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ABSTRACT

Red giant stars are perhaps the most important type of sta@dlactic and extra-galactic archaeology: they are lomsnoccur in
all stellar populations, and their surface temperaturesvgirecise abundance determinations for marifedent chemical elements.
Yet, the full star formation and enrichment history of a gglaan be traced directly only if two key observables can kerdgned
for large stellar samples - age and chemical compositionlé/gpectroscopy is a powerful method to analyse the detaldeindances
of stars, stellar ages are the "missing link in the chainicsithey are not a direct observable. However, spectrosstomyld be able
to estimate stellar masses, which for red giants direcfbriages provided their chemical composition is known.

Here we establish a new empirical relation between the sbigthe hydrogen line in the observed spectra of red giantstelidr mass
determined from asteroseismology. The relation allowstemnine stellar masses and ages with the accuracy of 10-%84nethod
can be used with confidence for stars in the following rangst@far parameters: 40090 Te; < 5000 K, 05 < logg < 3.5,-2.0 <
[Fe/H] < 0.3, and luminosities log/Lsy, < 2.5. Our analysis provides observational evidence that thegdctral characteristics of
red giant stars are tightly correlated with their mass awdetiore their age. We also show that the method samples veteiar
populations with ages above 1 Gyr. Targeting bright giahis,method allows to obtain simultaneous age and chemicaidamce
information far deeper than would be possible with asteésasalogy, extending the possible survey volume to remares of the
Milky Way and even to neighbouring galaxies like Andromedahe Magellanic Clouds already with present instrumeatatiike
VLT and Keck facilities.

Key words. techniques: spectroscopic — stars: fundamental parasetestars: late-type — Galaxy: stellar content

1. Introduction ulation or galaxy can be best traced if we know how to connect

the chemo-dynamical data of stars to their formation time.

One of the key problems in stellar and galactic astrophysits Age determinations for the Galactic field stars have tradi-
determine the age of a star. The star formation history offa pdionally been limited to stars on the upper main sequenceand
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the subgiant branch. The most convenient and widely-used &}, lines. We make use of high-resolution and high signal-to-

proach relies on fitting stellar isochrones to the classibakrv- noise spectra from ffierent observational programs, including

ables (e.gTe, l0ogg, and [F¢H]) (Pont & Eyer 2004, Jorgensenthe Gaia-ESO large spectroscopic survey (Gilmore et al2201

& Lindegren 2005). To a lesser extent, empirically calibcht Randich et al. 2013) and asteroseismic data from the CoRoT

methods are used (Soderblom 2010, 2015). They rely on ari@nd Kepler space missions. Our approach is purely empirical

observational findings, such as emission lines that ar¢ecblaWe cannot yet identify the physical mechanism underlyirgy th

to the chromospheric activity, the depletion of Li with el relation, because there are no red giant model atmosphgites b

age as the convection zone of a star thickens, and surfaze rfrom first principles that could be used to reproduce the tesk

tion, which slows down with increasing age. For the cool maii, line, to guide our understanding of the relationship wité th

sequence stars, more elegant and accurate adaptatiomsrof thstellar mass. The relationship, which we established oadchal

tation method have been proposed (Garcia et al. 2014, Meib&ieid stars, also gives accurate results for the stars in apen

et al. 2015), but they also rely on ultra-precise light-asv globular clusters, enabling direct spectroscopic steliass mea-
For red giant stars, the stars of most prominent interest $urements without isochrone fitting.

the context of Galactic and extra-galactic archaeologgsital The paper is structured as follows. Our observations and the

isochrone methods are not useful: even if the metal congentdata analysis are presented in $éc. 2, along with a brief suynm

known, isochrones of eferent ages are very close and wouladf the state-of-the-art in modelling Balmer lines in the cipe

requireTer and logg determinations with better than33% ac- of cool stars. The new method to derive masses and their im-

curacfl. Only if luminosities of the stars are accurately knowmlied ages is described in Sectfonl3.2. In $éc. 5 we outlineeso

e.g. because distances are available and reddening is nab-a papplications of the method in the context of Galactic andeext

lem, can evolutionary models be used to determine stellasmagalactic astrophysics.

(Ghezzi & Johnson 2015). However, also these determination

suffer from systematic errors in input stellar parameters and un

certainties of the stellar models. One may relate the ppoes 2, Observations and analysis

ageing to in situ stellar nucleosynthesis, e.g. the raticaobon

over nitrogen abundance increases as the star experienties m2.1. Spectroscopic observations

ple dredge-up episodes and the products of stellar nuaiéusy Qur main dataset is the high-resolufimtellar spectra from the

sis are mixed to the surface (Masseron & Gilmore 2014, Martjg_ . . ; -
etal. 2016, Ness et al. submitted). Baia-ESO 2nd and 3rd data releases (iDR2IiDR3). The majority

: .. of the spectra have signal-to-nois¢N$ratios between 50 and
Recen_tly, asteroseismology has _emerged as a promising 98¢ |, e top tier we have the stars with high-quality asteis-
to determlng Masses 9f stars t_hat display solar-like _qﬂcms, mic data from CoRoT, but we, too, include red giants obseived
i.e. stochastic oscillations excited by turbulent motiégmshe open and globular cIL;sters ('IiaEIIe’ 1). The stars in clusterso
stellar convective envelope. Asteroseismic observatiwogide Eelong to our core dataset, though éince their mBssEs ages

the surface gravity and mean density of a star, and, in com ke : :
. . . . e determined by another method, the cluster colour-nadgmi
nation withTes and [Fe'H], yield precise masses for stars of al iagram (CMD) fitting. The data reduction of the UVES spec-

types (Chaplin et al. 2014, Pinsonneault et al. 2014), frioen Lira has been describedin Sacco etal. (2014) in detail. Tielra
main sequence (MS) through the hydrogen-shelI-burmngiRGvelocity correction was performed masking the Balmer limed

to the core-helium burning (Red Clump, hereafter RC) phasgyions gected by telluric contamination. The spectra were nor-
Asteroseismology is a very promising method, however it h

i ts. First. th f d degved alised by dividing them with a function, which describes th
WO caveats. FIrst, the accuracy of masses and ages deBveddi|ar continuum emission convolved with the FLAMES-UVES

pends on asteroseismic scaling relations. These relati@ys ;< mental res : :
— ponse as described in Saccd et al.|(201%)- |
sufer from systematic biases of a few perEefetg. Belkacem al, the Gaia-ESO sub-sample contains 21 CoRoT stars in the

et al. 2011, Miglio et al. 2012, Coelho et al. 2015, White et I : -
2015). Secondly, the method is mainly useful for sub—GisdacH ;I;‘lsst'grféﬁligtzg?n?aztﬁéségghséai:] (Xlésptgsjlg he obsemitio

studies in the limited volume of the Milky Way, since the pho- In addition, we include 47 stars from_Thygeseneét al
tometrlc_data quality quickly de_terlorates with magnltum}j ) that we’re observed by Kepler and included in the firét
hence c_ilstance. Thus the_technlqug cannot prqwde any masxBokasc Catalog (Pinsonneault et al. 2014). The evolutipna
age estimates fqr Ia_rger distances, in- and outside thg@ala status is known for some of them. The stellar spectra weentak
The determmatlon .Of the_ mass and_ composition of different facilities with resolving powers ranging from 67 000
evolved red giant star is, unllke_for a main sequence star, ﬁ\anT) to 80000 (NARVAL). The spectra are available from
excellent proxy for its age. The time a star lives as a redtg'ﬁfﬂ&gﬂs_e_n_el_dll (2012) Thé/ ratios are between 80 100
is a small fraction of its total main sequence lifetime. Tatdr 557" 5 . sémple too. includes two very metal-poor stars
is determined thrOL_Jgh stellar evolutionary models by tlitain KI 4671239 (Henn,es) énd KIC 7693833 (Rogue). These ob:
rr:ass ztand comp05|(t]||0n of the st;_ar. Th?n, tfhe at_ge O]; ?hred ?'f’eﬂ: s are the targets of Silva Aguirre et al. (2016, in prapar
staris to a very good approximation only a function ot thase tjon). The spectrum of KIC 4671239 is now publicly available
quantities. If MAsSES, Or Proxies f_or Mmasses, can l:_)e eet[maftom the NOT database, and KIC 7693833 was observed by
from observations, age-dating of giants is more straightfod '

than for main-sequence stars (Soderblom 2010). 3 The high-resolution Gaia-ESO spectra are obtained with SVE

Here we reporton a newly ot_)served relationship betweer_l tgl:%ctrograph at the VLR ~ 47000. The data are publicly available
shape of the optical hydrogen line {Hand the mass of red gi- through the ESO archive.

ant stars. More massive stars appear to have fainter, iakeme 4 \yg assume the same mass for all stars in a cluster. The séars ar
nearly coeval (to about 10%), thus their initial mass&&dby no more
! In addition to the systematic uncertainty of the theoréflgascale. than 3%. As most of the stars are not so high on the RGB to be sig-
2 A systematic error irvy,q propagates to the 3rd power in mass andificantly afected by mass loss, we may assume that their present day
the error inAv to the fourth power. mass is a good proxy for their initial mass.
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Thygesen et al| (2012). The data reduction of these spestrafable 1. Stellar parameters for star clusters. The references to
described in Thygesen eflal. (2012). metallicities and ages are also given.

