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ABSTRACT

We present new stellar population models of Lick absorplioa indices with variable el-
ement abundance ratios. The models are based on our newatalils of absorption-line
indices with stellar parameters derived from the MILESIatdlbrary. The key novelty com-
pared to our previous models is that they are now availabileeahigher spectral resolution
of MILES (~ 2.7 A FWHM) and flux-calibrated, hence not tied anymore to thekllidS
system. This is essential for the interpretation of galgpgctra where calibration stars are not
available, such as large galaxy redshift surveys or ottghr-heédshift observations. We note
that the MILES resolution appears to be comparable to SDSSution, so that our models
can be applied to SDSS data without any corrections forunstntal spectral resolution. For
the first time we provide random errors for the model predictibased on the uncertainties in
the calibration functions and the underlying stellar pagtenestimates. We show that random
errors are small except at the edges of the parameter spgbddgtv metallicities and young
ages< 1 Gyr) where the stellar library is under-sampled. We catibthe base model for the
parameters age, metallicity andFe ratio with galactic globular cluster and galaxy gradient
data. We discuss two model flavours with different inputlatedvolutionary tracks from the
Frascati and Padova groups. The new model release now @scélmindance variations of the
elements C, N, Mg, Na, Si, Ca, Ti, Cr, and Fe. The individuafrednts that are best accessible
with these models and the standard set of Lick absorptidnfesiare C, N, Mg, Ca, Ti, and
Fe. The model data is available at www.icg.port.ac:ttkbmasd.
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abundances galaxies: stellar content galaxies: staectust

1 INTRODUCTION The Lick group have defined a set of 25 optical absorption-
) line indices (Burstein et al. 1984; Faber et al. 1985; Gorjaal.
The spectra of galaxies and globular clusters carry a weittfor- 1993; Worthey et al. 1994; Trager et al. 1998; Worthey & Otta-

mation about gas and stellar population properties. Eonidgies
are used to derive gas kinematics, star formation activityladack
hole accretion (e.g. Kauffmann et al. 2003; Tremonti et @042
Sarzi et al. 2006; Schawinski et al. 2007). The absorptioa éind
stellar continuum component of the spectrum, instead|atiss
stellar population properties that act as fossil record eal be
used to derive ages, formation epochs, star formationrigstcand
element abundances (e.g. Trager et al. 2000a; Kuntschi&, 20
Thomas et al. 2005; Nelan et al. 2005; Bernardi et al. 2006ids

et al. 2010). The absorption features in a spectrum arecpbatly
useful for several reasons. They can easily be measuredand c
ibrated to a common system (Burstein et al. 1984; Faber et al.

viani 1997), the so-called Lick index system, that are bytfer
most commonly used in absorption-line analyses of oldatetbp-
ulations. The bandpasses of Lick indices are relativelydarith
widths up to50 A and two windows blue- and redward of the
band-pass defining pseudo-continua. They have been dddigne
massive galaxies with significant line broadening throusmtdom
motions of the stars. The advantage is that a wide bandpass in
creases the signal-to-noise ratios and measurementsl|atieely
robust. The downside is that Lick indices are an agglomamaif a
large number of absorption lines from various chemical elets
so that their use for the derivation of individual elementradtances

is nontrivial.
1985), they are largely insensitive to dust attenuationaMthur
2005), and they allow to dissect 'metallicity’ into individl ele- Tripicco & Bell (1995) made a critical step forward and deter
ment abundances (Greggio 1997; Tantalo et al. 1998; Tragdr e  mined the sensitivity of Lick absorption-line indices talividual
2000b; Thomas et al. 2003) that in turn set valuable comgsain element abundance variations through model atmosphecelaal

the chemical enrichment history (Thomas et al. 1999). tions. Trager et al. (2000b) developed a method to incotpdhese
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results in the analysis of stellar populations, which fadritee bases
for the first stellar population models of Lick absorptidnel in-
dices with variable element abundance ratios (Thomas 2088).
These models have subsequently been updated with new ntedel a
mosphere calculations by Korn et al. (2005, see also Hoattasth
al 2005) for non-solar metallicities and the higher-ordedrBer
line indices (Thomas et al. 2004, hereafter TMB/K models). A
number of other element abundance sensitive models have bee
published since either for absorption-line indices follogy this
semi-empirical method (Annibali et al. 2007; Schiavon 2008e
et al. 2009) or full spectral energy distributions using egputhe-
oretical approach (Coelho et al. 2007; Walcher et al. 2009).

