0.042 0.001 0.014 0.028 0.059 12
muAra 0.370 0.038 0.006 0.040 0.004 0.016 0.009 0.041 15
betvir 0.081 0.034 0.008 0.026 0.006 0.012 0.003 0.047 13
etaBoo 0.236 0.081 0.017 0.020 0.004 0.022 0.018 0.047 08
HD84937 | -2.228  0.066 0.002 0.076 0.005 0.001 0.010 0.237 04
Procyon | -0.118 0.064 0.011 0.050 0.009 0.015 0.020 0.052 13
HD49933 | -0.529  0.082 0.004 0.054 0.008 0.024 0.002 0.088 06
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Table A.8.Final abundances for manganese.

star [Mn/H] o(loge) A[FeH] ATeff Alogg Avmc ALTE NLTE NLIN
psiPhe - - - - - - - - -
alfCet -0.457 0.048 0.013 0.037 0.045 0.204 0.030 -0.000 02
gamSge - - - - - - - - -
alfTau -0.487 0.096 0.005 0.058 0.033 0.176 0.000 -0.000 02
61CygB | -0.443 0.096 0.005 0.012 0.015 0.042 0.030 -0.000 06
betAra - - - - - - - - -
Arcturus | -0.893 0.139 0.018 0.033 0.018 0.059 0.051 0.017 06
HD220009| -1.107 0.088 0.026 0.051 0.032 0.053 0.028 0.027 06
61CygA | -0.417 0.112 0.094 0.005 0.007 0.008 0.062 -0.000 08
mulLeo 0.087 0.201 0.087 0.061 0.094 0.147 0.070 - 02
HD107328| -0.680 0.045 0.011 0.044 0.037 0.101 0.042 0.015 06
HD122563| -3.104 0.135 0.039 0.0712 0.006 0.050 0.007 0.170 02
Gmb1830 | -1.788 0.186 0.019 0.032 0.004 0.021 0.060 -0.000 10
betGem | -0.159 0.122 0.017 0.055 0.007 0.096 0.054 -0.000 06
epsVir -0.125 0.103 0.020 0.062 0.004 0.111 0.042 -0.000 06
ksiHya -0.105 0.105 0.036 0.039 0.002 0.136 0.034 -0.000 06
delEri -0.032 0.089 0.002 0.023 0.001 0.069 0.087 -0.000 08
epskEri -0.161 0.061 0.002 0.026 0.001 0.014 0.039 - 06
epsFor -0.720 0.079 0.021 0.094 0.014 0.037 0.009 -0.000 10
alfCenB 0.232 0.094 0.006 0.018 0.005 0.076 0.083 -0.000 08
muCas -1.010 0.026 0.007 0.029 0.005 0.023 0.006 -0.000 08
tauCet -0.511 0.039 0.007 0.022 0.010 0.054 0.001 -0.000 10
HD140283| -2.777 NaN 0.005 0.072 0.005 0.035 0.010 0.220 01
18Sco 0.040 0.018 0.004 0.075 0.003 0.048 0.010 -0.000 11
Sun 0.000 0.090 0.017 0.012 0.000 0.042 0.001 0.017 10
alfCenA 0.245 0.030 0.016 0.021 0.001 0.026 0.003 -0.000 11
HD22879 | -1.157 0.078 0.018 0.079 0.007 0.010 0.005 0.047 10
betHyi -0.121 0.033 0.018 0.047 0.003 0.013 0.004 -0.000 09
muAra 0.430 0.044 0.014 0.059 0.005 0.043 0.017 -0.000 11
betVir 0.096 0.056 0.039 0.038 0.001 0.020 0.003 -0.000 11
etaBoo 0.271 0.065 0.041 0.034 0.001 0.040 0.035 -0.000 08
HD84937 - - - - - - - - -
Procyon | -0.125 0.067 0.019 0.060 0.005 0.012 0.013 0.019 07
HD49933 | -0.607 0.074 0.062 0.062 0.010 0.020 0.031 0.023 04
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Table A.9. Final abundances for cobalt.

Jofré et al.: Gaia benchmark star&ind iron abundances

star [CoH] o(loge) A[FeH] ATeff Alogg Avmic ALTE NLTE NLIN
psiPhe | -0.617  0.361 0.099 0.002 0.072 0.090 0.156 - 04
alfCet -0.332  0.128 0.088 0.012 0.079 0.106 0.045 - 11
gamSge | -0.101  0.088 0.067 0.014 0.104 0.146 0.013 - 11
alfTau -0.248  0.181 0.026 0.016 0.045 0.108 0.045 - 11
61CygB | -0.338  0.153 0.003 0.005 0.016 0.015 0.029 - 10
betAra -0.083  0.102 0.074 0.010 0.055 0.141 0.069 - 06
Arcturus | -0.407  0.050 0.010 0.012 0.015 0.043 0.015 - 16
HD220009| -0.674  0.040 0.016 0.023 0.037 0.032 0.014 - 13
61CygA | -0.301  0.199 0.078 0.003 0.011 0.009 0.018 - 17
mulLeo 0.452 0.094 0.028 0.008 0.031 0.125 0.006 - 07
HD107328| -0.180  0.021 0.023 0.021 0.034 0.064 0.014 - 11
HD122563| -2.642 NaN 0.013 0.087 0.005 0.000 0.005 - 01
Gmb1830 | -1.384  0.119 0.056 0.032 0.007 0.013 0.005 - 03
betGem | 0.015 0.050 0.019 0.030 0.016 0.058 0.007 - 16
epsVir -0.027  0.075 0.007 0.045 0.005 0.039 0.006 - 16
ksiHya -0.009 0.078 0.006 0.028 0.004 0.043 0.005 - 16
delEri 0.070 0.042 0.010 0.011 0.008 0.043 0.006 - 18
epsEri -0.198  0.163 0.008 0.012 0.007 0.007 0.007 - 14
epsFor | -0.470  0.043 0.007 0.065 0.007 0.012 0.021 - 17
alfCenB | 0.286 0.034 0.015 0.010 0.006 0.044 0.009 - 16
muCas | -0.718  0.040 0.001 0.020 0.013 0.010 0.022 - 11
tauCet | -0.350 0.030 0.000 0.013 0.028 0.062 0.009 - 17
HD140283 - - - - - - - - -
18Sco 0.024 0.018 0.003 0.062 0.002 0.011 0.009 - 18
Sun 0.000 0.090 0.002 0.009 0.000 0.009 0.012 - 19
alfCenA | 0.266 0.029 0.000 0.021 0.005 0.009 0.018 - 18
HD22879 | -0.742  0.025 0.004 0.057 0.018 0.009 0.032 - 04
betHyi -0.077  0.025 0.000 0.037 0.003 0.007 0.009 - 15
muAra 0.424 0.030 0.001 0.050 0.003 0.012 0.010 - 18
betVir 0.082 0.041 0.010 0.034 0.003 0.006 0.001 - 13
etaBoo 0.321 0.065 0.019 0.023 0.000 0.018 0.016 - 13
HD84937 - - - - - - - - -
Procyon | -0.099  0.019 0.002 0.053 0.005 0.002 0.015 - 03
HD49933 - — — - - — - - —
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Table A.10.Final abundances for nickel.

star [Ni/H] o(loge) A[FeH] ATeff Alogg Avmic ALTE NLTE NLIN

psiPhe | -1.220 0.393 0.109 0.126 0.069 0.138 0.436 - 02
alfCet -0.637  0.161 0.062 0.012 0.128 0.161 0.082 - 05
gamSge | -0.174  0.131 0.044 0.019 0.110 0.209 0.001 - 05
alfTau -0.397 0.214 0.017 0.014 0.048 0.181 0.026 - 06
61CygB | -0.428 0.075 0.003 0.004 0.023 0.046 0.088 - 12
betAra | -0.142  0.250 0.086 0.036 0.030 0.218 0.018 - 02
Arcturus | -0.487  0.083 0.002 0.006 0.019 0.043 0.009 - 17
HD220009| -0.737  0.045 0.009 0.008 0.036 0.043 0.017 - 14
61CygA | -0.390 0.101 0.092 0.003 0.010 0.008 0.004 - 16
mulLeo 0.324  0.115 0.004 0.025 0.036 0.092 0.017 - 04
HD107328| -0.315 0.034 0.005 0.007 0.038 0.053 0.016 - 11
HD122563| -2.687  0.099 0.005 0.071 0.005 0.031 0.001 - 14
Gmb1830 | -1.504  0.127 0.109 0.021 0.010 0.013 0.010 - 19
betGem | 0.085  0.050 0.004 0.014 0.012 0.071 0.022 - 14
eps\Vir 0.087  0.063 0.005 0.029 0.005 0.072 0.018 - 14
ksiHya 0.035  0.080 0.004 0.022 0.013 0.083 0.000 - 14
delEri 0.092  0.058 0.008 0.006 0.005 0.063 0.003 - 18
epsEri -0.177  0.079 0.013 0.010 0.006 0.012 0.015 - 14
epsFor | -0.541  0.063 0.005 0.049 0.008 0.028 0.034 - 22
alfCenB | 0.271  0.054 0.017 0.010 0.005 0.072 0.013 - 19
muCas | -0.826  0.038 0.004 0.017 0.004 0.027 0.015 - 20
tauCet | -0.447  0.040 0.004 0.008 0.030 0.059 0.015 - 22
HD140283| -2.609  0.079 0.006 0.076 0.006 0.020 0.007 - 02
18Sco 0.039  0.017 0.002 0.052 0.008 0.032 0.012 - 22
Sun 0.000 0.100 0.006 0.008 0.000 0.030 0.013 - 21
alfCenA | 0.254  0.033 0.001 0.017 0.003 0.018 0.021 - 20
HD22879 | -0.847  0.087 0.003 0.058 0.004 0.016 0.033 - 22
betHyi -0.085  0.027 0.003 0.032 0.015 0.005 0.013 - 20
muAra 0.416  0.046 0.006 0.042 0.001 0.030 0.002 - 19
betvir 0.106  0.029 0.010 0.030 0.002 0.014 0.008 - 21
etaBoo | 0.325  0.085 0.014 0.018 0.001 0.037 0.027 - 15
HD84937 | -2.062  0.117 0.002 0.084 0.023 0.005 0.007 - 03
Procyon | -0.112  0.069 0.002 0.049 0.002 0.011 0.013 - 20
HD49933 | -0.528  0.104 0.002 0.049 0.005 0.020 0.008 — 11
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Table B.1. Literature compilation for magnesium.