The full sample contains 69 Galactic field stars with aster-
oseismic masses and 73 stars in the clusters. FIgure 1 shows
the location of the stars on the Hertzsprung-Russell diagra

These are red giants or red clump stars Vilth in the range Cluster [Fg¢H] Age Mass Reference

4000- 5000 K, and log g from ® to 36. The stars span a wide dex Gyr Mo

range of metallicity from-2.64 to Q5. _ _ M67 0.06 4.30 1.32 Salaris et al. (2004)
For consistency, we renormalise all available spectragusinNGgc 2243 -0.48 4.66 1.20 Salaris et al. (2004)

the same procedure aslin Schonrich & Bergernann (2014) thalGc 5927 -0.50 10.75: 0.38 0.94 Vandenberg et al. (2013)
fits selected continuum windows with a low-order polynomial NGC 2808 -1.18 11+0.38  0.84 Vandenberg et al. (2013)
NGC 1851 -1.18 11+0.25 0.84 Vandenberg et al. (2013)
NGC 6752 —-1.54 12.50: 0.25 0.79 Vandenberg et al. (2013)
NGC 4372 -2.17 11.2-125 0.81 De Angeli et al. (2005)

o |

T
1 Mg
0, 1.5 Mg
1,1
-1, 1.

— [Fe/H
F--- [FeH
r — [FeH
--- [FeH

=
T
[T

] one of the NGC 4372 stars, 12253419-7235252, we adopt the
E following uncertaintiess Tex = 100 K, ¢logg = 0.5 dex,
o[Fe/H] = 0.2 dex, because no data is available in the survey
database. The uncertainties are conservative and refeecleth
viation of individual spectroscopic estimates. These taoe

] ties have a very small impact on the mass estimates: the 100
E K error in Teg propagates as a 5% error in mass, and the error
] of 0.1 dex in [FgH] propagates as a 1.5% error in mass. The
comparison with the independent photometric estimatessgiv

5E

6500 6000 5500 000 4200 4000 3800 us confidence in the the accuracy of stellar parameters. The
Ter spectroscopide; estimates agree to better than 70 K with the
temperatures determined using the method of Infra-Redeslux
3.5¢ w w w |Casagrande etal. (2014).
E — [Fe/H]=0, 1M, For the Thygesen et al. (2012) stellar sample, we use the
sop - {ngﬂ}z?llmg = values of Tz and [FgH] that were determined by Bruntt et
,5r 7 [FeMl=-1.15M, e, 38 al. (2012). The stellar parameters are provided in Tableriz O

of the very metal-poor (VMP) stars, Rogue, has metallicity
[Fe/H] = —2.23 and was analysed by Thygesen et al. (2012).
] For the other, Hennes, the mean of two values given in Silva
r ALy ] Aguirre et al. (2016, in preparation) and used by Guggerdrerg

T . ] et al. (in preparation) is [Fé&l] = —2.64+ 0.22.

N
=

log L/Lg,,
=

ol

EmmEE

a 2.3. Asteroseismic data and analysis

] Stellar masses are determined using the global seismidiguan
3500 ties, available from the CoRoT and Kepler space missionrebse
vations. For the Gaia-ESO stellar sample, the asterosesata

. . m_Mosser et al. (2010). oar,
Fig. 1. The Hertzsprung-Russell diagram for the observed steIItaken fro 10). The large frequency separat

/ . . oo Ry, is approximately the average frequency separation of ra-
sample: black filled points - the stars with asteroseismisses, ;5| oillation modes of consecutive order. The secoghsei
triangles - the stars in stellar clusters. The stars in tbbwgar

clusters NGC 2808 and NGC 4372 are shown with green triaggantlty ISvmax, the frequency at which the oscillations power

. ) jectrum exhibits its maximum poweYy and vmax Scale with
gles and brown squares, respectively. The Garstec evohryo_ global stellar parameters as

tracks renelli [. 2013) forfterent masses and metallici-

ties are also shown. A [ MMo v M/Ms O
Ave (R/Ro)*" vmao  (R/Ro)? VTen/Temro

For each starAv andvmax together withTes and [FgH] val-
ues (Section 2]2) are used as inputs to the BeSPP code (Herene
For the Gaia-ESO dataset, we use the recommeiigedand et al. 2013), a Bayesian grid-based modelling algorithndsr
[Fe/H] available from the iDR3 stellar parameter analysis rutermination of fundamental stellar properties (mass, agelu-
(Table[4). The stellar parameters values were determindd-astionary stage). BeSPP uses a large grid of Garstec stelhu-ev
scribed in Smiljanic et al. (2014) and in Bergemann et alL@0 tionary tracks (6 10’ stellar models, ® < M/ My, < 3.0), from
using several dierent methods of spectroscopic analysis. Thle pre-main sequence to the beginning of the thermal palses
radiation transport is solved in LTE with MARCS model atmothe asymptotic giant branch (Weiss & Schlattl 2008). The-pos
spheres (Gustafsson et al. 2008). The typical uncertaintlyg terior probability of each model is constructed as the pobdu
parameter values is 100 K ifiy and 01 dex in [FgH]. For of the likelihood of the observables given the model and aket

1

6000

P B R
5500 5000
Teff

R L
4500

4000

2.2. Model atmospheres and spectroscopic analysis
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prior probabilities related to the initial mass functio@rforma- sun
tion rate and age-metallicity relation (see Serenelli 22813,

for details). The evolutionary state of stars, when knowit &s 1
the case for some stars in Thygesen’s sample, is also added as
a binary prior. The full probability distribution functios then 08
marginalised to obtain the posterior probability disttibas for
stellar mass and age. For the VMP stars, Rogue and Hennes,
use the best available asteroseismic masses (Silva Agtiale
2016, in preparation), where a new version of the scaling-rel
tions by Guggenberger et al. (in preparation) was employéed. obs Flux

use their results, because the validity of standard scaéfey 0z r IDLTE ——
tions at low metallicity is currently under debate (Epsteiral. , <13D>NLTE —

0 L L L L L L
2014) 6558 6559 6560 6561 6562 6563 6564 6565 6566 6567
Wavelength (A)

e0.6 I

RelativsFqu

04

HD 122563

2.4. State-of-the-art in modelling H, spectra of cool stars

It is well-known that strong spectral lines, including thg, Wig

I UV doublet, and Ca Il near-IR triplet cannot be fit in the spe

tra of cool stars with the classical models of stellar phpbeses,

i.e. the models based on the standard assumptions of 1D-hydfo |

static equilibrium and LTE (Ruttén 2008; Rutten & Uitenbkoe £

2012, and references therein). e
To illustrate the problem, we show the observed and syn-

thetic line profiles for the two reference stars, the Sun (RPN~ o2} °obsFux -

FTS atlas) and HD 122563 (the UVES POP spectrum, Bagnulo Pl

et _al. 2003) in Fuq:_e. The model spectra were computed_ln LTE 0 s o550 6500 0o61 062 6503 6504 0565 G360 6507

using the broadening theory of Barklem et al. (2000) usirgg th Wavelength ()

time- and spatially-averaged 3D hydrodynamical modelmfro

the Sacaer grid (see Collet et al. 2011, Bergemann et al. 201£i9. 2. Model line profiles (colour lines) computed withfidirent

Magic et al. 2013a,b) and the MARCS models (Gustafsson@ysics (1D LTE, mean 3D LTE, 1D NLTE) in comparison with

al. 2008). In both cases, the models fail to describe the dbe observed spectrum of the Sun (dots, top) and the metal-po

served line shape: the observed profile is stronger thanesie bred giant HD 122563 (dots, bottom). The models lie far away

fit model. The plot also shows non-local thermodynamic equfom the data, thus we resort to an empirical method (Ses}. 2.

librium (NLTE) line profiles computed using the H model atom

from[Mashonkina et all (2008). While NLTE radiation trangpo _
does improve the fit in the Hcore, the model line is still too ability of such models to fit the observed stellar spectray-ho
narrow compared to the observed data. ever, critically depends on the availability of additiomgbrma-

Remarkably, every RGB and RC star in the sampless tion. The observed Hline profiles in the stellar spectra are used

A . ; to iteratively constrain the free parameters, includiregtémper-
from a similar systematicftset. Figuré3 compares the observegiure (hereaftef )-depth slope, the location of teminimum,

equivalent widths (EWs) of the Hline for our stellar sample and the velocity field (Meszar L 2009: Dupr 6201

with asteroseismic masses (Section 2.1) V\."th thg best-furkD All these parameters can not yet be calculated from firscprin
average 3D model atmospheres. Comparison with the obserﬁa : in particular, the choice of the profile of turbulentogity
EWSs shows a much greater than expected spread of the W\?n depth is essential to fit the, Huidth (Dupr [ 2016).
strengths: the dierences amount to almost700 mA for the \1oreqver, one essential ingredient in the chromospherid-mo
coolest stars, i.e. more than a 50% error. The error showtka stys is NLTE radiation transport, since under the LTE assump-
ing correlation with the surface stellar parameters, ectve o the jine source function couples to the outwardly iasiag
temperature and surface gravity. Taking into account tharm emperature and causes an unphysical emission in the lies co