Most of the models quoted above, including TMB/K, use the
empirical calibrations of the Lick absorption-line indsceith stel-
lar parameters (the so-called fitting functions) based enLfick
stellar library (Worthey et al. 1994). This library has noeeb su-
perseded by modern samples, most notably the Medium-tesolu
Isaac Newton Telescope library of empirical spectra (8ame
Blazquez et al. 2006, MILES). MILES features a better cager
in stellar parameters, higher spectral resolution, gdiyenégher
signal-to-noise, and a careful flux calibration. An updatehe
Maraston (2005, hereafter M05) stellar population modefudif
spectral energy distributions including the MILES librasypub-
lished in Maraston & Strombéack (2010). The aim of the pnése
work is to include the MILES library in the TMB/K model. To i
end we have constructed new empirical fitting functions tase
the MILES library (Johansson et al. 2010, hereafter JTMii@ye
we present the final stellar population model of absorplioa-in-
dices.

This model is the flux-calibrated version of the TMB/K model.
It has been extended further by considering both MILES ar Li
spectral resolution, the inclusion of additional compiota based
on the Padova stellar evolutionary tracks and a large rahipelio
vidual element abundance variations considering the cst@get
of ten elements provided in Korn et al. (2005). We test thisleho
on galactic globular cluster data. In a companion paper Ifid®
et al. 2010, hereafter Paper Il) it is used to derive the etermieun-
dance ratios [C/Fe], [N/Fe], [O/Fe], [Mg/Fe], [Ca/Fe], diidFe].
For the first time we provide statistical errors for each nhpdedic-
tion.The flux calibration in particular eases the applmanf these
models to observational data where calibrating stars aravsil-
able, ie galaxy redshift surveys such as the Sloan Digital Sk-
vey (York et al. 2000) or other high-redshift observatiodmgler
et al. 2005; Bernardi et al. 2006; Kelson et al. 2006; Sanche
Blazquez et al. 2009; Thomas et al. 2010; Carson & NichoD201

The paper is organised as follows. In Sections 2 and 3 we
present the model. The calibration of the models with gadatbb-
ular clusters and galaxy data is shown in Section 4 as welias t
comparison with other models in the literature. The paper co
cludes with Section 5.

2 THE BASE MODEL

The stellar population model of absorption-line indicessanted
here is an extension of the TMB/K model, which is based on the
evolutionary population synthesis code of Maraston (19885)
assuming a Salpeter initial stellar mass function. We réfier
reader to these papers for details. In the following we hyrigfim-
marise the major ingredients to the base model.

2.1 Stellar evolutionary tracks

Following M05 and to ensure continuity with the TMB/K model,
the stellar evolutionary tracks from Cassisi et al. (199&reh
after Cassisi) are adopted, except for the highest matgliiwodel
where Padova tracks (Girardi et al. 2000, hereafter Padane&)
used. In the present work we complement our model set with fur
ther calculations based on Padova tracks at high metedBaitith
[Z/H] > —0.33 where differences are significant between the two
model sets. Hence two separate flavours of the model baseeon t
different sets of stellar tracks (Cassisi and Padova) areiged.
Padova tracks have been chosen as comparison set, because
these tracks are the most widely used in most other stellpr po
ulation synthesis models in the literature (M05, and refees
therein), in particular in other models of Lick absorptidmel in-
dices (Schiavon 2007; Vazdekis et al. 2010). Cassisi andvRad
tracks have also been chosen because they are differentmia so
key aspects such as the treatment of overshooting or thegnixi
length parameter as summarised below. In this way, the twadeino
flavours presented in this paper encompass some of the aimcert
ties in stellar evolution theory. A major difference thatpacts on
the present model is the fact that at high metallicities,Radova
Red Giant Branches are cooler than those of the Cassisistrack
(Fig. 9 in M05). This generally leads to stronger metal apsor
tion indices and weaker Balmer line absorption indices Gee
tion 4.2). In the following we discuss some of the key ingeads
in stellar evolutionary tracks.