Star [MgH] Reference
psiPhe - -
alfCet - -
gamSge - -

alfTau -0.16 Alves-Brito et al.(2010

-0.08 Alves-Brito et al.(2010

0.2 Thevenin(1998

61CygB - -
betAra - -

Arcturus -0.15 Ramirez & Allende Priet¢2011)

-0.27 Worley et al.(2009

-0.1 Fulbright et al.(2007)

-0.21 Britavskiy et al.(2012

-0.48 Mishenina & Kovtyukh(2001)

-0.21 Britavskiy et al.(2012

-0.45 Thevenin(1998

0.02 Luck & Heiter (2005

HD220009 -0.48 Smiljanic et al.(2007)

61CygA 0.03 Milone et al.(201])

-0.07 Mishenina et al(2008

-0.35 Affer et al.(2005

-0.02 Luck & Heiter (2005

muLeo 0.44 Luck & Heiter (2007
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Table B.1. continued.

Star [MgH] Reference
0.32 Smith & Ruck(2000
HD107328 -0.01 Luck & Heiter (2007
HD122563  -2.16 Fulbright (2000
-2.55 Hollek et al.(2011)
-2.38 Hollek et al.(2011)
-2.23 Westin et al (2000
-2.06 Bergemann & Gehre(2008
-2.22 Mashonkina et al2009
-2.39 Mashonkina et al2008
Gmb1830 -0.9 Takeda(2007)
-0.99 Zhao & Gehrern(2000
-1.06 Zhao & Gehrern(2000
-1.17 Fulbright(2000
-1.09 Bergemann & Gehre(2008
-1.08 Kotoneva et al(2006
-1.12 Gehren et al(2006
-1.09 Gehren et al(2006
-0.9 Gratton et al(2003
-11 Thevenin(1998
betGem 0.02 Allende Prieto et al(2004)
0.29 Luck & Heiter (2007
0.48 Luck & Heiter (2005
0.07 Thevenin(1998
epsVir 0.26 Luck & Heiter (2007
0.1 Thevenin(1998
ksiHya - -
delEri 0.06 Allende Prieto et al(2004)
0.19 Adibekyan et al(2012
0.38 Luck & Heiter (2005
0.33 Bensby et al(2014)
-0.05 Affer et al.(2005
0.24 Bensby et al(2003
0.2 Thevenin(1998
0.24 Bensby et al(2005
0.27 Neves et al(2009
0.19 Delgado Mena et a(2010
epsEri -0.03 Allende Prieto et al(2004)
-0.067 Adibekyan et al(2012
0.05 Takeda(2007)
0.05 Luck & Heiter (2005
-0.12 Mishenina et al(2004)
-0.14 Zhao et al(2002
0.1 Thevenin(1998
-0.07 Gonzalez & Lawg2007)
-0.06 Neves et al(2009
-0.17 Delgado Mena et a(2010
epsFor -0.28 Fulbright (2000
-0.01 Bensby et al(2014)
-0.26 Reddy et al(2006
-0.22 Bensby et al(2003
-0.33 Gratton et al(2003
-0.22 Bensby et al(2005
alfCenB 0.4 Allende Prieto et al(2004)
0.29 Porto de Mello et al(2008
muCas -0.55 Allende Prieto et al(2004)
-0.38 Takeda(2007)
-0.62 Reddy et al(2006
-0.47 Luck & Heiter (2005
-0.57 Mishenina et al(2004)
-0.48 Zhao & Gehrern(2000
-0.41 Zhao & Gehrern(2000
-0.51 Fulbright(2000
-0.54 Gratton et al(2003
tauCet -0.25 Allende Prieto et al(2004
-0.283 Adibekyan et al(2012
-0.16 Takeda(2007)
-0.34 Francoig(1986
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Table B.1. continued.

Star [MgH] Reference
0 Thevenin(1998
-0.27 Neves et al(2009
-0.31 Delgado Mena et a(2010
HD140283 -2.05 Thevenin(1998
-2.21 Gratton et al(2003
-2.04 Fulbright (2000
-2.16 Jonsell et al(2009
-2.28 Francoig(1986
-2.13 Carretta et al(2000
-1.95 Bergemann & Cescut(R010
-2.08 Bensby et al(2014)
18Sco 0.07 Thevenin(1998
0.09 Neves et al(2009
0.08 Allende Prieto et al(2004)
0.13 Luck & Heiter (2005
0.05 Galeev et al(20049
0.05 da Silva et al(2012
0.03 Delgado Mena et a(2010
0.12  Gonzélez Hernandez et 2010
Sun - -
alfCenA 0.28 Edvardsson et a(1993
0.1 Bond et al.(2009
0.39 Allende Prieto et al(2004
0.27 da Silva et al(2012
0.24 Porto de Mello et al(2008
HD22879 -0.38 Thevenin(1998
-0.44 Bensby et al(2005
-04 Edvardsson et a(1993
-0.43 Reddy et al(2006
-0.5 Neves et al(2009
-0.38 Gratton et al(2003
-0.5 Fulbright(2000
-0.49 Nissen & Schustef2010
-0.44 Zhang & Zhao(2006
-0.53 Nissen & Schustef1997)
-0.35 Bensby et al(2014)
betHyi 0 Thevenin(1998
-0.17 Allende Prieto et al(2004
-0.06 Francoig(1986
0.13 Bensby et al(2014)
muAra 0.34 Bensby et al(2005
0.32 Neves et al(2009
0.2 Bond et al.(2009
0.32 Francoig(1986
0.34 da Silva et al(2012
0.28 Delgado Mena et a(2010
0.34  Gonzélez Hernandez et 2010
0.35 Bensby et al(2014)
betVir 0.17 Thevenin(1998
0.17 Edvardsson et a(1993
0.04 Allende Prieto et al(2004)
0.07 Takeda(2007)
0.38 Luck & Heiter (2005
etaBoo 0.5 Thevenin(1998
0.47 Edvardsson et a(1993
0.29 Allende Prieto et al(2004
0.27 Takeda(2007)
HD84937 -2.15 Thevenin(1999
-1.7 Gratton et al(2003
-1.73 Fulbright(2000
-1.84 Bergemann & Cescut(R010
Procyon 0.1 Thevenin(1998
0.07 Edvardsson et a(1993
-0.01 Allende Prieto et al(2004
-0.03 Takeda(2007)
0.07 Luck & Heiter (2005
HD49933 -0.1 Takeda(2007)
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Table B.2. Literature compilation for silicon.

Star [SIH] Reference
psiPhe - -
alfCet - -
gamSge 0.07 Boyarchuk et al(1995
alfTau -0.11 Alves-Brito et al.(2010
-0.02 Alves-Brito et al.(2010
0 Thevenin(1998
61CygB -0.17 Luck & Heiter (2005
betAra 0.67 Luck (1979
Arcturus -0.19 Ramirez & Allende Priet¢2011)
-0.37 Worley et al.(2009
-0.15 Fulbright et al.(2007)
-0.17 Britavskiy et al.(2012
-0.33 Mishenina & Kovtyukh(2001)
-0.3 Thevenin(1998
-0.14 Luck & Heiter (2005
HD220009 -0.51 Smiljanic et al(2007)
-0.28 McWilliam (1990
61CygA 0.19 Mishenina et al(2008
-0.3 Affer et al.(2005
-0.06 Luck & Heiter (2005
muLeo 0.69 McWilliam (1990
0.54 Luck & Heiter (2007
0.45 Thevenin(1998
HD107328  0.07 McWilliam (1990
-0.15 Luck & Heiter (2007
0.05 Thevenin(1998
HD122563 -2.37 Fulbright (2000
-2.28 Westin et al (2000
Gmb1830 -1.13 Takeda(2007)
-1.13 Fulbright (2000
-1.12 Kotoneva et al(2006
-1.21 Valenti & Fischer(2009
-0.95 Luck & Heiter (2005
-1.14 Gratton et al(2003
-1 Thevenin(1998
betGem 0.31 Allende Prieto et al(2004)
0.15 McWilliam (1990
0.23 Luck & Heiter (2007
0.25 Luck & Heiter (2005
0.08 Thevenin(1998
epsVir 0.35 McWilliam (1990
0.21 Luck & Heiter (2007
0.15 Thevenin(1998
ksiHya 0.15 McWilliam (1990
0.23 Bruntt et al.(2010
delEri 0.24 Allende Prieto et al(2004)
0.32 Bensby et al(2014)
0.151 Adibekyan et al(2012
0.22 Bruntt et al.(2010
0.08 Valenti & Fischer(2009
0.22 Luck & Heiter (2005
0.16 Affer et al.(2005
0.29 Bensby et al(2003
0.1 Thevenin(1998
0.18 Bodaghee et a(2003
0.29 Bensby et al(2005
0.1 Gilli et al. (2006
0.17 Neves et al(2009
0.16 Delgado Mena et a(2010
epskEri -0.01 Allende Prieto et al(2004)
-0.121 Adibekyan et al(2012
-0.05 Takeda(2007)
-0.12 Valenti & Fischer(2009
-0.08 Luck & Heiter (2005
-0.05 Mishenina et al(2004)
-0.16 Zhao et al(2002
0.12 Thevenin(1998
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Table B.2. continued.