3D structures (Fid.13, bottom panel) does not improve theegr Przybilla & Butlel 2004)
ment with the H observations syggesting that some other phy%- lBuIIe_D_&iJ_IIB_D.b.LO_dg'kL(ZQ.‘lZ) explored the formation of the
ical Processis needed “? eXP'a'” the data. solar H, line using the 1D solar plane-parallel Kurucz model
While the systematic discrepancy has been known fgfmosphere and the semi-empirical solar chromospherie@mod
decades, the methodological strategies to improve the I0dg Fontenla et al. (2009). Their results (see their Fig. §pest
have been quite fragmented so far. Dupree et al. (1984) wehgt NLTE radiation transport and chromospheric backatafi
among the first to suggest that adding chromospheres and mggstwo necessary, albeit notfBcient, ingredients to describe
flows to the 1D static model photospheres in the framework #e H, profile. Indeed, while the Kurucmmm) model
"extended atmosphere models” may work for cool stars. SugRedicts too narrow Hline cores, in the model with an over-
semi-empirical models assume that the chromospheres are|gixg (but empirically constrainedd) chromosphere the Hcore
cited by magnetic and mechanical disturbances propagaingorms much higher in the atmosphere and is more opaque. On
electromagnetic-hydrodynamical waves (Alfvén 1942, &atk  the other hand, their best model also produces too littleiopa
1961, Hartmann & McGregor 1980). The deposition of energiy the H, core to fit the observed solar spectrum, similar to what

and momentum due to shock waves defines chromospheric @nshown in Fig[R (top panel), although the NLTE line centre
ergy balance, thus, at the very least, incident wave eneugy fl

and the magnetic field are needed to compute the model. TheBased on the SUMER and UVSP data.
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Fig. 3. Comparison of the observed and synthetic equivalent widtiise H, line for the reference asteroseismic stellar sample.
See Sect 2.4 for more detail.

intensity (at 6562.8 A) is closer to the observational datsim-  predict that the power in acoustic walfiés far too small to

ilar approach has been explored|by Przybilla & Butler (2004¢xplain the chromospheric radiative energy losses (Garlss
who showed that the irradiation of the inner photosphene laal. 2007). Second, fitting the Htore with the MHD simulations
ers by the chromosphere does little for thg ptofile in the so- has traditionally been problematic, because of the missing
lar spectrum (their Fig.2, top panel). Remarkably, foufedi H, opacity in the chromosphere. Leenaarts et al. (2012, 2015)
ent solar model atmospheres, with and without chromosgherghowed that including non-equilibrium ionisation of hydem
produce essentiallidentical NLTE H,, profiles, challenging the in the calculations of the equation-of-state in the 3D MHD
argument that chromospheres are essential in describiag todels could help to resolve the long-standing disagreeémen
H, line shapes. Thus, apart from the conceptuiiailty with with the H, line-core imaging observations of the Sun. The
computing chromospheres from first principles, it is stifi-u simulations show that the opacity in the oute}, idore is
clear what &ect do chromospheres have on the stelladires. correlated with the gas temperature, while the opacity & th
Disconcerting as it may be, as such, the 1D static or dynarimner core is mostly sensitive to the gas density. However it
cal models with parametrised chromospheres do notffet a remains yet to be investigated whether the MHD models with
suitable framework for the quantitative analysis gfptofiles in - prescribed radiative cooling rates (from the 1D chromosphe
stellar spectra. simulations that is only computationally tractable prels@n

More advanced 3D radiation magneto—hydrodynamﬂ:escribe the observed solay, fine profile shape, not only the
(MHD) simulations of chromospheres have been developga)nochromatic_brightness contrast across sma_II areasen th
only recently (Carlsson & Stein 2002, Hansteen 2004 Glﬂallh-kssolar surface. Finally, the 3D MHD chromospheric _S|mulla$|o
et al. 2010. Leenaarts 2010 Hahsteen et al 2’015) Tf ) stars other than the Sun are currently not availablegthe

models are clearly more physically realistic than the 1D ore neither quantitative nor qualitative statements aliba

2D implementations, however, at present their applicgbili _ehaviour of H lines in other stars, especially those with very

to other stars than the Sun remains questionable, since W%erent interior properties, such as RGB or RC, can be made.
simulations are, too, parametrised and require making @ise o

spatially-resolved stellar observations, such as thoeeiged 2.5. Empirical fits to the H, profile

by the MDI instrument for the Sun (Leenaarts et al. 2§12) ) . ) o )

Also, there are still some open issues that pose a challeftfediscussed in the previous section, it is presently nosiptes

to the simulations (Leenaarts 2010). First, the MHD model§ construct a grid of stellar atmosphere models that irehid

combined with the Hinod&OT Ca Il observations of the Sunthe Sophisticated physical processes needed to descelig/th
drogen line profiles in the observed spectra of RGB and RG.star

On the other hand, the obvious systematic misfit in thdife
(Figs[2[3) is puzzling and it has prompted us to takef@dint,

6 In the MHD simulations of the solar chromosphere, the véjoci
fields that generate acoustic waves at the bottom of the MH sin- 7 In this discussion, the relevant waves are those with frecjes
ulation are set to reproduce the velocity profiles deducenh fihe Ni  above 20 mHz and 50 mHz, above the limit most of the acousgoggn
line-core imaging, the type of observations presently aitable for produced in the convective zone is strongly damped in théogspbere
any other star. (Carlsson & Stein 2002).
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empirically motivated, approach to the problem. We ask twaiet
there is a mathematical function that fits thg lihe profiles in F 3
the spectra of all our sample stars. 1F g
Since the red wing of the H line is blended by a metallic E . E
feature (the line of neutral cobalt), we focus on the unbéehd : °
left side of the core of the line, as shown by arrows in Elg. 5. o ¢
The line mask is the same for all stars, it covers the wavéfeng E
range 656D — 65628 A. By selecting this mask, we ensure that
the Co | blend has nofkect on the fit. The left limit at 6562.0 E .
A'is set to minimise the contribution of the Si | and Fe | blends
None of the stars in the sample show evidence of emission in
the wings or significant core shifts that could introducergpus F .
artefacts in the fit. Such features are usually seen in thetrspe E

of metal-poor, [FgH] < —1, red giants brighter than ldg'L. ~ _35‘ L ‘5
25 @ac_ciaﬂ_el_dLZQ_(bﬂ;_M_e_szams_e_ﬂﬁZOOg), while all tuat t -10  -05 00 05 10 15 2.0

of our reference stars with asteroseismic masses arerféiaie Max Line Bisector (km/s)

this luminosity threshold (Fid.]1). We also do not see sigrest ) ] ]

of emission or line core shift in the most metal-poor starsin Fig. 4. Bisector velocity at the FWHM of the Hprofile (kny/s)

sample, e.g. KIC 7693833, KIC 8017159 (Fij. 5). as a function of metallicity [F&H] for the observed stellar sam-
We have explored derent functions and find that the ob-PI€-

served blue wing of the Hline is well described by a cubic

exponential function:

[Fe/H]
°

3 It should be noted that the Hine develops strong wings in
f(1) = 1- fo-expt (12 - Aol/Wh,)") (2)  stars hotter than about 4966000 K, depending on metallicity;
this is the temperature limit where interactions with ioelgc-
where 1 is the central wavelength of the line, 65829 A trons, and hydrogen atoms become important leading to e sp
(Bakel 2008) and is fixedp the minimum flux in the line core, cific profile shape with self-broadening, van der Waals, aackS
andW, - a free parameter which correlates with the width alamping wings. Thus, the simple shape, as described by the cu
the spectral line and, as it will be shown later, with the mafss bic exponential function may not apply, and caution is aglyis
a star. It is important to stress that this is a purely mathemawhen fitting the Eq. 2 to the spectra of lower RGB or subgiant
cal function that has no input from the stellar atmospherd-madoranch stars.
els or instrumentalféects, such as the spectrograph line spread
function. For our spectra, the resolving power is so high e
latter efects do not matter. However, for low-resolution spe®. Results
tra, values oM, derived from diferent observational set-ups
can not be compared directly. The free parameters to be fit?’tol' H, and stellar parameters
an observed profile are the line depth paramégeand the line  We have explored the correlation of the measurgdite prop-
width parameteW, ; their measured values for the full stellarerties with diferent stellar parameters. The results for our ref-
sample are given in TablE§ £.5,7. The uncertainty of thediis erence asteroseismic sample and for the stars in the custer
determined by shifting the continuum 2o from the best-fit are shown in Figl16. In the [Fél] — Wy, plot, only the mean
solution and repeating the function fit. Theffdrence with the values of the measured cluster metallicity ahfd, are shown,
best-fit normalisation then gives the uncertainty inWg esti- because the observed scatter in /Jfe(as seen in Table 6)
mate, which for all stars in the sample is belo®@DA. Itis thus could be caused by the measurement uncertditifies error
reasonable to adopt the same errov\pf, for all stars. bars show & standard deviation of the individudly, measure-
Figurel compares the function fit from the Eq. 2 with the obments within each cluster.
served H line profiles in several program stars. The theoretical The plots show that there is no clear dependenc&grbut
line profiles computed in 1D LTE and NLTE are also shown. there are correlations betwe®fy, and logg, as well as between
Line bisectors, included in the plot insets, help to undergt Wk, and metallicity. The more metal-rich stars appear to have
how the observed Hshape changes as a function of stellar p&arrower H lines (smalleM,), as opposed to the more metal-
rameters. The bisectors were computed by dividing the sglecoor stars, which show broadey, lgrofiles and, thus, lie at large
line into 15 segments. Then the bisector veloeify was esti- Values forWy, . This correlation with metallicity is interesting,
mated at full width at half-maximum of the line profile, as th&ecause it already looks quite similar to a classic age-fivéta
wavelength shift relative to the central, vavelength. The Co relation (Fig. 13 in the Appendix). Also, given th,, - metal-
| blend at 6563.42 A, which is very strong in the solar metaliCity correlation, it is also not surprising to find the cefation
licity giants ([Fe/H] > —1), causes an inverseshaped bisector Of Wi, with asteroseismic log. Surface gravity depends on the
profile (Figureh, bottom panels), withs up to 2 kny's. In the star's mass and radius, thus thls corrglanor) may indidsgeet
low-metallicity spectra, [F&H] < —2, the behaviour is inverted IS @ more fundamental underlying relationship, such aswitat
and the bisector profile hassshape. The bisector velocity meaStellar mass.