2.2 Mass loss

Stellar mass loss cannot be predicted by stellar tracks. ddrnes
from the fact that a theory relating mass-loss rates to the ba
sic stellar parameters does not exist. Therefore, masshisso

be parametrised and its efficiency calibrated with data. B6M
the amount of mass loss is usually parametrised by meansof th
Reimers (1975) empirical formula that includes a mass Idfss e
ciency parameter. In order to trace the Horizontal Branch evo-
lution properly, MO5 uses the evolutionary track for theitnel-
burning phase of the mass that is obtained after mass logs is a
plied to the Red Giant Branch track. Here we follow the appinoa
by Maraston & Thomas (2000) that was to modify the mass loss
parameter as a function of metallicity such that the Balmer ab-
sorption indices of globular clusters can be reproduced G-
tion 4.1.1).

2.3 Convective overshooting

Different from the Padova tracks, the Cassisi tracks areraal
stellar evolutionary tracks, i.e. the efficiency of the ®leroting
parameter is assumed to be zero (M05). The inclusion of ffste
in stellar evolutionary tracks is still controversiallysdussed in the
literature, and a detailed assessment of this issue goesteke
scope of the present work.

It is interesting to note, however, that the Padova tracke ha
a turnoff mass at given age that is larger than that of caabnic
tracks as a consequence of the different treatment of ctineec
overshooting (M05). Stellar models with overshooting hen@re
massive convective cores, therefore they run to higherrogi
ties and live longer than classical models. Therefore, #n Giant
Branch phase transition occurs@as Gyr in classical models and
at1 Gyr in models with overshooting (MO05).
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2.4 Mixing length

The calibration of the mixing length for the Cassisi trackgle-
scribed in Salaris & Cassisi (1996). The tracks with solaratfie-

ity are computed forx = 2.25, a value that matches the Sun. This
same value is kept in the tracks with supersolar metabigi(Bono
et al. 1997). At subsolar metallicities, however, the mixlangth
parameter is not assumed to be the same, but to varyAyituch
that the temperatures of the Red Giant Branch tips of MilkyyWa
globular clusters are reproduced (M05). The values ranga

to 1.75, with a trend of decreasing mixing length with mectéi).

In the Padova tracks, instead, the same value of the mixingth
parameter that is calibrated with the Sun is assumed at &dllilce
ities.

2.5 Non-solara/Fe ratios

Note that in TMB/K solar-scaled tracks were adoptedog¥e-
enhanced stellar tracks at the time appeared too blue antb led
unrealistically old ages for galaxies (Thomas & Marasto@3)0It
turned out that indeed the effect @f Fe enhancement on the stel-
lar evolutionary tracks was overestimated previously @&/ait al.
2006), and the recent work by Dotter et al. (2007) confirms tha
a/Fe enhanced stellar evolutionary tracks are not significaitty
ferent from their solar-scaled counterparts. We theretorginue

to use the solar-scaled stellar tracks employed in TMB/K.

2.6 Stellar atmosphere

It should be emphasised that stellar atmosphere calcntagater
the present model only marginally. Continuum fluxes are tatbp
from the model atmospheres in order to calculate the finalrabs
tion index. The spectral features themselves, howeveratiegro-
duced in the stars atmospheres (measured as Lick indice®)-ar
cluded the model through empirical relationships as erpliin
the following section.

3 LICK ABSORPTION LINE INDICES

Substantial progress in exploiting galaxy spectra has beste by

the Lick group who defined a set of so-called absorption-iine
dices tracing the most prominent absorption features irvigheal
wavelength region (see Introduction). The TMB/K model hasrb
developed to compute Lick absorption-line index strenfithsar-

ious chemical element abundance ratios. In the followingovee
vide a brief overview of the TMB/K approach with particulane
phasis on the novelties of the present model calculatioorsmiere
details on the model we refer the reader to Thomas et al. (2003
2004).