Star [SiH] Reference
-0.1 Bodaghee et a(2003
-0.15 Gonzalez et al(2002)
-0.16 Gilli et al. (2006
-0.1 Gonzalez & Lawg2007)
-0.12 Neves et al(2009
-0.12 Delgado Mena et a(2010
epsFor -0.33 Fulbright(2000
-0.2 Bensby et al(2014)
-0.31 Bond et al(2006
-0.38 Reddy et al(2006
-0.38 Valenti & Fischer(2009
-0.37 Bensby et al(2003
-0.44 Gratton et al(2003
-0.37 Bensby et al(2005
-0.31 Bond et al(2009
alfCenB 0.23 Valenti & Fischer(2009
0.45 Thevenin(1998
0.46 Allende Prieto et al(2004)
0.23 Gilli et al. (2006
0.27  Neuforge-Verheecke & Magaif1997)
0.25 Porto de Mello et al(2008
muCas -0.52 Allende Prieto et al(2004)
-0.58 Takeda(2007)
-0.58 Reddy et al(2006
-0.64 Luck & Heiter (2005
-0.57 Fulbright (2000
-0.62 Mishenina et al(2004)
-0.45 Thevenin(1998
-0.53 Gratton et al(2003
tauCet -0.3 Allende Prieto et al(2004
-0.364 Adibekyan et al(2012
-0.3 Bruntt et al.(2010
-0.29 Takeda(2007)
-0.29 Bond et al.(2006
-0.31 Valenti & Fischer(2009
-0.39 Luck & Heiter (2005
-0.25 Francoig(1986
-0.17 Thevenin(1998
-0.38 Bodaghee et a(2003
-0.43 Gilli et al. (2006
-0.29 Bond et al.(2009
-0.36 Neves et al(2009
-0.37 Delgado Mena et a(2010
HD140283  -2.1 Thevenin(1999
-2.29 Gratton et al(2003
-2.1 Francoig(1986
18Sco 0.03 Valenti & Fischer(2009
0.05 Thevenin(1998
0.05 Neves et al(2009
0.05 Allende Prieto et al(2004
0.06 Mishenina et al(2004)
0.045 Ramirez et al(2009
0 Luck & Heiter (2005
0.06 Galeev et al(2004
0.06 Gilli et al. (2006
0.08 da Silva et al(2012
0.04 Delgado Mena et a(2010
0.04 Gonzéalez Hernandez et 2010
Sun - -
alfCenA 0.23 Valenti & Fischer(2009
0.35 Thevenin(1998
0.25 Edvardsson et a(1993
0.23 Bond et al.(2009
0.32 Allende Prieto et al(2004
0.27 Gilli et al. (2006
0.24 da Silva et al(2012
0.27  Neuforge-Verheecke & Magaif1997)
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Table B.2. continued.

Star [SiH] Reference
0.24 Porto de Mello et al(2008
HD22879 -0.59 Valenti & Fischer(2009
-0.58 Thevenin(1998
-0.57 Bensby et al(2005
-0.65 Edvardsson et a(1993
-0.63 Reddy et al(2006
-0.57 Neves et al(2009
-0.59 Gratton et al(2003
-0.49 Mishenina et al(2004)
-0.56 Fulbright (2000
-0.53 Nissen & Schustef2010
-0.62 Zhang & Zhao(2006
-0.62 Nissen & Schustef1997)
-0.47 Bensby et al(2014)
betHyi -0.06 Valenti & Fischer(2009
-0.02 Thevenin(1998
-0.07 Allende Prieto et al(2004
-0.14 Francoig(1986
0.08 Bensby et al(2014)
muAra 0.28 Valenti & Fischer(2009
0.3 Thevenin(1998
0.36 Bensby et al(2005
0.31 Neves et al(2009
0.31 Bond et al.(2009
0.28 Gonzalez et al(2002)
0.33 Gonzalez & Lawg2007)
0.26 Gilli et al. (2006
0.32 Francoig(1986
0.32 Bodaghee et a(2003
0.3 da Silva et al(2012
0.32 Delgado Mena et a(2010
0.31 Gonzéalez Hernandez et 2010
0.42 Bensby et al(2014)
betVir 0.14 Valenti & Fischer(2009
0.3 Thevenin(1998
0.14 Edvardsson et a(1993
0.11 Allende Prieto et al(2004)
0.2 Mishenina et al(2004)
0.15 Takeda(2007)
0.12 Luck & Heiter (2005
etaBoo 0.45 Thevenin(1998
0.33 Edvardsson et a(1993
0.36 Allende Prieto et al(2004)
0.34 Takeda(2007)
0.32 Luck & Heiter (2005
HD84937 -1.63 Gratton et al(2003
Procyon 0.01 Valenti & Fischer(2009
0.05 Thevenin(1998
0.01 Edvardsson et a{(1993
0.07 Allende Prieto et al(2004
0.01 Takeda(2007)
0 Luck & Heiter (2005
HD49933 -0.38 Thevenin(1998
-0.31 Edvardsson et a(1993
-0.32 Takeda(2007)
Table B.3. Literature compilation for calcium.
Star [CaH] Reference
psiPhe - -
alfCet - -
gamSge 0.05 Boyarchuk et al(1995
alfTau -0.36 Alves-Brito et al.(2010
-0.31 Alves-Brito et al.(2010
-0.1 Thevenin(1998
61CygB -0.12 Luck & Heiter (2005
betAra 1.15 Luck (1979
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Table B.3. continued.

Star [CaH Reference
Arcturus -0.41 Ramirez & Allende Priet¢2011)
-0.42 Worley et al.(2009
-0.28 Fulbright et al.(2007)
-0.32 Britavskiy et al.(2012
-0.19 Britavskiy et al.(2012
-0.32 Mishenina & Kovtyukh(2001)
-0.2 Thevenin(1998
-0.56 Luck & Heiter (2005
HD220009 -0.57 Smiljanic et al.(2007)
-0.6 McWilliam (1990
61CygA -0.36 Mishenina et al(2008
-0.32 Affer et al.(2005
-0.05 Luck & Heiter (2005
-5.9 Zboril & Byrne (1998
muLeo 0.21 McWilliam (1990
0.05 Luck & Heiter (2007
0.32 Smith & Ruck(2000
0.2 Thevenin(1999
HD107328 -0.47 McWilliam (1990
-0.42 Luck & Heiter (2007
-0.23 Thevenin(1998
HD122563 -2.46 Fulbright (2000
-2.6 Hollek et al.(2011)
-2.59 Hollek et al.(201])
-2.45 Westin et al(2000
-2.32 Mashonkina et al(2008
-2.52 Mashonkina et al(2008
Gmb1830 -0.99 Takeda(2007)
-1.09 Luck & Heiter (2005
-1.16 Fulbright (2000
-1.07 Clementini et al(1999
-1.02 Kotoneva et al(2006
-1.04 Gratton et al(2003
-11 Thevenin(1998
betGem 0.3 Allende Prieto et al(2004)
-0.01 McWilliam (1990
0.09 Luck & Heiter (2007
0.08 Luck & Heiter (2005
0.03 Thevenin(1998
epsVir 0.06 McWilliam (1990
0.09 Luck & Heiter (2007
0.2 Thevenin(1998
ksiHya -0.22 McWilliam (1990
0.22 Bruntt et al.(2010
delEri 0.19 Allende Prieto et al(2004)
0.101 Adibekyan et al(2012
0.18 Bruntt et al.(2010
0.30 Benshby et al(2014
0.14 Luck & Heiter (2005
0.13 Affer et al.(2005
0.2 Benshy et al(2003
-0.07 Thevenin(1998
0.1 Bodaghee et a(2003
0.2 Benshby et al(2009
-0.02 Gilli et al. (2009
0.09 Neves et al(2009
epsEri -0.01 Allende Prieto et al(2004)
-0.035 Adibekyan et al(2012
0.06 Takeda(2007)
0 Luck & Heiter (2005
-0.11 Zhao et al(2002
-0.1 Bodaghee et a(2003
-0.19 Gonzalez et al2001)
-0.2 Gilli et al. (2009
-0.01 Gonzalez & Lawg2007)
-0.04 Neves et al(2009
epsFor -0.15 Bensby et al(2014
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Table B.3. continued.