surements for the full asteroseismic sample are shown ifdFig ™ s Some clusters show variations in metalliclty (D’Antona EPAL6
The line blending explains why the bisector veloaitk Shows ng references therein), however this variation is smailigh to not

a strong correlation with [F&]. We stress, though, that we fitimpact our conclusions. The standard error of our mettyiitieasure-
only the blue part of the Ficore, so that the Co blend in the rednents is~ 0.1 dex, comparable to the intra-cluster metallicity varia-
wing has no fect on the\y, measurements. tions.
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Fig.5. The observed H profile (black dots) in the selected program stars and thiefliesnpirical model from the eq. 2 (bold blue
line, 65620 to 65628 A). The red and black lines correspond to the best-fit th@alemodels computed in 1D LTE respectively
1D NLTE. The part of the K line used in the fit is the same for all stars in the sample. Tilrehilue line is shown to help guide
the eye only - the red wing of His not used in the fit. Line bisectors are indicated in the inset. The speare arranged in order of
increasing metallicity.
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Fig.6. The H, width parameter measurements in the observed stellar sarepus stellarféective temperature, surface gravity,
and metallicity. The stars with asteroseismic data are shwith filled circles and the stars in the clusters with filledngles.

The stars in NGC 2808 ([F7el] = —1.11) show the largest shaded area is the average root-mean-squiezelice between
intra-cluster spread of thé/,, estimates that is reflected in thethe data and the fit.
large uncertainty of its mean value. The most metal-poatelu : . .
NGC 4372 ([F¢H] = —2.20), too, stands out in thal, —[Fe/H] Fig.[8 (a_) compares our empirical masses determined from
plot. The only noteworthy cﬂﬁereﬁce of the NGC 2808 and Nacthe Ed. 3 with the reference asteroseismic masses fo_r the; pro
4372 stars with respect to the other clusters is their coaap ram stars. P,.";mel (b) shows the results from the classiteit "s
tively high luminosity (Fig[l): most of the observed stams i ar isochrone” approach that makes use of the_stellar param-
these two clusters have lagl, > 2.5, which is where one eters from spectroscopyldr, ogg, [Fe/H]). and |soc_:hrones
could expect the fect of asymmetries and periodic variation Serenelli etal. 2013). The masses d(_atermmed empiritraliy :
in the H, profile to become important (Cacciari et al. 20041€ H: measurements are more precise compared to the classi-
Meszaros et al. 2009). However, visual inspection of the o al stellar evolution approach. The plot, however, reveéiads

served data did not reveal any obvious problems with thetspecwe dare Sl'tghtli/. over-estlm?tlng masses at thetlow—xtasséaé_nﬂi
Neither do we have repeated observations of these stars¢ cH!NA€-estimating masses 1or moreé massive stars. Al presan

the dfect of variability. Thus, currently, we do not have a suit?ot clea}r what is the origin of this systematics - the aseEs .

able explanation for the behaviour\df; in the most luminous mic estimates or some kind of a second parameter problem n

stars in the globular clusters and set it aside as a probleys tolle- More data will be needed to explore thisfdrences. Taking

addressed in future work. into account the uncertainty in thiaco_dﬁcllent, and by cross-
validation with the reference asteroseismic masses, weluwde
that the accuracy of our mass estimates is abdig .

3.2. Mass effects in the Balmer line

While theW,, vs. [Fe/H] and logg plots already suggested that

W, is related to the mass and hence age of stars, we can di-

rectly probe this by plotting the dependence betwd@gn and L T A

the independently determined asteroseismic mass[{Figh®. Field stars, [Fai] < 05 @
correlation is well-defined and it appears that all stass) #lose 2.0 EVP stars, [Feit] <3 &
in star clusters, follow the sam&}, -mass trend within the er-

rors. H, lines tend to be narrower in the spectra of more massive

stars, but broader in the spectra of less massive stars.eAllow
need for a mass estimate from spectroscopy is to fit a refation
ship betweeMy, and the independent mass determinations. For
the sake of simplicity, we fit a linear relation betweepahd the
logarithmic mass of stars in our sample, i.e. Mg= a- Wy, +b.

This is done by a7 fit to the bootstrapped détan order to
avoid that a few stars with small mass uncertainties dorinat 0.5
the results. In addition, we find an almost perfect lineaatieh ‘ : : ‘
betweena andb. Thus,b can in turn be expressed as a linear 0.65 0.70 W 0.75 0.80
function of the slope, with the advantage that the uncertainty Ho

of the fit can be expressed in terms of the uncertaingy aeter- , ,
mined from the bootstrapping. The final result is: Fl_g. 7. The observed r(_alat!on between the, Hspectral line
widths versus asteroseismic masses of stars. Star cldisiars

logM(H,) = a- (W, — 0.73) + 0.08; (3) the Gaia-ESO survey are shown with green diamonds. The very
metal-poor stars in the sample, [fF§ < -2, are shown with red

wherea = —2.73+ 0.72. This is shown in Figurlgl 7 as the blacksymbols. Dashed black lines show the dncertainty of the fit.

solid line. Dashed black lines show the- Lincertainty of the The shaded area is the average rms between the data and the fit.

fit, as obtained from the bootstrap analysis described aidve See Sect. 3.

Mass (Mg,n)

L B s . A 4 B BB

9 We apply bootstrapping to our dataset, using sampling \ejphaice-
ment. The sampling process is repeaté@atbout 2900) times.
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Fig. 8. The comparison of masses (top panel) and ages (bottom mietelmined using thé/,, codficient directly (a,c) and the
classical method of stellar isochrones (b,d).

3.3. Stellar ages reliability of the H, mass estimates (i.e. those wiify< 4900 K,
Sect. 2.5). The age uncertainties are computeel3d$6 around
In view of the relationship discussed above, another isterg the median valll. The very large errors of the ages determined
point is whether the Hline profiles show any evidence of agewith the classical method reflect the uncertainty of the tnpu
ing, i.e. a star getting older. This is unlikely, even thotlgére spectroscopic gravities, which are of the orded.2 dex.
is observational evidence that chromospheric activityekeses ) o ) )
with stellar age (Steiman-Cameron et al. 1985). If true,amad Fig.[8 highlights the main problem of the classical mass and
see somefeects in the observed stellar spectra, since the degR@e determination on the RGB. In the standard isochrone fit-
of line core filling by the chromospheric temperature iniers ting method (panels b,d of Figl 8), the likelihood on the RGB
would change in lockstep with age. Younger and more actifgnearly flat, because all isochrones line up together. Stndi
stars would show brighter line cores. guish stars wlth the agef&rence of even 10 Gyr, extreme and
Y @rent h. The initial so far unachievable precision TRy and logg (10 K and 002
OWEVET, WE can use afterent approach. ihe initia mas.tsi(éex) is needed. In the Bayesian framework, the ages detedmin
. X - using uninformative data are completely dominated by the pr
needed to determine the age of red giant stars. One comphcalbrs, especially the initial mass function (Serenelli et24l13,

is a substantial mass loss: from observations only the ptese; - ; ;