3.1 Empirical calibrations - fitting functions

Lick absorption-line strengths are computed through eicgdical-
ibrations of index strength with stellar parameters. Irs thriost
widely adopted approach first absorption-line strengtlesraea-
sured on the stellar spectra of an empirical library, theaydital
calibrations of these index strengths with stellar paransetre de-
rived (fitting functions), which are then included in the kxtmnary
population synthesis code. In TMB/K these so-called fitfingc-
tions have been adopted from Worthey et al. (1994) baseden th
Lick/IDS stellar library.

This is alternative to approaches in which absorption-line
strengths are measured directly on the synthetic speatee
distribution predicted by the stellar population modelcl$umod-
els can be based either again on empirical libraries ofestefiec-
tra or on fully theoretical model atmosphere calculatidrtee lat-
ter are known to suffer from incomplete line lists and coutim
uncertainties, however (Korn et al. 2005; Rodriguez-kemt al.
2005; Coelho et al. 2007; Lee et al. 2009; Walcher et al. 2009)
As discussed in JTM10, the major strength of fitting funcsion
instead, lies in the fact that they allow for interpolatiogtween
well-populated regions of stellar parameter space whicteeses
the accuracy of the model in stellar parameter space thatlys o
sparsely sampled by empirical stellar libraries (see alspalgton
et al. 2009). Moreover, each absorption index or spectedufe is
represented by an individual fitting function, which is opised to
best reproduce its behaviour in stellar parameter spadgs allows
us to compute errors in the model predictions for each iddid in-
dex (see Section 3.2), an opportunity that is exploitedépttesent
work for the first time. Finally, fitting functions are alsoséer to
implement in a stellar population synthesis code, and nsdoleded
on fitting functions are better comparable.

In JTM10 we have recently calculated new empirical fitting
functions for the 25 optical Lick absorption-line indiceasied on
the new stellar library MILES. The MILES library consists 285
stars selected to produce a sample with extensive stelameder
coverage. The MILES library was also chosen because it hers be
carefully flux-calibrated, making standard star-derivéfdeais un-
necessary. In JTM10 we find the index measurements of the BIILE
spectra to have very high quality in terms of observationdek
errors. The new model presented here uses the JTM10 fittireg fu
tions.

3.2 Calculation of statistical errors

The construction of the model through fitting functions afous
to make a straightforward assessment of the statisticatson
each individual index prediction that is caused by the uager
ties in the index calibrations. We calculate errors in thelei@re-
dictions through Monte Carlo simulations. In 600 realisasi per
simulation we perturb both index measurements and stedtanp-
eters for each star using the errors given in SanchezgBtzet al.
(2006). For each realisation we re-derive the fitting fuorcsi and
insert those in the the stellar population code. This yiéi¥index
predictions per index and stellar population parameter agtal-
licity, and a/Fe ratio. We then fit a Gaussian to the distribution of
index strengths and derive theslerror. These numbers are pro-
vided in a separate table in the model data release. Not¢hise
errors do not include systematic effects such as a changelzfrs
evolutionary track, for instance.

3.3 Spectral resolution

In JTM10 we have computed fitting functions for both the reso-
lution of the MILES library and the resolution of the Lick/D
library. In this work we therefore provide index predictsofor
both spectral resolutions. Note that the stellar poputasipectral
resolution of MILES turns out to be somewhat worse than dtate
in Sanchez-Blazquez et al. (2006) and Vazdekis et al.qR0d/e
have run tests in which we use theARDALF-PPXF CODE(Cap-
pellari & Emsellem 2004; Sarzi et al. 2006) and stellar papiah
templates from Maraston & Stromback (2010) based on MILES
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to derive velocity dispersions of galaxies from the Sloagitai Table 1.Element ratio bias for the various metallicities.
Sky Survey (SDSS) data base (York et al. 2000). Our resutis in
cate that the velocity dispersions from the SDSS-MPA/JHt4& da Elementratio —2.25 —1.35 —0.33 00 035 067
base (Kauffmann et al. 2003; Tremonti et al. 2004) are well re