Star [CaH] Reference
-0.44 Fulbright (2000
-0.42 Bond et al.(2006
-0.46 Reddy et al(2006
-0.1 Thorén et al(2004
-0.31 Bensby et al(2003
-0.55 Gratton et al(2003
-0.31 Bensby et al(2009
-0.42 Bond et al(2008
alfCenB 0.47 Allende Prieto et al(2004
0 Gilli et al. (2009
0.21  Neuforge-Verheecke & Magaif1997)
0.34 Porto de Mello et al(2008
muCas -0.65 Allende Prieto et al(2004
-0.55 Takeda(2007)
-0.64 Reddy et al(2006
-0.72 Luck & Heiter (2005
-0.7 Fulbright (2000
-0.59 Gratton et al(2003
tauCet -0.36 Allende Prieto et al(2004
-5.942 Pavlenko et al(2012
-0.363 Adibekyan et al(2012
-0.3 Bruntt et al.(2010
-0.27 Takeda(2007)
-0.38 Bond et al.(2006
-0.44 Luck & Heiter (2005
-0.4 Thevenin(1999
-0.41 Bodaghee et a(2003
-0.52 Gilli et al. (2009
-0.38 Bond et al(2008
-0.35 Neves et al(2009
HD140283 -2.1 Thevenin(1998
-2.25 Gratton et al(2003
-2.14 Fulbright (2000
-2.28 Jonsell et al(2005
-2.24 Bensby et al(2014
18Sco 0.05 Thevenin(1998
0.06 Neves et al(2009
0.03 Allende Prieto et al(2004
0.052 Ramirez et al(2009
0.04 Luck & Heiter (2005
0.11 Galeev et al(2004)
-0.01 Gilli et al. (2009
0.07 da Silva et al(2012
0.07 Gonzalez Hernandez et 2010
Sun - -
alfCenA 0.3 Thevenin(1998
0.16 Edvardsson et a(1993
0.08 Bond et al(2008
0.4 Allende Prieto et al(2004)
0.17 Gilli et al. (2009
0.29 da Silva et al(2012
0.22  Neuforge-Verheecke & Magaif1997)
0.27 Porto de Mello et al(2008
HD22879 -0.5 Thevenin(1998
-0.58 Benshy et al(2009
-0.65 Edvardsson et a(1993
-0.66 Reddy et al(2006
-0.56 Neves et al(2009
-0.55 Gratton et al(2003
-0.65 Fulbright (2000
-0.55 Nissen & Schustef2010
-0.58 Zhang & Zhao(2006
-0.63 Nissen & Schustef1997)
-0.46 Benshby et al(2014
betHyi -0.05 Thevenin(1998
0.02 Allende Prieto et al(2004
0.07 Bensby et al(2014
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Table B.3. continued.

Star [CaH] Reference
muAra 0.3 Bensby et al(2005
0.24 Neves et al(2009
0.18 Bond et al(2008
0.12 Gonzalez et al2001)
0.17 Gonzalez & Lawg2007)
0.13 Gilli et al. (2009
0.22 Bodaghee et a(2003
0.33 da Silva et al(2012
0.25 Gonzalez Hernandez et 2010
0.37 Bensby et al(2014
betVir 0.26 Thevenin(1998
0.11 Edvardsson et a(1993
0.13 Allende Prieto et al(2004
0.12 Takeda(2007)
0.11 Luck & Heiter (2005
etaBoo 0.42 Thevenin(1998
0.23 Edvardsson et a(1993
0.25 Allende Prieto et al(2004)
0.23 Takeda(2007)
0.21 Luck & Heiter (2005
HD84937 -1.7 Thevenin(1998
-1.78 Gratton et al(2003
-1.69 Fulbright (2000
-1.69 Jonsell et al(2005
Procyon -0.07 Thevenin(1998
-0.04 Edvardsson et a(1993
0.25 Allende Prieto et al(2004)
0.03 Takeda(2007)
-0.01 Luck & Heiter (2005
HD49933 -0.4 Thevenin(1998
-0.39 Edvardsson et a(1993
-0.38 Takeda(2007)
Table B.4. Literature compilation for titanium.
Star [TiH] Reference
psiPhe - -
alfCet - -
gamSge 0 Boyarchuk et al(1995
alfTau 0.01 Alves-Brito et al.(2010
0.05 Alves-Brito et al.(2010
0 Thevenin(1998
61CygB -0.05 Luck & Heiter (2005
betAra 0.34 Luck (1979
0.43 Luck (1979
Arcturus -0.25 Ramirez & Allende Priet¢2011)
-0.31 Ramirez & Allende Priet¢2011)
-0.26 Worley et al.(2009
-0.28 Worley et al.(2009
-0.2 Fulbright et al.(2007)
-0.31 Fulbright et al.(2007)
-0.36 Chou et al(2010
-0.28 Britavskiy et al.(2012
-0.2 Thevenin(1998
-0.39 Luck & Heiter (2005
HD220009 -0.33 Smiljanic et al.(2007)
-0.45 McWilliam (1990
61CygA -0.18 Mishenina et al(2008
-0.25 Affer et al.(2005
-0.08 Luck & Heiter (2005
muLeo 0.09 McWilliam (1990
0.49 McWilliam (1990
0.3 Luck & Heiter (2007
0.35 Smith & Ruck(2000
0.12 Thevenin(1998
HD107328 -0.44 McWilliam (1990
-0.29 Luck & Heiter (2007

Article number, page 49 @5



Table B.4. continued.

Star [TiH] Reference
-0.2 Thevenin(1998
HD122563 -2.57 Fulbright (2000
-2.83 Hollek et al.(2011)
-2.71 Hollek et al.(2011)
-2.82 Hollek et al.(2011)
-2.55 Westin et al (2000
-2.46 Westin et al(2000
Gmb1830 -0.86 Takeda(2007)
-0.95 Takeda(2007)
-1.16 Fulbright (2000
-0.93 Luck & Heiter (2005
-0.95 Clementini et al(1999
-0.93 Kotoneva et al(2006
-1.04 Valenti & Fischer(2009
-1.08 Gratton et al(2003
-1.33 Gratton et al(2003
-0.85 Thevenin(1998
betGem 0.32 Allende Prieto et al(2004)
-0.02 McWilliam (1990
0.16 McWilliam (1990
0.16 Luck & Heiter (2007
0.11 Luck & Heiter (2005
-0.02 Thevenin(1998
epsVir 0.17 McWilliam (1990
0.29 McWilliam (1990
0.09 Luck & Heiter (2007
0.06 Thevenin(1999
ksiHya -0.09 McWilliam (1990
0.16 McWilliam (1990
0.11 Bruntt et al.(2010
0.2 Bruntt et al.(2010
-0.05 Thevenin(1998
delEri 0.37 Allende Prieto et al(2004)
0.09 Valenti & Fischer(2009
0.37 Bensby et al(2014)
0.28 Luck & Heiter (2005
0.12 Affer et al.(2005
0.165 Adibekyan et al(2012
0.277 Adibekyan et al(2012
0.15 Bruntt et al.(2010
0.12 Bruntt et al.(2010
0.32 Bensby et al(2003
0.32 Bensby et al(2003
-0.05 Thevenin(1998
0.25 Bodaghee et a(2003
0.32 Bensby et al(2005
0.17 Gilli et al. (2006
0.26 Neves et al(2009
0.25 Neves et al(2009
epskEri 0.01 Allende Prieto et al(2004
-0.05 Valenti & Fischer(2009
0.06 Luck & Heiter (2005
-0.061 Adibekyan et al(2012
-0.134 Adibekyan et al(2012
0.12 Takeda(2007)
0.05 Takeda(2007)
-0.07 Zhao et al(2002
0 Bodaghee et a(2003
-0.05 Gonzalez et al(2002)
-0.05 Gilli et al. (2006
-0.09 Gonzalez & Lawg2007)
0.03 Neves et al(2009
-0.17 Neves et al(2009
epsFor -0.38 Fulbright(2000
-0.08 Bond et al.(2006
-0.27 Bond et al.(2006
-0.07 Bensby et al(2014)
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Table B.4. continued.