, . X . ig. 4). For a simple stellar population, this approach maykw
dzy mafstshca_n _?eldetermlr}ed, \;Vhll(;:‘\/lage ?St'matgsc;eg]u”d;(n%%ducing an age distribution which does not look too odd, bu
edge of In€ inftial mass of a star. viass l0Ss mag e ab- just by chance. Moreover, this is barely applicable to ama} re

solute ages ‘.Jf very evolved (lgg S 1'5.) low mass RGB and astrophysical system, such as the Galactic disk, which @na c
RC stars. This diiculty, however, is universally present in any, ;e rate of stars formed in firent environments in-situ or
method for determining the age of red giant stars based an t en outside the Milky Way

mass, including asteroseismology, and addressing it isidmit
of the scope of the paper. In this work, we want to understand
whether stellar ages derived from the Width codficient di-
rectly are consistent with the ages determined from astésos _ — _ )
mology, which is the best currently available method. 19 This choice is supported by running the code on the ideaffskzta
. . . and quantifying the fisets assuming fierent types of location param-

We use the masses determined from theliHe width pa- gter and its dispersion. The,Hges are more consistent with the astero-
rameter (Eg. 2) and the Eq. 3 in BeSPP, the Bayesian gridibaggismic data then the ages derived using the classical th&hael d),
modelling code (see Sect. 2.3). The resulting ages are sliowie. BeSPP with masses computed from the spectroscopinaes of
Fig.[8 (panel c) for the stars, for which we have confidenchén t Ty, logg, and [FeH].
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4. Testing for biases

1.0
The observed correlation between the measured parakivgter H
and the stellar metallicities in Figué 6 raises the quesfiour . 1 ]
fitting relation might be just an omitted variable bias of ®om 2 oS 0
age-metallicity relation, or if our mass estimates dfeced by a 2 P h . A
metallicity bias, e.g. through the dependence of thdiite pro- Y RN AT U
file shape on the chemical composition of the stellar atmesnh 2 i . pasl et
i.e. on metallicity. Similarly we need to check for depencien s . <0 "A .
on logg andTeg. < 051 -
We can test this quite easily: since our sample is well-
populated (independently) in all dimensions (asterosieism 1 0: ‘ ‘ ‘ ‘ ‘ ]
mass,Ter, [Fe/H], log g), additional dependencies would show 4000 4200 4400 4600 4800 5000 5200
in regression analysis against the other variables anddives Teff
an indication if the equation is subject to omitted variatikes.
Our relation between mass aWd¢, was derived from the com- 10
parison with asteroseismic masses without respect to tier ot T
parameters, so we can simply test for a correlation betwsen t i ]
residuals of the mass determination and, saygldglog g had T 05F :
an impact on oul\y, estimates, it would show in the regres- 5 I ]
sion analysis and be apparent in the plot of residuals (E[§ur 3 . &}‘ﬁ s
However, visual inspections as well as the sample’s stiaf- L oor a0 T Map g L]
firm that the mass residuals between our spectroscopic shetho < Lo, o R
and asteroseismology show no correlation with the othdaste 3 o050 s i
parameters (Figulg 9). To test this statistically, we di¢thadr
regression with the equation i
-1.0 ‘ ‘ ‘ ‘ ‘ ‘
Av = aPi+ b+ € 4) 05 10 15 2.? ( )2.5 30 35 40
0g(g
whereAy = Mpy, — Mseismic iS the diferencéresidual be-
tween our masses and the asteroseismic maRsisthe param- 10
eter in question ([F&H], log g, Ter), & is the slope (which should T
be~ 0 in the ideal case) anlg is the dfset. The results are re- i ]
ported in TabléR, where we show on the left the fit parameters & 0.5 -
in a weighted regression using the errors from asteroseiznu 5 L ]
spectroscopic mass determinations and on the right the-fit pa § N s Nl ﬁh‘ £ ]
rameters from a simple linear regression. The table shoats th | 001 N R :‘“Amf,{“ L. 7
the only trend that reaches the 8ignificance limit is the trend z i N e A
with metallicity. However this trend halves when we do a denp 3 o5k * i
linear regression instead of weighted least squares. IDstlyn '
caused by mild outliers on the very metal-poor end and thé mos -
metal-rich star in the sample: any trend fully vanishes when -1.0L : : w
we exclude the stars with [Fe]] < —2.0 and [F¢H] > 0.3. -3 -2 [F‘e/lH] 0 1

While this can well be just a lucky draw, it might point to (far
known) problems with asteroseismic scaling relations. @n t _. . _
other hand this test indicates that our method can be uséd wit9-9- The dﬁeren_ce between the,Hnasses and asteroseismic
good confidence in the metallicity rang@.0 < [Fe/H] < 0.3.  Mmasses as a function @, [Fe/H], and logg.

5. Discussion To examine the fect of spectral resolution of the ob-

An important question is the applicability of our methodserved data, thé\Vi,, measurements for the Gaia-ESO stel-
Currently, the best methods for measuring the mass and agéasfsample are shown in FigJ11. The original UVES spectra
stars use either asteroseismology or fits of tuffireosub-giant were degraded fronfR = 47000 to several values of resolv-
stars to evolutionary tracks. Asteroseismology requineghb ing power, representative of other instrument facilitieiy ((10),
apparent magnitudes, while turfiEstars and subgiants are tocsuch as the medium-resolution Gli@spectrograph at the VLT
faint for observations at large distances. (R = 16 000) and the high-resolution mode of the WEAVE and
Under conservative assumptions, we have shown that &MOST facilities R = 20000). No changes were made to the
method works for stars with.® < logg < 3.5, 4000 < fitting procedure or the Hlinemask. Interestingly, degrading
Ter < 5000 K, -2 < [Fe/H] < 0.3, and lod_/L, < 2.5. These the data to about hallR = 20000) or one thirdR = 16 000)
stars, which comprise the RGB, HB, and AGB branches in tioé the original resolution does not have a significafieet on
H-R diagram, are intrinsically bright, especially when qared the H, measurements. Thefset from the high-resolution data
to their dwarf and TO counterparts. Thus, our method mayerois of the order M2 respectively @3 A that can be taken into
to be a valuable tool to measure masses and ages for spegirosaccount by shifting the zero-point of thg, -mass relationship
ically feasible stars beyond the solar neighbourhood nebitey  (Eq. 3). For resolving powerR = 10000 and lower, the dif-
to even dwarf galaxies and the Andromeda galaxy. ferences between the original resolution and degradedureas

10
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Table 2. Left: the fit parameters in a weighted regression using ttee®from asteroseismic and spectroscopic mass deteiorisat
Right: the fit parameters from a simple linear regression.

parameter a by & b
Tei—4500 K (13+11)10% M.K-: (0.032+ 0.021)M, (-L15+ 1.0)10* (0.023+ 0.021)
[Fe/H] (0.077+ 0.036) Mdex! (0.044+0.022)M, (0.036+ 0.034) (Q017+ 0.021)

logg—25 (~0.020+ 0.052) Modex (0.020+0.019)M, (0.000+ 0.043) (Q007= 0.020)

L Y Y Y Y of the[Schonrich & Binneyl (2009) model. The plot shows that
“r ] all stellar populations with ages above 1 Gyr are well-saupl
1.0 at any metallicity, from the metal-rich [[Fel] + 0.5 to the most

T WS g, Mt gt metal-poor [F¢H] — 2.5. The selection is up to an order of
0.8l V V \\ ] magnitude more féicient for metal-rich populations, because

PUNSPIPORES -

T

the cooler &ective temperatures move larger parts of the gi-
. ant branches into oufg- logg parameter region. The gradient
mostly reflects the radial metallicity gradient, with motars

0.6

Flux

T
L1

041 b being selected in the more metal-rich inner disc regionss Th
r R=47000 — 1 bias must be taken into account when comparing to galaxy mod-
R=20000 — . .
021 R=16000 — ] els or when an unbiased dataset is constructed. Neversh#ies
: R=10000 1  selection probability is siiciently large for all ages and metal-
. " " " 1 " " " 1 " " " 1 " " " 1 " " " . ey . . .
6558 6560 6562 6564 6566 6568 !|C|t|e_s, allowing to sample any population with age- 1 Gyr
Wavelength (A) in units of> 10° solar masses.

_ ) ) ) ) To test for omitted variable biases in our empirical formula
Fig.10. The impact of spectral resolution on thg ke profile. \ye tested the residuals between masses derived from ouocheth
The observed UVES spectrum of the star 1925184816550 and the astroseismic values for trends with the stellarpaters
was taken from the Gaia-ESO archive. Ter, logg, [Fe/H]. This test confirmed that no significant trends

could be found. l.e. our method does not have any significant
bias with any stellar parameter, arguing against omitteihobe
0.85[ ' ' ' biases and supporting the validity of the empirical formula
To conclude, we have shown that our method samples well
all stellar populations with ages above 1 Gyr and still deliv
ers stficient sample sizes for moderate mass dwarf galaxies.
Targeting bright giants, the method allows to obtain siarudt-
2 0.75¢ e 1 ous age and chemical abundance (by applying the usual spec-
o1 troscopic method of model atmospheres to the observedistell
- :-l. ] spectrum) information far deeper than would be possiblé wit
o> R=20000 » asteroseismology of red giants, extending the possibieegur
R=16000 o volume to remote regions of the Milky Way and even to neigh-
0.65f ..~ R=10000 « } bouring galaxies like Andromeda or the Magellanic Cloudthwi
K . . . present instrumentation on telescopes, like the VLT, Kexk,
065 070 0.75 0.80 0.85 LBT. For example, with UVES/LT or with the HIRES in-
W,y (A - 47000 strument at Keck[(Vogt et Al. 2011), optical high- or medium-
resolution spectra can be acquired for stars with V magaitud

Fig.11. The comparison of the Hwidth parameter measure-~ 19; in contrast the majority of red giants with asterosetsmi
ments for diferent values of spectral resolving power. ages from CoRoT or Kepler missions are brighter than 14 mag
(Mosser et al. 2010, Batalha et al. 2010, Hekker et al. 2011,

Huber et al. 2014). In the future, our method opens a novel pos
sibility to measure directhand consistently ages and chemical
abundances of individual stars in more distant galaxieén t

estimates. However, the relationship is still there, thusay be . ;
; ; ' ) P Local Group, e.g. with 4AMOST, WEAVE, and E-ELT (Zerbi et
possible to calibrate the Eq. 3 on low-resolution spectra. al. 2014), which will reach stars witd ~ 21.