produced (Thomas et al, in preparation). This indicatesdtedlar [C/Fe] 0.30 030 010 0.00 0.00 0.00
population models including the MILES Iibroary are at SDS8csp %ﬁg 828 828 818 8:88 8:88 8:88
tral resolution & ~ 1800 — 2000 at 5000 A). This conclusion [Na,/Fe] 0.30 0.30 010 0.00 000 000
gets support from direct measurements of the spectralutisol [Mg/Fe] 0.30 0.30 010 0.00 000 0.00
on the spectral energy distributions from Maraston & Stvank [Si/Fe] 0.30 0.30 0.10 0.00 0.00 0.00
(2010) and Vazdekis et al. (2010) model predictions. Thenan- [Ca/Fe] 0.20 0.20 0.07 0.00 0.00 0.00
dicate a resolution af.7 A FWHM (Kuntschner et al. 2006, 2010, [Ti/Fe] 0.15 0.15 0.05 0.00 0.00 0.00
H. Kuntschnerprivate communication). [Cr/Fe] 0.00 0.00 0.00 000 0.00 0.00

3.4 Index response functions

The models take into account the fact that the empirical stel
lar libraries used to compute model indices follow the cleahi
enrichment history of the MilkyWay, and are therefore bihta
wards super-solatw/Fe ratios at sub-solar metallicities. We cor-
rect for this bias, so that the models have well-defingde ra-
tios at all metallicities. Particular care has been takerahibrating
the TMB/K models with galactic globular clusters, for whiages,
metallicities and element abundance ratios are known frofe-i
pendent sources.

Our models include different chemical mixtures and elenaéon-
dance ratios. To compute optical Lick indices for these dbalm
mixtures, the impact from element ratio changes has to be as-
sessed. This is done with the help of the so-called indexoresp
functions of Korn et al. (2005). Extending the work of Tripic&
Bell (1995), Korn et al. (2005) calculate model atmosphevith
solar-scaled element ratios for various combinations ofpera-
ture, gravity, and total metallicity. In subsequent modeksabun-
dances of the elements C, N, O, Na, Mg, Si, Ca, Ti, Fe, and Cr are
doubled in turn, in order to determine the sensitivity ofithek ab-
sorption indices to element abundance variations. Thegmnse
functions are included in the model following an extensidithe
method developed in Trager et al. (2000b). 3.6 New element abundance variations
More specifically, Korn et al. (2005) compute the model in-
dex by splitting the basic simple stellar population modettie
three evolutionary phases, dwarfs, turnoff stars and gidutk in-
dex strengthd of the base model for each phase are computed
separately, and modified using the fractional responsekeoirnt
dex strength®1/I,. As discussed in Korn et al. (2005), these are
applied to the flux in the absorption line rather than to theog-
tion index, as the former is always a positive quantity, fidices
can be technically negative. In this way numerical robusgrige en-
sured.

For the new model presented here we complement and extend
the list of element ratios provided by the TMB/K model. The
new model is computed for the standard element rdtigée] =
—0.3,0.0,0.3,0.5 dex and additional model calculations. In each
of these, only one of the elements C, N, Na, Mg, Si, Ca, and Ti is
increased by).3 dex relative to thex-element abundance. Hence,
this yields seven different additional model tables with ¢hement
ratios[X/a] = 0.3 dex forX =C, N, Na, Mg, Si, Ca, Ti. These
can be used to assess the effect of abundance variatiorssef ¢h
ements. We do not include O, because this element domirwggs t
metallicity, and Fe, because this element is already censitwith
varying e/ Fe ratio.