Star [TiH] Reference
-0.38 Reddy et al(2006
-0.27 Valenti & Fischer(2009
-0.08 Thorén et al(2004)
-0.23 Bensby et al(2003
-0.31 Bensby et al(2003
-0.65 Gratton et al(2003
-0.64 Gratton et al(2003
-0.23 Bensby et al(2005
-0.08 Bond et al(2009
-0.27 Bond et al.(2009
alfCenB 0.12 Valenti & Fischer(2009
0.5 Allende Prieto et al(2004)
0.26 Gilli et al. (2006
0.27  Neuforge-Verheecke & Magaif1997)
0.269 Porto de Mello et al(2008
muCas -0.41 Allende Prieto et al(2004)
-0.46 Takeda(2007)
-0.57 Takeda(2007)
-0.6 Reddy et al(2006
-0.52 Luck & Heiter (2005
-0.64 Fulbright(2000
-0.45 Thevenin(1998
-0.54 Gratton et al(2003
-0.62 Gratton et al(2003
tauCet -0.14 Allende Prieto et al(2004
-0.31 Valenti & Fischer(2009
-0.37 Luck & Heiter (2005
-7.298 Pavlenko et al(2012
-0.315 Adibekyan et al(2012
-0.25 Bruntt et al.(2010
-0.14 Takeda(2007)
-0.09 Bond et al.(2006
-7.29 Pavlenko et al(2012
-0.35 Adibekyan et al(2012
-0.27 Bruntt et al.(2010
-0.21 Takeda(2007)
-0.25 Bond et al.(2006
-0.32 Thevenin(1998
-0.23 Bodaghee et a(2003
-0.27 Gilli et al. (2006
-0.09 Bond et al.(2009
-0.25 Bond et al(2009
-0.24 Neves et al(2009
-0.34 Neves et al(2009
HD140283 -2.35 Thevenin(1998
-2.23 Gratton et al(2003
-2.23 Gratton et al(2003
-2.11 Fulbright(2000
-2.23 Bensby et al(2014)
18Sco 0.03 Valenti & Fischer(2009
0.02 Thevenin(1998
0.08 Neves et al(2009
0.04 Neves et al(2009
0.16 Allende Prieto et al(2004
0.086 Ramirez et al(2009
0.04 Luck & Heiter (2005
0.04 Galeev et al(2004)
0.06 Gilli et al. (2006
0.06 da Silva et al(2012
0.05 Gonzéalez Hernandez et 2010
Sun - -
alfCenA 0.18 Valenti & Fischer(2009
0.25 Thevenin(1998
0.18 Edvardsson et a(1993
0.04 Bond et al.(2009
-0.01 Bond et al(2008
0.36 Allende Prieto et al(2004)
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Star [TiH] Reference
0.28 Gilli et al. (2006
0.24 da Silva et al(2012
0.25 Neuforge-Verheecke & Magaif1997)
0.23 Porto de Mello et al(2008
HD22879 -0.55 Valenti & Fischer(2009
-0.5 Thevenin(1998
-0.53 Bensby et al(2005
-0.65 Edvardsson et a{(1993
-0.66 Reddy et al(2006
-0.54 Neves et al(2009
-0.52 Neves et al(2009
-0.64 Gratton et al(2003
-0.58 Gratton et al(2003
-0.59 Fulbright (2000
-0.6 Nissen & Schustef2010
-0.58 Zhang & Zhao(2006
-0.63 Nissen & Schustef1997)
-0.37 Bensby et al(2014
betHyi -0.02 Valenti & Fischer(2009
-0.08 Thevenin(1998
0 Allende Prieto et al(2004
0.06 Bensby et al(2014)
muAra 0.26 Valenti & Fischer(2009
0.35 Bensby et al(2005
0.31 Neves et al(2009
0.32 Neves et al(2009
0.18 Bond et al.(2009
0.12 Bond et al(2008
0.27 Gonzalez et al(2002)
0.31 Gonzalez & Lawg2007)
0.3 Gilli et al. (2006
0.31 Bodaghee et a(2003
0.29 da Silva et al(2012
0.31 Gonzéalez Hernandez et 2010
0.37 Bensby et al(2014)
betVir 0.17 Valenti & Fischer(2009
0.2 Thevenin(1998
0.17 Edvardsson et a(1993
0.18 Allende Prieto et al(2004)
0.13 Takeda(2007)
0.12 Takeda(2007)
0.08 Luck & Heiter (2005
etaBoo 0.48 Thevenin(1998
0.32 Edvardsson et a(1993
0.29 Allende Prieto et al(2004)
0.37 Takeda(2007)
0.36 Takeda(2007)
0.29 Luck & Heiter (2005
HD84937 -1.85 Thevenin(1998
-1.81 Gratton et al(2003
-1.81 Gratton et al(2003
-1.68 Fulbright(2000
Procyon 0.08 Valenti & Fischer(2009
0.06 Thevenin(1998
0.12 Edvardsson et a{(1993
0.13 Allende Prieto et al(2004
0.09 Takeda(2007)
0 Takeda(2007)
-0.07 Luck & Heiter (2005
HD49933 0.06 Takeda(2007)
-0.47 Takeda(2007)

Table B.5. Literature compilation for scandium.

Star [S¢H] Reference

psiPhe - _
alfCet - -
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Table B.5. continued.

Star [S¢H] Reference
gamSge -0.13 Boyarchuk et al(1995
alfTau -0.1 Thevenin(1999
61CygB -0.3 Luck & Heiter (2005
-0.26 Luck & Heiter (2005
betAra 0.3 Luck (1979
-0.02 Luck (1979
Arcturus -0.37 Ramirez & Allende Priet¢2011)
-0.29 Ramirez & Allende Priet¢2011)
-0.37 Worley et al.(2009
-0.1 Thevenin(1999
-0.67 Luck & Heiter (2005
HD220009 -0.62 Smiljanic et al.(2007)
-0.56 McWilliam (1990
61CygA 0.07 Mishenina et al(2008
-0.25 Luck & Heiter (2005
muLeo 0.09 McWilliam (1990
0.1 Luck & Heiter (2007
0.28 Thevenin(1998
HD107328 -0.62 Luck & Heiter (2007
-0.08 Thevenin(1999
HD122563 -2.89 Hollek et al.(2017)
-2.95 Hollek et al.(201])
-2.59 Westin et al(2000
Gmb1830 -0.68 Takeda(2007)
-1.23 Takeda(2007)
-0.84 Kotoneva et al(2006
-1.07 Gratton et al(2003
-1.2 Thevenin(1998
betGem 0.29 Allende Prieto et al(2004)
-0.25 McWilliam (1990
0.03 Luck & Heiter (2007
-0.16 Luck & Heiter (2005
-0.07 Thevenin(1999
epsVir -0.16 McWilliam (1990
0.05 Luck & Heiter (2007
0.1 Thevenin(1998
ksiHya -0.24 McWilliam (1990
0.01 Bruntt et al.(2010
0.13 Bruntt et al.(2010
delEri 0.38 Allende Prieto et al(2004)
-0.02 Luck & Heiter (2005
0.3 Affer et al.(2005
0.193 Adibekyan et al(2012
0.232 Adibekyan et al(2012
0.13 Battistini & Bensby(2015
0.14 Bruntt et al.(2010
0 Thorén et al(2004
0.05 Thevenin(1998
0.2 Bodaghee et a(2003
0.1 Gilli et al. (2009
0.29 Neves et al(2009
0.21 Neves et al(2009
epskEri 0.02 Allende Prieto et al(2004)
-0.095 Adibekyan et al(2012
-0.1 Takeda(2007)
-0.187 Adibekyan et al(2012
-0.04 Takeda(2007)
-0.08 Luck & Heiter (2005
-0.1 Zhao et al(2002
-0.07 Bodaghee et a(2003
-0.16 Gonzalez et al2001)
-0.22 Gilli et al. (2009
-0.12 Gonzalez & Lawg2007)
0.01 Neves et al(2009
-0.19 Neves et al(2009
epsFor -0.11 Thorén et al(2004
-0.33 Thorén et al(2004
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Table B.5. continued.

Star [S¢H] Reference
-0.48 Battistini & Bensby(2015
-0.44 Reddy et al(2006
-0.09 Thorén et al(2004
alfCenB 0.5 Allende Prieto et al(2004)
0.26 Gilli et al. (2009
0.26  Neuforge-Verheecke & Magaifi997)
0.26 Porto de Mello et al(2008
muCas -0.5 Allende Prieto et al(2004)
-0.52 Takeda(2007)
-0.7 Takeda(2007)
-0.68 Reddy et al(2006
tauCet -0.22 Allende Prieto et al(2004)
-0.4 Luck & Heiter (2005
-0.371 Adibekyan et al(2012
-0.33 Takeda(2007)
-0.413 Adibekyan et al(2012
-0.33 Bruntt et al.(2010
-0.25 Takeda(2007)
-0.35 Bodaghee et a(2003
-0.41 Gilli et al. (2009
-0.34 Neves et al(2009
-0.39 Neves et al(2009
HD140283 -2.6 Thevenin(1998
18Sco 0 Thevenin(1998
0.08 Neves et al(2009
0.04 Neves et al(2009
0.15 Allende Prieto et al(2004)
0.064 Ramirez et al(2009
0.05 Luck & Heiter (2005
0.04 Galeev et al(2004)
0.05 Gilli et al. (2009
0.12 da Silva et al(2012
0.05 Gonzalez Hernandez et 2010
Sun - -
alfCenA 0.3 Thevenin(1998
0.32 Allende Prieto et al(2004)
0.37 Gilli et al. (2009
0.26 da Silva et al(2012
0.25 Neuforge-Verheecke & Magaifi997)
0.24 Porto de Mello et al(2008
HD22879 -0.4 Thevenin(1999
-0.71 Reddy et al(2006
-0.61 Neves et al(2009
-0.63 Neves et al(2009
-0.72 Zhang & Zhao(2006
-0.6 Battistini & Bensby(2015
betHyi 0.07 Thevenin(1998
-0.05 Battistini & Bensby(2015
-0.03 Allende Prieto et al(2004)
muAra 0.37 Neves et al(2009
0.38 Neves et al(2009
0.32 Gonzalez et al(2001)
0.39 Gonzalez & Lawg2007)
0.32 Gilli et al. (2009
0.38 Bodaghee et a(2003
0.27 da Silva et al(2012
0.39 Gonzalez Hernandez et 2010
betVir 0.25 Thevenin(1998
0.15 Allende Prieto et al(2004)
0.1 Takeda(2007)
0.16 Takeda(2007)
0.23 Luck & Heiter (2005
etaBoo 0.26 Allende Prieto et al(2004)
0.47 Takeda(2007)
HD84937 -2.05 Thevenin(1999
-2.18 Gratton et al(2003
Procyon 0.1 Thevenin(1998
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Table B.5. continued.