In terms of galaxy formation, an interesting question iswha
is the fraction of observable stars in a typicdl type galaxy
that could be potentially studied with this technique. Eg.
shows the number of stars in olifz-logg parameter space per
1000, in the Johnson-Cousing band, as a function of ageWe have analysed hydrogen (Hline profiles of 69 red gi-
(x-axis) and metallicity (colour coding). The plot was dezh ant stars with high-resolution optical spectra obtaineith wif-
using the population synthesis code underlying Schongich ferent instruments. A part of the stellar spectra were aeqgui
Bergemann (2014), and it represents a typical Galactic dide within the Gaia-ESO spectroscopic survey (Gilmore et al20
culated with the updated versian (Schonrich & McMillan 291 Randich et al. 2013). For all these stars, asteroseismicfoah

0.80

0.70 i';
3

ments are large enough to introduce systematic errors im#ss

6. Summary and conclusions
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05 lar model atmospheres lack information about the stelle-in
rior structure which, nevertheless, has an impact on the ste
ok Ik o lar atmosphere properties as recent work (Pinsonneadlt et a
K‘” 2014 Christensen-Dalsgaard ef al. 2014) suggests. Carest
E -05 ing problem for the follow-up work would be to test the ef-
g’ L fect of variability in the H line on theW,, mass diagnos-
8 ‘ 1 tic. There is observational evidence (e.g. Cacciari et @042
z 1= Meszaros et al. 2009 and references therein) that metal-poo
z ! 15 stars ([FéH] < —1.0) more luminous than log{Ly) ~ 2.5
o1y ] show time-dependent emission in thgWings, as well as asym-
v 2 metries in the line core. There is currently no evidence tahs
processes in more metal-rich stars. Most red giants in dar-as
0 T T 6 5 10 12 112/H]-2-5 oseismic sample are fainter than this luminosity threstaoid
age/Gyrs do not show emission or core shifts in thg khe. With a large

sample of stars for which spectra taken dfatent epochs are
Fig.12. The number of red giant stars per 1@Q0in the ayailable it would be possible to test thieet of variability and
Johnson-Cousin¥ band, depending on age and metallicityossibly extend the method to very luminous red giants.
(colour coding). Our empirical results have interesting implications foesp

troscopic observations of distant evolved stars: extrgmeital-

poor first stars, stars in the 'dark’ part of the Galaxy - thioha
CoRoT and Kepler observations are available, allowing us it distant star clusters, Magellanic Clouds and in otheaxjak
compute their mass and age. We also include 73 stars in 7 opéthe Local Group, which will be routinely observable witévn
and globular clusters; their masses are derived from the @MD facilities like 4AMOST and E-ELT. The instruments will reatein-
ting. The sample covers a wide range range in metallicipgmfr gets as faint as \* 21 mag, that is 5 times fainter compared to
metal-rich+0.5 to very metal-poor, [F&H] < 2.5, stars. what is currently possible with asteroseismic methods sigg

We find that the observed Horofile presents a systematicKepler or CoRoT mission data, and even with future missions
dependence on fundamental stellar parameters. The préfildike TESS. The observed optical spectra, in particular the-c
the unblended blue wing can be represented by a simple cutsipicuous H line, may directly provide mass and age determina-
exponential function, which provides an excellent fit to te  tions for these stars, eliminating the need for model-ddpen
served line profiles. The only parameters in the fit are thepste fitting methods based on stellar evolution and populatiorsy-
ness, or width, of the Hline and the minimum flux in the line sis models. We have also shown that our method, based on the
core (Eq. 1). Both values appear to correlate with surfaaeity  spectral line &, samples well all stellar populations with ages
and metallicity that suggests a more fundamental undeylygn above 1 Gyr and still delivers fiicient sample sizes for mod-
lationship with the mass of a star. Indeed, there is a welrdd erate mass dwarf galaxies. Thus, the applications of ounaouet
correlation between the steepness qf &hd stellar mass that are numerous, and extend our ability to measure the mass and
can be described by a simple linear model (Eq. 2). This allowge of stars to a much larger volume.
determination of masses with the accuracy 10-15% indepgnde
of stellar atmosphere and interior modelling. Although sess
can be determined quite precisely with our method, it shoeld
kept in mind that the estimates are slightlffset from the as-
teroseismic scale, such that at the low-mass end stellassaras
are on average too high by 0.1 M and slightly lower at the
high-mass end. This discrepancy could be caused by th@aster
seismic mass estimates or by the second parameter problem of
the H, line. Still, the empirical masses can be used to determine
ages of stars. The uncertainties of ages derived from ghienel
profile measurements are respectively-280%, better than the
classical stellar isochrone methods.

We cannot yet identify the physical mechanism underly-
ing the relationship, because there are no stellar modeb-atm
spheres built from first principles that could be used to re-
produce the observed,Hines in red giants and explore their
sensitivity to stellar mass. The standard 1D LTE models pre-
dict too weak H profiles compared to the observations. The
more advanced 1D NLTE models with dynamics and winds are
parametrised and do not explain the formation of theliHes,
because they are designed to match the obseryegrbfile
shapes. 3D MHD chromospheric models have been computed
for the Sun, but are not yet available for quantitative spec-
troscopy of stars with very fierent properties, like the RGB
and RC stars. Having such models for a few red giants would be
essential to understand the slope of therklass relation. Most
likely, this would require global convection modelling atige
inclusion of chromosphere. One other possibility is that-st
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Galactic disk model
observed stars

[Fe/H]

T/ Gyr

Fig.13. The age-metallicity relation (AMR) for our observed
stellar sample in the Milky Way disk, computed using the raste
oseismic masses and spectroscopic metallicities. The AMR f
different Galactocentric radii (R in kpc) from a chemical evo-

lution model of the Galactic disk (Schonrich & Binney 2009)

represented by the colour map.

Table 5. Observational data for the Gaia-ESO stars in clusters.

Cluster Gaia-ESO ID SNR R

(

M67 085108381147121 163+132

M67 085130451148582 209+132

M67 0851357#1153347 191+132

M67 0851450#1147459 228+132
NGC1851 05133868-4007395  7%478.
NGC1851 05134382-4001154  64-78.:
NGC1851 05134740-4004098  50-78.
NGC1851 05135599-4004536  52-78.:
NGC1851 05135634-4003448 11478.
NGC1851 05135918-4002496 154-78.:
NGC1851 05135946-4005226  64-78.
NGC1851 05135977-4002009  82-78.:
NGC1851 05140069-4003242  906-78.
NGC1851 05140180-4002525  6%78.
NGC1851 05140376-4001458 136-78.
NGC1851 05141054-4003192  8G-78.!
NGC1851 05141074-4004189  95-78.
NGC1851 05141171-3959545  5478.
NGC1851 05141447-4001109  92-78.
NGC1851 05141566-4000059  49-78.!
NGC1851 05141576-4003299 194-78.
NGC1851 05141615-4001502  7%78.
NGC1851 05141638-4003542  65-78.
NGC1851 05141957-4004055  95-78.
NGC1851 05141979-4006446  44-78.
NGC1851 05142070-4004195  43-78.
NGC1851 05142480-4002227  63-78.
NGC1851 05142875-4003159  63-78.f
NGC1851 05142892-4004454  78-78.
NGC1851 05135946-4005226  62-78.:
NGC1851 05140180-4002525  606-78.
NGC1851 05141054-4003192  78-78.
NGC1851 05142875-4003159  6178.
NGC2243 06292300-3117299  6497..
NGC2243 06292939-3115459  75-97.
NGC2243 06294149-3114360  69-97.:
NGC2243 06294582-3115381  82-97.
NGC2243 06290541-3117025  6G-97..
NGC2243 06290934-3110325 15G-97.
NGC2243 06291101-3120394 14G-97..
NGC2243 06292300-3117299 196-97.:
NGC2243 06292939-3115459 16597.
NGC2243 06293009-3116587 13%97.:
NGC2243 06293240-3117294 12%97.
NGC2243 06293518-3117239  8#97.
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Table 3. Observational data for the Gaia-ESO stars.