We emphasise again that metallicity is kept fixed in these cal
The so-calledr-elements (i.e. O, Mg, Si, Ca, Ti) and other light culations. Note, however, that these elements do not Gorérsig-
elements (i.e. C, N, Na) are combined to the ’enhanced group’ nificantly to the overall mass budget when treated indiviigua
while the iron peak elements (Fe, Cr) form the 'depressedgro Therefore, one can safely consider those enhancementsnas mi
The ratio between those two groups is varied at fixed totablmet  perturbations. Since this does not apply to O, we do not Gleu
licity, and is calledx/Fe. Hence the abundances of all elements in individual enhancements for this element. As discussea@pePlI,

3.5 Inclusion of element abundance variations in TMB/K

one group are modified in lockstep. Model predictions of Ladk there is strong evidence now that the heavier ofdtleements like
sorption index strengths for the following element ratios pro- Caand Ti are less enhanced than O or Mg in metal-poor Milky Way
vided in the TMB/K model:[a/Fe] = —0.3,0.0,0.3,0.5 dex. stars (Feltzing et al. 2009; Bensby et al. 2010). Differeoirf the

On top of this, the abundances of the individual elementsarar TMB/K model we consider these elements separately in the new
nitrogen, and calcium are modified in separate model piiedit model, therefore this differential bias in the library sthas to be
providing the element ratiggy/N] = —0.5, [«/C] = —0.1, and taken into account (see Section 3.5). We assume a bias afex
[a/Ca] = —0.1,0.2,0.5 dex. for the light elements, which we reduce@@ — 0.15 dex for those
The solar abundances from Grevesse et al. (1996) are adoptedelements with higher atomic number. The detailed bias @dbist
It should be emphasised that differences between thesesvahd summarised in Table 1. Note that the element réfigFe] is in-
more recent determinations can be considered small (Admtial. cluded in the bias table, even though we do not consider iohdiv
2009). Most importantly, however, variations of the solaum ual O/Fe ratios. The reason is that O abundance is includ#dtein
dances do not affect the models presented here. The solaf abu 'enhanced group’ . Like in TMB/K we do not assume any bias at
dances only serve as reference frame to which the element abu super-solar metallicity as suggested by Proctor et al.4pG3 the
dance ratios of our models are normalised. A change in sbiar-a various elements still exhibit conflicting trends (see désion in
dance can be easily accounted for a posteriori by simpleakng. Thomas et al. 2005).
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3.7 Summary of new features Table 2. Reducedy? values for model-data comparison in Figs-4 and

The new features of this model are. 1) Based on a flux-cadiirat  median relative errors in the globular cluster sample.
version of the Lick/IDS index system. This is achieved tlylou
the new flux calibrated fitting functions of JTM10 based on the

Index al[Z/H] [Z/H] > —0.8dex 6I/I calibrated

MILES stellar library. 2) Error estimates for each index asdtion (1) ) ©) ) ©)

of stellar population parameters. 3) Model predictions/jated for Héa 0.9 0.9 0.12 yes

MILES and Lick spectral resolutions. 4) Two different saelevo- Hép 0.8 1.5 0.18 no

lutionary tracks (Cassisi and Padova). 5) Additional sétaadels. CN; 0.8 5.5 0.11 yes

In each of these, only one of the elements C, N, Na, Mg, Si, Ca, CN2 0.8 4.8 0.09 yes

and Tiis increased b.3 dex relative to thev-element abundance. Cad227 1.8 2.9 0.13 yes

A differential element ratio bias in the stellar librari¢sav metal- G4300 0.7 1.3 0.07 yes

licities is considered to account of the fact that heavi&ements Hya 0.7 11 0.08 yes

. Hyp 0.7 1.1 0.11 yes

tend to be less enhanced in metal-poor halo stars. Fea383 06 0.9 011 yes
Cad455 0.5 0.9 0.28 no
Fe4531 0.5 1.2 0.06 yes
C24668 0.8 21 0.12 yes

4 MODEL TESTING Hp 0.8 15 0.09 no

Following our strategy for the TMB/K models, we compare the 789015 2.9 2.9 0.05 no

model predictions with observational data of galactic glabclus- mgl g'g 8'2 g'ég ygz

ters, as the latter are the closest analogues of simplarspslpu- M?b 06 06 0.06 zes

lations in the real universe (Maraston et al. 2003). Key & th- Fe5270 0.6 0.6 0.09 yes

dependent estimates of ages, metallicities, and elementiabce Fe5335 0.6 0.6 0.09 ves

ratios are available for the globular clusters of the Milkgyfrom Fe5406 0.6 0.6 0.11 yes

deep photometry and stellar high-resolution spectroscapydis- Fe5709 0.8 0.8 0.15 no

cussed in Thomas et al. (2003, see references therein}igajimb- Fe5782 12 2.2 0.14 no

ular clusters are known to be old andFe enhanced similar to halo NaD 4.1 6.5 0.05 no

field stars (for more recent compilations see De Angeli 2G05; TiOy 0.9 0.9 0.59 no