Star [S¢H] Reference
0.07 Allende Prieto et al(2004)
-0.08 Takeda(2007)
0.01 Takeda(2007)
HD49933 -0.49 Takeda(2007)
Table B.6. Literature compilation for vanadium.
Star [WH] Reference
psiPhe - -
alfCet - -
gamSge 0 Boyarchuk et al(1995
0.08 Boyarchuk et al(1995
alfTau 0.1 Thevenin(1998
61CygB - -
betAra 0.3 Luck (1979
0.4 Luck (1979
Arcturus -0.32 Ramirez & Allende Priet¢2011)
-0.35 Thevenin(1998
-0.48 Luck & Heiter (2005
HD220009 -0.44 Smiljanic et al(2007)
-0.88 McWilliam (1990
61CygA -0.33 Luck & Heiter (2005
muLeo 0.43 Luck & Heiter (2007
HD107328 -0.51 Luck & Heiter (2007
HD122563 -2.67 Westin et al (2000
-2.6 Westin et al(2000
-2.83 Fulbright (2000
Gmb1830 -1.16 Kotoneva et al(2006
-1 Takeda(2007)
-1.38 Fulbright(2000
-1.21 Gratton et al(2003
-1.2 Thevenin(1998
betGem -0.13 Luck & Heiter (2005
0.12 Luck & Heiter (2007
-0.02 Thevenin(1998
epsVir -0.03 Luck & Heiter (2007
0.06 Thevenin(1998
ksiHya 0.2 Bruntt et al.(2010
delEri 0.519 Adibekyan et al(2012
0.28 Battistini & Bensby(2015
0.24 Bruntt et al.(2010
0.1 Thevenin(1998
0.34 Bodaghee et a(2003
0.33 Gilli et al. (2006
0.51 Neves et al(2009
epsEri 0.196 Adibekyan et al(2012
-0.01 Luck & Heiter (2005
-0.04 Zhao et al(2002
0.12 Takeda(2007)
-0.13 Takeda(2007)
0.07 Bodaghee et a(2003
-0.04 Gilli et al. (2006
0.2 Neves et al(2009
epsFor -0.15 Thorén et al(2004)
-0.32 Battistini & Bensby(2015
-0.45 Reddy et al(2006
-0.54 Fulbright(2000
-0.85 Gratton et al(2003
alfCenB 0.44 Gilli et al. (2006
0.32  Neuforge-Verheecke & Magaif1997)
0.46 Porto de Mello et al(2008
muCas -0.57 Takeda(2007)
-0.71 Takeda(2007)
-0.71 Reddy et al(2006
-0.85 Fulbright(2000
-0.5 Thevenin(1998
-0.72 Gratton et al(2003

Article number, page 55 &5



Article number, page 56 @5

Table B.6. continued.

Star [WH] Reference
tauCet -0.308 Adibekyan et al(2012
-0.3 Bruntt et al.(2010
-0.44 Luck & Heiter (2005
-0.21 Takeda(2007)
-0.25 Takeda(2007)
-0.31 Bodaghee et a(2003
-0.33 Gilli et al. (2006
-0.3 Neves et al(2009
HD140283 - -
18Sco 0.1 Thevenin(1998
0.06 Neves et al(2009
0.069 Ramirez et al(2009
0.01 Luck & Heiter (2005
-0.07 Galeev et al(2004)
0.07 Gilli et al. (2006
0.12 da Silva et al(2012
0.04 Gonzéalez Hernandez et 2010
Sun - -
alfCenA 0.3 Thevenin(1998
0.37 Gilli et al. (2006
0.3 da Silva et al(2012
0.23  Neuforge-Verheecke & Magaif1997)
0.26 Porto de Mello et al(2008
HD22879 -0.68 Reddy et al(2006
-0.74 Neves et al(2009
-0.88 Gratton et al(2003
-0.73 Fulbright (2000
-0.77 Zhang & Zhao(2006
-0.61 Battistini & Benshy(2015
betHyi 0.2 Thevenin(1998
-0.12 Battistini & Benshy(2015
muAra 0.36 Neves et al(2009
0.35 Gilli et al. (2006
0.33 Bodaghee et a(2003
0.34 da Silva et al(2012
0.35 Gonzéalez Hernandez et 2010
0.22 Battistini & Benshy(2015
betVir 0.2 Thevenin(1998
0.12 Takeda(2007)
0.13 Takeda(2007)
etaBoo 0.43 Takeda(2007)
0.51 Takeda(2007)
HD84937 - -
Procyon 0.1 Thevenin(1998
0.13 Takeda(2007)
-0.02 Takeda(2007)
HD49933 — —
Table B.7. Literature compilation for chromium.
Star [CyH] Reference
psiPhe - _
alfCet - -
gamSge -0.03 Boyarchuk et al(1995
alfTau -0.1 Thevenin(1998
61CygB -0.26 Luck & Heiter (2005
betAra 0.53 Luck (1979
0.64 Luck (1979
Arcturus -0.57 Ramirez & Allende Priet¢2011)
-0.2 Thevenin(1999
-0.55 Luck & Heiter (2005
HD220009 -0.72 Smiljanic et al.(2007)
61CygA -0.03 Mishenina et al(2008
-0.17 Affer et al.(2005
-0.04 Luck & Heiter (2005
muLeo 0.37 Luck & Heiter (2007
0.1 Thevenin(1998
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Table B.7. continued.

. Gaia benchmark starsind iron abundances

Star [CyH] Reference
HD107328 -0.46 Luck & Heiter (2007
-0.1 Thevenin(1999
HD122563 -3.04 Fulbright (2000
-3.19 Hollek et al.(2011)
-2.71 Hollek et al.(2011)
-3.24 Hollek et al.(2011)
-3.13 Westin et al(2000
Gmb1830 -1.2 Takeda(2007)
-0.95 Takeda(2007)
-1.41 Fulbright (2000
-1.38 Clementini et al(1999
-1.04 Kotoneva et al(2006
-1.13 Luck & Heiter (2005
-1.39 Gratton et al(2003
-1.26 Gratton et al(2003
-1.2 Thevenin(1998
betGem 0.16 Luck & Heiter (2007
0.14 Luck & Heiter (2005
-0.02 Thevenin(1998
epsVir 0.15 Luck & Heiter (2007
0.08 Thevenin(1998
ksiHya 0.16 Bruntt et al.(2010
0.14 Bruntt et al.(2010
-0.05 Thevenin(1999
delEri 0.156 Adibekyan et al(2012
0.31 Bensby et al(2014
0.137 Adibekyan et al(2012
0.11 Bruntt et al.(2010
0.2 Luck & Heiter (2005
0.03 Affer et al.(2005
0.25 Benshy et al(2003
0.24 Bensby et al(2003
0 Thevenin(1999
0.07 Bodaghee et a(2003
0.25 Benshy et al(2009
-0.01 Gilli et al. (2009
0.17 Neves et al(2009
0.14 Neves et al(2009
epsEri -0.065 Adibekyan et al(2012
0.03 Takeda(2007)
-0.147 Adibekyan et al(2012
0.08 Takeda(2007)
0.03 Luck & Heiter (2005
-0.01 Zhao et al(2002
-0.09 Bodaghee et a(2003
-0.16 Gilli et al. (2009
-0.18 Gonzalez & Lawg2007)
-0.06 Neves et al(2009
-0.16 Neves et al(2009
epsFor -0.67 Fulbright (2000
-0.64 Reddy et al(2006
-0.43 Benshby et al(2014
-0.4 Thorén et al(2004
-0.22 Thorén et al(2004
-0.51 Benshy et al(2003
-0.64 Benshby et al(2003
-0.95 Gratton et al(2003
-0.51 Benshby et al(2009
alfCenB 0.13 Gilli et al. (2006
0.27  Neuforge-Verheecke & Magaif1997)
0.26  Neuforge-Verheecke & Magaifi997)
0.31 Porto de Mello et al(2008
muCas -0.79 Takeda(2007)
-0.74 Takeda(2007)
-0.96 Fulbright (2000
-0.86 Reddy et al(2006
-0.78 Luck & Heiter (2005
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Table B.7. continued.