CoRoT ID Gaia-ESO ID SNR RAJ2000 DECJ2000 RV
deg deg S
100922474 1925184®016550 160+291.3269167 +0.2819444 145
100974118 1925351022086 46 +291.3958750+0.3690556 66
100864569 19250000026244 52 +291.2500833+0.4401111 21
100856697 19245758052282 66 +291.2398333+0.8745000 2
100853452 19245650031116 71 +291.2355000 +0.5198889 13
100597609 1923266M127026 62 +290.8608333+1.4507222 13
100821572 19244648119504 122 +291.1936667 +1.3306667 —38
100733870 19241853053232 54 +291.0772083+0.8897778 11
101023768 19255284012484 222 +291.4701667 +0.2134444 51
100813799 19244460121257 134+291.1834167 +1.3571389 59
100826123 1924478W127475 43 +291.1995417 +1.4631944 57
100888944 19250774%014218 17 +291.2822917 +0.2393889 -22
101080756 192619220023210 35 +291.5800833+0.3891667 4
100761750 19242740045070 151+291.1144583+0.7519444 -160
100610961 1923312141224 58 +290.8803750+1.6895556 85
100784327 1924346°0050077 119+291.1444583+0.8354722 14
100500736 192251%43122202 31 +290.7155417 +1.3722778 13
101100065 19262648029588 77 +291.6103333 +0.4996667 22
101193334 19270150035230 44 +291.7565417 +0.5897222 18
100596299 1923261:6)145326 21 +290.8590000 +1.7590556 50
101594554 19294723007019 39 +292.4467917 +0.1171944 40
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Table 4. Stellar parameters and,Hmeasurements for the Gaia-ESO field stars. Surface gmeiteedetermined using the astero-
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seismic data.

CoRoT ID Gaia-ESO IDWy, fo age error mass errorTegg o logg o [Fe/H] o log LSLun

A A  Gyr Mg K dex dex dex
100922474 1925184®016550 0.76 0.83 3.17 0.87 1.22 0.13 4957 23 2.39 0.01 -0.05 01.73
100974118 1925351022086 0.76 0.83 3.96 0.57 1.16 0.06 4933 58 251 0.01 -0.06 01.51
100864569 1925000026244 0.69 0.83 6.71 1.47 1.11 0.07 4772 52 2.77 0.01 -0.08 01.32
100856697 19245756052282 0.66 0.81 2.88 0.41 1.42 0.07 4681 134 256 0.01 0.18 01.64
100853452 19245650031116 0.71 0.82 7.03 0.99 0.97 0.06 4665 68 2.38 0.01 0.06 0.1.64
100597609 1923266M127026 0.69 0.82 3.46 1.01 1.32 0.15 4638 62 2.47 0.02 0.08 01.74
100821572 1924464&119504 0.68 0.81 13.31 1.60 0.92 0.03 4627 75 2.63 0.01 -0.02 1.39
100733870 19241853053232 0.67 0.80 5.80 3.33 1.10 0.10 4557 105 2.38 0.01 0.18 01.58
101023768 19255284012484 0.70 0.82 2.70 0.46 1.39 0.08 4765 57 252 0.01 -0.08 01.71
100813799 192444@0121257 0.66 0.81 3.10 1.14 1.48 0.15 4638 79 2.72 0.01 0.08 01.65
100826123 1924478®127475 0.68 0.81 2.60 0.81 1.49 0.16 4686 36 2.48 0.02 0.22 0.1.68
100888944 1925074%014218 0.69 0.82 12.14 2.46 0.93 0.05 4949 181 2.58 0.01 6-0.20 1.42
101080756 19261921023210 0.67 0.81 5.47 150 1.21 0.10 4658 43 2.66 0.01 -0.03 0141
100761750 19242740045070 0.76 0.82 12.43 258 0.80 0.05 4792 58 2.15 0.02 -D.02 192
100610961 19233129141224 0.69 0.83 3.21 1.04 1.38 0.14 4790 36 2.71 0.02 -0.05 01.54
100784327 1924346&0050077 0.71 0.82 6.99 3.28 1.12 0.15 4167 87 1.79 0.02 -0.03 02.16
100500736 19225143122202 0.73 0.82 8.98 1.61 0.85 0.07 4802 49 239 0.01 -0.06 01.64
101100065 1926264&029588 0.67 0.81 7.28 1.32 0.99 0.08 4520 45 2.42 0.01 0.3 01.59
101193334 19270150035230 0.70 0.83 6.02 1.60 1.19 0.09 4619 46 2.62 0.02 0.00 01.47
100596299 192326%:8145326 0.67 0.83 1.95 0.51 1.63 0.16 4684 42 256 0.02 0.01 01.76
101594554 19294723007019 0.68 0.83 4.04 0.90 1.27 0.08 4566 63 2.22 0.01 -0.p@ 01.87
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Table 6. Stellar parameters and,Hneasurements for the Gaia-ESO cluster stars. See Seabr 2ife details.

Cluster Gaia-ESO IDW,, fo T o logg o [Fe/H] o

A A K dex dex
M67 085108381147121 0.66 0.81 4980 37 3.46 0.16 -0.05 0.07
M67 085130451148582 0.67 0.81 4939 50 3.47 0.08 0.05 0.09
M67 0851357#1153347 0.66 0.82 4964 25 3.46 0.10 -0.03 0.05
M67 0851450#1147459 0.67 0.82 4793 44 297 0.18 0.01 0.11

NGC1851 05133868-4007395 0.83 0.83 4375 24 1.12 0.36 -1.2B0 O
NGC1851 05134382-4001154 0.78 0.81 4871 55 2.00 0.05 -1.182 O
NGC1851 05134740-4004098 0.78 0.83 4892 51 2.36 0.01 -1.008 O
NGC1851 05135599-4004536 0.80 0.83 4837 24 2.17 0.14 -0.984 O
NGC1851 05135634-4003448 0.78 0.86 4291 34 0.99 0.38 -1.1@9 O
NGC1851 05135918-4002496 0.81 0.81 4917 35 1.55 0.04 -1.182 O
NGC1851 05135946-4005226 0.80 0.83 4539 111 1.66 0.16 -10002

NGC1851 05135977-4002009 0.84 0.83 4509 6 1.42 0.13 -1.093 0.
NGC1851 05140069-4003242 0.78 0.83 4536 5 1.23 0.17 -1.206 O.
NGC1851 05140180-4002525 0.83 0.84 4562 90 1.63 0.21 -1.043 O
NGC1851 05140376-4001458 0.79 0.83 4619 35 1.83 0.07 -0.984 O
NGC1851 05141054-4003192 0.76 0.84 4412 47 1.39 0.08 -1.088 O
NGC1851 05141074-4004189 0.80 0.82 4372 19 1.14 0.26 -1.271 O
NGC1851 05141171-3959545 0.77 0.82 4938 9 220 0.31 -1.1@7 O.
NGC1851 05141447-4001109 0.82 0.85 4317 6 1.21 0.57 -1.103 0.
NGC1851 05141566-4000059 0.77 0.82 4947 28 2.15 0.03 -1.080 O
NGC1851 05141576-4003299 0.89 0.86 4366 36 1.21 0.33 -1.187 O
NGC1851 05141615-4001502 0.76 0.83 4880 37 2.22 0.09 -1.086 O
NGC1851 05141638-4003542 0.76 0.82 4761 50 1.99 0.15 -1.027 O
NGC1851 05141957-4004055 0.80 0.82 4394 9 1.12 0.22 -1.221 O.
NGC1851 05141979-4006446 0.76 0.83 4993 48 2.38 0.19 -1.0d8 O
NGC1851 05142070-4004195 0.76 0.83 4949 98 2.38 0.15 -1.100 O
NGC1851 05142480-4002227 0.79 0.81 4712 160 1.73 0.49 -1R05

NGC1851 05142875-4003159 0.83 0.83 4600 6 1.59 0.12 -1.067 O.
NGC1851 05142892-4004454 0.81 0.85 4443 17 1.50 0.07 -0.962 O

NGC1851 05135946-4005226 0.80 0.83 4539 111 1.66 0.16 -10002
NGC1851 05140180-4002525 0.82 0.85 4562 90 1.63 0.21 -1.0#3
NGC1851 05141054-4003192 0.77 0.84 4412 47 1.39 0.08 -1.088
NGC1851 05142875-4003159 0.82 0.83 4600 6 1.59 0.12 -1.067
NGC2243 06292300-3117299 0.75 0.83 5039 43 2.63 0.11 -0.482
NGC2243 06292939-3115459 0.74 0.83 5031 28 2.54 0.16 -0.4@2
NGC2243 06294149-3114360 0.72 0.83 4788 48 2.60 0.26 -0.4@4
NGC2243 06294582-3115381 0.73 0.83 4962 55 2.39 0.14 -0.406
NGC2243 06290541-3117025 0.75 0.84 4961 24 252 0.11 -0.434
NGC2243 06290934-3110325 0.72 0.83 4910 36 2.72 0.10 -0.404
NGC2243 06291101-3120394 0.77 0.82 4895 30 2.46 0.18 -0.485
NGC2243 06292300-3117299 0.75 0.82 5039 43 2.63 0.11 -0.482
NGC2243 06292939-3115459 0.75 0.83 5031 28 2.54 0.16 -0.422
NGC2243 06293009-3116587 0.78 0.83 4689 49 2.15 0.39 -0.487
NGC2243 06293240-3117294 0.77 0.83 5028 47 2.57 0.13 -0.483
NGC2243 06293518-3117239 0.72 0.82 4980 35 2.89 0.08 -0.4@7
NGC2243 06294149-3114360 0.74 0.82 4788 48 2.60 0.26 -0.4@4
NGC2243 06294582-3115381 0.76 0.82 4962 55 2.39 0.14 -0.406
NGC2808 09110169-6451360 0.74 0.83 4356 59 1.28 0.26 -1.111
NGC2808 09112752-6451312 0.86 0.83 4709 19 1.66 0.24 -0.905
NGC2808 09115120-6448375 0.80 0.83 4292 29 1.27 0.07 -1.1@5
NGC2808 09121405-6448429 0.84 0.86 4423 41 1.27 0.25 -1.1@3
NGC2808 09122114-6447139 0.94 0.81 4520 8 1.49 0.10 -1.192
NGC2808 09123097-6456085 0.84 0.82 4598 8 1.72 0.04 -1.082
NGC2808 09123170-6449222 0.91 0.85 4384 34 1.27 0.30 -1.122
NGC2808 09123679-6451451 0.78 0.83 4710 40 1.71 0.15 -1.0@2
NGC2808 09123986-6455430 0.88 0.85 4316 62 1.22 0.30 -1.1%0
NGC2808 09124112-6446258 0.81 0.86 4358 52 1.25 0.19 -1.1G8
NGC2808 09124587-6453014 0.79 0.82 4417 38 1.39 0.09 -1.221
NGC2808 09125432-6445045 0.81 0.90 3872 36 0.78 0.25 -1.008
NGC2808 09115120-6448375 0.80 0.84 4292 29 1.27 0.07 -1.1@5
NGC2808 09120415-6450224 0.74 0.87 4207 62 1.01 0.22 -1.020
NGC2808 09123986-6455430 0.84 0.83 4316 62 1.22 0.30 -1.1%0
NGC6752 19103866-5954507 0.78 0.81 4845 62 1.80 0.10 -1.6@2
NGC6752 19104208-6005293 0.80 0.81 4736 59 1.65 0.26 -1.623
NGC6752 19114113-5959266 0.76 0.81 4966 21 1.98 0.11 -1.582
NGC4372 12250660-7239224 0.73 0.81 4669 41 1.41 0.43 -2.201
NGC4372 12253419-7235252 0.75 0.90 4414 100 1.09 0.50 -20120
NGC4372 12253882-7245095 0.77 0.82 5101 442 2.00 0.83 -10042
NGC4372 12264293-7241576 0.75 0.80 4698 21 1.42 0.15 -2.202
NGC4372 12264875-7239413 0.78 0.83 4639 23 0.93 0.21 -2.4G65
NGC5927 15272429-5037134 0.72 0.84 4796 83 2.44 0.25 -0.389
NGC5927 15275926-5039023 0.69 0.84 4411 98 2.21 0.12 -0.211

[eeoNoNe)
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Table 7. Stellar parameters and,Hneasurements for the Kepler stars from Thygesen et al. 20h2 stars marked with a star
symbol are targets of Silva Aguirre et al. (2016, in prepgargt Surface gravities are determined using the asteswseidata.

KeplerID Wy, fo age error mass errorTeg o logg [Fe/H] o type

A A Gyr Mo K dex dex
2425631 0.69 0.83 2.79 1.19 146 0.19 4600 46 2.26.04 0.05 1.96
2714397 0.70 0.82 4.05 1.37 1.09 0.11 5060 36 2.4B.59 0.28 1.79
3429205 0.65 0.81 352 0.98 1.33 0.10 5050 37 3.48.11 0.10 0.85
3430868 0.73 0.83 8.84 1.86 1.01 0.06 5126 36 2.89.06 0.07 1.39
3744043 0.64 0.81 4.62 0.51 1.19 0.03 4970 47 298.31 0.09 1.27 RGB
3748691 0.69 0.83 4.35 1.75 1.31 0.14 4750 36 250 0.13 0.02 RGB
3955590 0.68 0.82 9.05 3.73 1.00 0.10 4645 36 2.28.16 0.10 1.83
4072740 0.67 0.81 4.34 0.43 1.35 0.02 4805 53 3.37 0.23 0.88 0.
4177025 0.70 0.83 10.40 3.73 0.90 0.15 4270 70 1.66.24 0.06 2.21
4262505 0.68 0.83 3.43 1.10 1.33 0.12 4900 86 2.88.20 0.06 1.40 RGB
4283484 0.82 0.83 5.71 0.72 0.93 0.05 5030 36 2.4R.77 0.05 1.75
4480358 0.77 0.84 8.45 3.78 0.90 0.12 4620 36 1.88.96 0.11 2.16
4659706 0.64 0.80 2.15 0.87 1.70 0.21 4450 61 246 0.62 0.0 1.
4671239 0.78 0.79 NaN NaN 1.11 0.13 5000 100 2.492.64 0.22 NaN
5113061 0.70 0.82 3.56 3.10 1.34 0.34 4190 36 154 0.01 0.6 2.
5113910 0.72 0.84 6.06 3.34 1.03 0.14 4510 55 1.#B.31 0.05 2.27
5284127 0.67 0.81 6.31 0.61 1.07 0.04 4660 36 246 0.45 0.83 1RC
5612549 0.77 0.84 6.71 0.80 0.92 0.05 4800 77 2.38.33 0.05 1.70 RC
5701829 0.70 0.82 8.89 1.14 0.99 0.02 4880 59 3.08.32 0.05 1.06
5779724 0.73 0.83 5.67 4.35 1.13 0.27 4240 36 1.68.14 0.08 2.28
5859492 0.65 0.81 4.10 0.85 1.24 0.11 4800 36 2.49 0.19 0.02 1.
5866965 0.72 0.85 8.66 4.27 0.92 0.15 4155 75 1.38.52 0.09 2.49
6125893 0.69 0.82 3.64 3.00 1.39 0.37 4260 41 1.79 0.29 0.@6 2.
6547007 0.72 0.82 9.59 1.25 091 0.03 4785 36 2.50.64 0.05 1.57
6579998 0.78 0.83 4.98 1.28 0.99 0.10 5070 36 2.4B.69 0.08 1.76 RC
6680734 0.73 0.82 6.33 2.18 1.07 0.10 4580 76 2.48.38 0.05 1.90
6690139 0.68 0.82 2.64 0.30 1.45 0.03 5020 42 3.00.13 0.05 1.35 RGB
6696436 0.72 0.83 7.54 1.22 1.04 0.04 4630 74 2.38.26 0.09 1.74
6837256 0.73 0.83 2.92 0.35 1.30 0.04 4850 48 2.48.65 0.05 1.77
7006979 0.70 0.82 4.64 0.61 1.10 0.05 4870 96 2.46.19 0.25 1.72 RC
7340724 0.67 0.81 3.88 0.49 1.34 0.03 4879 112 3.05 0.04 0.22 RGB
7693833 0.78 0.79 4.10 0.42 1.09 0.04 4880 49 2.462.23 0.06 1.72 RGB
7812552 0.68 0.82 7.47 0.77 0.99 0.02 5070 78 3.26.59 0.05 0.95
8017159 0.74 0.82 5.26 4.11 0.99 0.25 4625 36 1.38.95 0.05 2.67
8210100 0.70 0.82 3.15 1.00 1.37 0.14 4692 36 253 0.20 0.88 1RC
8211551 0.73 0.82 10.32 0.92 0.77 0.03 4822 36 2.48.20 0.06 1.53
8476245 0.78 0.81 4.29 1.10 1.09 0.09 4865 159 1.96.28 0.22 2.22
8873797 0.69 0.81 7.50 1.28 0.98 0.07 4500 40 2.41 0.32 0.69 1RC
9288026 0.76 0.83 7.19 3.02 0.88 0.17 5050 36 2.4R.36 0.05 1.73
9474021 0.69 0.85 3.99 4.23 1.18 0.37 4080 36 1.20.47 0.05 2.71
10186608 0.69 0.83 595 1.82 1.02 0.13 4725 49 243 0.00 0.6 1RC
10323222 0.68 0.82 4.83 0.59 1.27 0.03 4706 75 2.60 0.06 0.69 RGB
10403036 0.77 0.83 11.84 2.92 0.86 0.06 4505 87 19261 0.05 2.02
10404994 0.72 0.83 2.80 0.23 1.36 0.03 4855 42 25805 0.11 1.73 RC
11045542 0.72 0.84 466 3.08 1.14 0.21 4450 36 1.76.51 0.09 2.29
11342694 0.67 0.80 8.27 3.01 1.15 0.11 4575 36 282 038 005 1
11444313 0.69 0.82 5.21 0.79 1.08 0.07 4750 36 2.46.01 0.05 1.67 RC
11657684 0.75 0.83 5.51 1.63 1.04 0.13 4840 36 24a4.09 0.07 1.71 RC
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