Star [CyH] Reference
-0.87 Gratton et al(2003
tauCet -0.5 Adibekyan et al(2012
-6.837 Pavlenko et al(2012
-0.48 Bruntt et al.(2010
-0.43 Takeda(2007)
-0.523 Adibekyan et al(2012
-0.52 Bruntt et al.(2010
-0.42 Takeda(2007)
-0.56 Luck & Heiter (2005
-0.55 Thevenin(1999
-0.51 Bodaghee et a(2003
-0.58 Gilli et al. (2009
-0.49 Neves et al(2009
-0.49 Neves et al(2009
HD140283 -2.3 Thevenin(1998
-2.75 Gratton et al(2003
-2.44 Gratton et al(2003
-2.68 Fulbright (2000
-2.76 Bergemann & Cescut{2010
-2.46 Bergemann & Cescut{2010
-2.48 Bensby et al(2014
18Sco 0.02 Thevenin(1998
0.06 Neves et al(2009
0.02 Neves et al(2009
0.085 Ramirez et al(2009
0.03 Luck & Heiter (2005
-0.02 Galeev et al(2004)
-0.01 Gilli et al. (2009
0.06 da Silva et al(2012
0.06 Gonzalez Hernandez et 2010
Sun - -
alfCenA 0.25 Thevenin(1998
0.01 Bond et al.(2008
0.21 Gilli et al. (2009
0.24 da Silva et al(2012
0.24  Neuforge-Verheecke & Magaif1997)
0.26  Neuforge-Verheecke & Magaifi997)
0.24 Porto de Mello et al(2008
HD22879 -0.4 Thevenin(1999
-0.75 Benshby et al(2009
-0.9 Reddy et al(2006
-0.83 Neves et al(2009
-0.77 Neves et al(2009
-0.88 Gratton et al(2003
-0.82 Gratton et al(2003
-0.88 Fulbright (2000
-0.89 Zhang & Zhao(2006
-0.7 Bensby et al(2014
betHyi 0 Thevenin(1998
0.05 Bensby et al(2014
muAra 0.33 Benshy et al(2009
0.3 Neves et al(2009
0.27 Neves et al(2009
0.14 Bond et al(2008
0.21 Gilli et al. (2009
0.28 Bodaghee et a(2003
0.3 da Silva et al(2012
0.31 Gonzalez Hernandez et 2010
0.38 Bensby et al(2014
betVir 0.2 Thevenin(1998
0.17 Takeda(2007)
0.12 Takeda(2007)
0.09 Luck & Heiter (2005
etaBoo 0.37 Takeda(2007)
0.45 Takeda(2007)
0.32 Luck & Heiter (2005
HD84937 -1.95 Thevenin(1999
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Table B.7. continued.

Star [CyH] Reference
-2.31 Gratton et al(2003
-2.33 Gratton et al(2003
-2.07 Fulbright (2000
-2.4 Bergemann & Cescut{2010
-2.24 Bergemann & Cescut{2010
Procyon 0 Thevenin(1998
-0.04 Takeda(2007)
0.03 Takeda(2007)
-0.05 Luck & Heiter (2005
HD49933 -0.56 Takeda(2007)
-0.36 Takeda(2007)
Table B.8. Literature compilation for Manganese.
Star [MnyH] Reference
psiPhe - -
alfCet - -
gamSge - -
alfTau - -
61CygB 0 Luck & Heiter (2005
betAra 0.36 Luck (1979
Arcturus -0.73 Ramirez & Allende Priet¢2011)
-0.4 Thevenin(1999
-0.66 Luck & Heiter (2005
HD220009 -0.95 Allen & Porto de Mello(2011)
-0.91 Smiljanic et al.(2007)
61CygA -0.04 Luck & Heiter (2005
muLeo 0.7 Luck & Heiter (2007
HD107328 -0.6 Luck & Heiter (2007
-0.1 Thevenin(1998
HD122563 -3.43 Hollek et al.(2011)
-3.32 Hollek et al.(2011)
-3 Westin et al(2000
-3.1 Bergemann & Gehre(2008)
-2.66 Bergemann & Gehre(2008
Gmb1830 -1.57 Bergemann & Gehre(2008)
-1.42 Bergemann & Gehre(2008
-1.52 Luck & Heiter (2005
-1.68 Gratton et al(2003
-1.45 Thevenin(1998
betGem 0.31 Luck & Heiter (2007
0.29 Luck & Heiter (2005
0.1 Thevenin(1998
epsVir 0.22 Luck & Heiter (2007
-0.14 Allen & Porto de Mello(2011)
ksiHya - -
delEri 0.258 Adibekyan et al(2012
0.13 Battistini & Benshy(2015
0.03 Battistini & Bensby(2015
0.44 Luck & Heiter (2005
0.17 Feltzing et al(2007)
-0.08 Thevenin(1999
0.28 Bodaghee et a(2003
0.23 Gilli et al. (2006
0.28 Neves et al(2009
epskEri -0.135 Adibekyan et al(2012
-0.01 Luck & Heiter (2005
-0.17 Zhao et al(2002
-0.09 Bodaghee et a(2003
-0.21 Gilli et al. (2006
0.16 Gonzalez & Lawg2007)
-0.12 Neves et al(2009
epsFor -0.68 Battistini & Bensby(2015
0.09 Battistini & Benshy(2015
-0.88 Reddy et al(2006)
-0.76 Feltzing et al(2007)
alfCenB 0.3 Gilli et al. (2006
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Table B.8. continued.

Star [MnyH] Reference
0.26 Neuforge-Verheecke & Magai{1997)
0.44 Porto de Mello et al(2008
muCas -0.93 Takeda(2007)
-1.09 Reddy et al(2006)
-1.12 Luck & Heiter (2005
tauCet -0.673 Adibekyan et al(2012
-0.78 Luck & Heiter (2005
-0.73 Bodaghee et a(2003
-0.6 Gilli et al. (2006
-0.66 Neves et al(2009
HD140283  -2.65 Thevenin(1998
-3.22 Gratton et al(2003
18Sco 0 Thevenin(1998
0.05 Neves et al(2009
0.046 Ramirez et al(2009
-0.01 Luck & Heiter (2005
0.02 Galeev et al(2004)
0.08 Gilli et al. (2006
0.06 da Silva et al(2012
0.04 Gonzalez Hernandez et 2010
Sun - -
alfCenA 0.34 Gilli et al. (2006
0.3 da Silva et al(2012
0.23 Neuforge-Verheecke & Magaif1997)
0.31 Porto de Mello et al(2008
HD22879 -1.26 Reddy et al(2006)
-1.2 Neves et al(2009
-1.02 Feltzing et al(2007)
-1.19 Zhang & Zhao(2006)
-1.12 Nissen & Schustef2011)
-1.11 Battistini & Benshy(2015
0.16 Battistini & Bensby(2015
betHyi 0 Thevenin(1998
-0.14 Battistini & Bensby(2015
0.04 Battistini & Benshy(2015
muAra 0.38 Neves et al(2009
0.62 Gonzalez & Lawg2007)
0.37 Gilli et al. (2006
0.36 Feltzing et al(2007)
0.37 Bodaghee et a(2003
0.34 da Silva et al(2012
0.4 Gonzalez Hernandez et 2010
0.29 Battistini & Benshy(2015
0 Battistini & Bensby(2015
betVir 0.01 Luck & Heiter (2005
etaBoo 0.27 Luck & Heiter (2005
HD84937 -2.72 Gratton et al(2003
Procyon 0 Thevenin(1998
-0.17 Luck & Heiter (2005
HD49933 - -

Table B.9. Literature compilation for cobaltus.

Star [CgH] Reference
psiPhe - -
alfCet - -
gamSge -0.05 Boyarchuk et al(1995
alfTau -0.05 Thevenin(1998
61CygB -0.14 Luck & Heiter (2005
betAra 0.37 Luck (1979
Arcturus -0.43 Ramirez & Allende Priet¢2011)
-0.2 Thevenin(1999
-0.36 Luck & Heiter (2005
HD220009 -0.6 Smiljanic et al.(2007)
-0.49 McWilliam (1990
61CygA 0.15 Mishenina et al(2008
-0.14 Luck & Heiter (2005
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Table B.9. continued.

Star [CgH] Reference
muLeo 0.45 McWilliam (1990
0.59 Luck & Heiter (2007
HD107328 -0.23 Luck & Heiter (2007
0 Thevenin(1999
HD122563 -2.79 Hollek et al.(2017)
-2.42 Westin et al(2000
Gmb1830 -1.17 Takeda(2007)
-1.45 Luck & Heiter (2005
-1.22 Thevenin(1998
betGem 0.28 Allende Prieto et al(2004)
-0.06 McWilliam (1990
0.22 Luck & Heiter (2007
0.22 Luck & Heiter (2005
0 Thevenin(1999
epsVir 0.14 McWilliam (1990
0.11 Luck & Heiter (2007
0.1 Thevenin(1998
ksiHya 0 McWilliam (1990
delEri 0.33 Allende Prieto et al(2004
0.319 Adibekyan et al(2012
0.34 Luck & Heiter (2005
0.21 Affer et al.(2005
0.36 Bodaghee et a(2003
0.27 Gilli et al. (2009
0.33 Neves et al(2009
epsEri -0.08 Allende Prieto et al(2004)
-0.173 Adibekyan et al(2012
-0.06 Takeda(2007)
-0.02 Luck & Heiter (2005
-0.09 Bodaghee et a(2003
-0.19 Gilli et al. (2009
-0.11 Neves et al(2009
epsFor -0.44 Battistini & Bensby(2015
0.08 Battistini & Bensby(2015
-0.51 Reddy et al(2006
-0.3 Thorén et al(2004
alfCenB 0.5 Allende Prieto et al(2004)
0.4 Gilli et al. (2009
0.26  Neuforge-Verheecke & Magaifi997)
0.31 Porto de Mello et al(2008
muCas -0.65 Allende Prieto et al(2004)
-0.71 Takeda(2007)
-0.68 Reddy et al(2006
-0.7 Luck & Heiter (2005
tauCet -0.37 Allende Prieto et al(2004)
-0.447 Adibekyan et al(2012
-0.33 Takeda(2007)
-0.45 Luck & Heiter (2005
-0.4 Bodaghee et a(2003
-0.41 Gilli et al. (2009
-0.41 Neves et al(2009
HD140283 -2.3 Thevenin(1998
18Sco 0.05 Neves et al(2009
0 Allende Prieto et al(2004
-0.01 Luck & Heiter (2005
-0.03 Galeev et al(2004)
0.05 Gilli et al. (2009
0.07 da Silva et al(2012
0.03 Gonzalez Hernandez et 2010
Sun - -
alfCenA 0.35 Thevenin(1998
0.2 Allende Prieto et al(2004
0.38 Gilli et al. (2009
0.3 da Silva et al(2012
0.28  Neuforge-Verheecke & Magaifi997)
0.24 Porto de Mello et al(2008
HD22879 -0.76 Reddy et al(2006
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Table B.9. continued.

Star [CgH] Reference
-0.79 Neves et al(2009

-0.68 Battistini & Bensby(2019

0.15 Battistini & Bensby(2015

betHyi -0.12 Allende Prieto et al(2004)
-0.04 Battistini & Bensby(2015

0.08 Battistini & Bensby(2015

muAra 0.39 Neves et al(2009
0.41 Gilli et al. (2009

0.39 Bodaghee et a(2003

0.3 da Silva et al(2012

0.38 Gonzalez Hernandez et 2010

0.28 Battistini & Bensby(2019

0.03 Battistini & Bensby(2015

betVir 0.1 Allende Prieto et al(2004)
0.13 Takeda(2007)

0.08 Luck & Heiter (2005

etaBoo 0.35 Allende Prieto et al(2004
0.39 Takeda(2007)

0.36 Luck & Heiter (2005

HD84937 - -
Procyon 0.15 Thevenin(1998
0.05 Allende Prieto et al(2004)

0 Takeda(2007)

-0.08 Luck & Heiter (2005

HD49933 -0.54 Takeda(2007)

Table B.10. Literature compilation for nickel.

Star [NYH] Reference
psiPhe - -
alfCet - -
gamSge -0.01 Boyarchuk et al(1995
alfTau -0.1 Thevenin(1999
61CygB -0.15 Luck & Heiter (2005
betAra 0.34 Luck (1979
Arcturus -0.46 Ramirez & Allende Priet¢2011)
-0.35 Thevenin(1999

-0.48 Luck & Heiter (2005

HD220009 -0.73 Smiljanic et al.(2007)
-0.82 McWilliam (1990

61CygA 0.04 Mishenina et al(2008
-0.47 Affer et al.(2005

-0.19 Luck & Heiter (2005

muLeo 0.04 McWilliam (1990
0.37 Luck & Heiter (2007

0.35 Smith & Ruck(2000

0.3 Thevenin(1998

HD107328 -0.77 McWilliam (1990
-0.38 Luck & Heiter (2007

-0.2 Thevenin(1999

HD122563 -2.67 Fulbright (2000
-2.79 Hollek et al.(201])

-2.7 Westin et al(2000

Gmb1830 -1.32 Takeda(2007)
-1.52 Fulbright (2000

-1.36 Clementini et al(1999

-1.35 Kotoneva et al(2006

-1.47 Valenti & Fischer(2005

-1.28 Luck & Heiter (2005

-1.41 Gratton et al(2003

-1.35 Thevenin(1998

betGem 0.22 Allende Prieto et al(2004)
-0.3 McWilliam (1990

0.16 Luck & Heiter (2007

0.15 Luck & Heiter (2005

-0.07 Thevenin(1999

epsVir -0.15 McWilliam (1990
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Table B.10.continued.

Star [NyH] Reference
0.13 Luck & Heiter (2007
0.1 Thevenin(1999
ksiHya -0.22 McWilliam (1990
0.18 Bruntt et al.(2010
delEri 0.25 Allende Prieto et al(2004)
0.152 Adibekyan et al(2012
0.21 Bruntt et al.(2010
0.14 Valenti & Fischer(2005
0.25 Luck & Heiter (2005
0.12 Affer et al.(2005
0.31 Benshby et al(2014
-0.01 Thorén et al(2004
0.31 Benshby et al(2003
0.02 Thevenin(1998
0.21 Bodaghee et a(2003
0.31 Benshy et al(2009
0.13 Gilli et al. (2009
0.16 Neves et al(2009
0.16 Delgado Mena et a(2010
epskEri -0.06 Allende Prieto et al(2004)
-0.156 Adibekyan et al(2012
-0.02 Takeda(2007)
-0.11 Valenti & Fischer(2005
-0.07 Luck & Heiter (2005
-0.15 Mishenina et al(2004
-0.2 Zhao et al(2002
-0.16 Bodaghee et a(2003
-0.19 Gonzalez et al(2001)
-0.25 Gilli et al. (2009
-0.13 Gonzalez & Lawg2007)
-0.15 Neves et al(2009
-0.15 Delgado Mena et a(2010
epsFor -0.65 Fulbright (2000
-0.51 Bond et al.(2006
-0.6 Reddy et al(2006
-0.43 Bensby et al(2014
-0.52 Valenti & Fischer(2005
-0.35 Thorén et al(2004
-0.53 Benshy et al(2003
-0.88 Gratton et al(2003
-0.53 Benshy et al(2009
-0.51 Bond et al(2008
alfCenB 0.25 Valenti & Fischer(2005
0.4 Allende Prieto et al(2004)
0.24 Gilli et al. (2009
0.3 Neuforge-Verheecke & Magaif1997)
0.36 Porto de Mello et al(2008
muCas -0.75 Allende Prieto et al(2004)
-0.81 Takeda(2007)
-0.9 Fulbright (2000
-0.74 Reddy et al(2006
-0.83 Luck & Heiter (2005
-0.94 Mishenina et al(2004
-0.93 Gratton et al(2003
tauCet -0.44 Allende Prieto et al(2004)
-6.254 Pavlenko et al(2012
-0.513 Adibekyan et al(2012
-0.46 Bruntt et al.(2010
-0.4 Takeda(2007)
-0.43 Bond et al.(2006
-0.49 Valenti & Fischer(2005
-0.55 Luck & Heiter (2005
-0.5 Bodaghee et a(2003
-0.55 Gilli et al. (2009
-0.43 Bond et al.(2008
-0.5 Neves et al(2009
-0.5 Delgado Mena et a(2010
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Table B.10.continued.

Star [NyH] Reference
HD140283 -2.45 Thevenin(1998
-2.5 Gratton et al(2003
-2.37 Fulbright (2000
-2.48 Bensby et al(2014
18Sco 0.01 Valenti & Fischer(2009
0.08 Thevenin(1998
0.04 Neves et al(2009
0.04 Allende Prieto et al(2004)
0.04 Mishenina et al(2004
0.029 Ramirez et al(2009
0.02 Luck & Heiter (2005
-0.02 Galeev et al(2004)
0.02 Gilli et al. (2009
0.06 da Silva et al(2012
0.04 Delgado Mena et a(2010
0.04 Gonzalez Hernandez et 2010
Sun - -
alfCenA 0.26 Valenti & Fischer(2005
0.28 Thevenin(1998
0.2 Edvardsson et a(1993
0.06 Bond et al(2008
0.2 Allende Prieto et al(2004)
0.31 Gilli et al. (2009
0.27 da Silva et al(2012
0.3 Neuforge-Verheecke & Magaif1997)
0.34 Porto de Mello et al(2008
HD22879 -0.95 Valenti & Fischer(2005
-0.75 Thevenin(1998
-0.83 Benshy et al(2009
-0.83 Edvardsson et a(1993
-0.89 Reddy et al(2006
-0.83 Neves et al(2009
-0.84 Gratton et al(2003
-0.75 Mishenina et al(2004
-0.89 Fulbright (2000
-0.88 Zhang & Zhao(2006
-0.83 Nissen & Schustef1997)
-0.7 Benshby et al(2014
betHyi -0.08 Valenti & Fischer(2005
-0.08 Thevenin(1998
-0.12 Allende Prieto et al(2004)
0.05 Benshby et al(2014
muAra 0.34 Valenti & Fischer(2005
0.4 Bensby et al(2009
0.35 Neves et al(2009
0.18 Bond et al(2008
0.31 Gonzalez et al2001)
0.35 Gonzalez & Lawg2007)
0.3 Gilli et al. (2009
0.34 Bodaghee et a(2003
0.3 da Silva et al(2012
0.35 Delgado Mena et a(2010
0.33 Gonzalez Hernandez et 2010
0.38 Benshby et al(2014
betVir 0.19 Valenti & Fischer(2005
0.25 Thevenin(1998
0.16 Edvardsson et a(1993
0.15 Allende Prieto et al(2004)
0.17 Mishenina et al(2004
0.14 Takeda(2007)
0.1 Luck & Heiter (2005
etaBoo 0.4 Thevenin(1998
0.3 Edvardsson et a(1993
0.3 Allende Prieto et al(2004)
0.35 Takeda(2007)
0.34 Luck & Heiter (2005
HD84937 2.1 Thevenin(1999
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Table B.10.continued.

Star [NyH] Reference
-2.21 Gratton et al(2003
-2.05 Fulbright (2000

Procyon -0.05 Valenti & Fischer(2005
0.08 Thevenin(1998
0.02 Edvardsson et a(1993
0.07 Allende Prieto et al(2004)
-0.01 Takeda(2007)
-0.05 Luck & Heiter (2005

HD49933 -0.38 Thevenin(1998
-0.41 Edvardsson et a(1993
-0.51 Takeda(2007)
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