Pritzl et al. 2005; Mendel et al. 2007). TiOz 0.7 0.9 0.63 no

The globular cluster samples considered here are from Puzia

et al. (2002) and Schiavon et al. (2005). We do not use theesdi

tabulated in Puzia et al. (2002) directly, because thesesmea iy order to eliminate the residual/Fe dependence of the index

ments have been calibrated onto the Lick/IDS system by ctinge [MgFe] introduced by Gonzalez (1993). The plots show timee-

for Lick offsets. Schiavon et al. (2005) do not provide limeléx els at Lick spectral resolution with an age 1f Gyr, the metal-

measurements. Hence we measure line strengths for all 25 Lic |jsjties [Z/H] = —2.25, —1.35, —0.33, 0.0, 0.35, 0.67 dex,

gbsorption_—li_n_e indices directly on the globular clustpetstra_l us- and[a/Fe] = 0.0,0.3,0.5 dex as solid magenta, yellow, and cyan

ing the definitions by Trager et al. (1998) and Worthey & Oaav lines, respectively. Hence each line is a model at fixed ade@Re

(1997). Both globular cluster sample have been flux caldtaso ratio with total metallicity increasing from left to righThe grey

that no further offsets need to be applied for the comparisioim shaded area along the model wjthyFe] = 0.3 dex (yellow line)

the models presented here. We have smoothed the spectrekto Li jngicates the 1= error of the model prediction.

spectral resolution before the index measurement in ocdaitdw Dotted lines are the original TMB/K model for comparison.

for a straight comparison with the TMB/K model. Note that the  note that this model is inherent to the Lick/IDS system. Bigan-

Schiavon et al. (2005) spectra are corrupt around 454665 A, cies between the TMB/K and the new model will be caused mostly

so that the indices Fe4531 and Fe5015 cannot be measured (S05 by differences in the fitting functions adopted (Worthey kts
For more details we refer the reader to Paper Il. A table with t JTM10), and the flux-Lick/IDS calibration.

resulting indices is provided in the online model data redea Data of galactic globular clusters from Puzia et al. (200%) a
The aim of this section is to test the new models with globu-  g¢hiavon et al. (2005) are filled squares and open squaggETe
lar cluster data. As index definitions have not been modifiettié tively. The typical errors in the globular cluster index ree@ements
present work, we refer the reader to the literature for a cetrgn- (see Paper II) are given by the error symbol at the bottom cff ea
swg dISCUSS.IO.n of Lick index behaviour with element abumga panel. Finally, the small black dots are early-type galakiem the
ratio (e.g. Tripicco & Bell 1995; Trager et al. 2000b; Thoneasl. MOSES catalogue (MOrphologically Selected Early-typegiis
2003, 2004; Korn et al. 2005). in SDSS; Schawinski et al. 2007; Thomas et al. 2010) drawm fro

the SDSS data base. Only measurements on high signalge-noi
) ] spectra withS/N > 40 are shown, primarily in order to provide an
4.1 Comparison with globular cluster data indication for the locus of massive galaxies in this diagram
We split the presentation in four different figures: the five
Balmer line indices in Fig. 1Hda, Hér, Hya, Hyr, HQB), the
indices with a positive response tg/Fe enhancement in Fig. 2
(CN;, CNg, Cad227, G4300Mg,, Mg,, Mgb), the indices
with negative responses to/Fe enhancement in Fig. 3 (Fe4383,
Fed4531, Fe5015, Fe5270, Fe5335, Fe5406, Fe5709, Fe5782) ,
[MgFe]’ = \/Mgb (0.72 - Feb270 4 0.28 - Fe5335) @) and the remaining indices that are insensitivexit¥e in Fig. 4

Figs. 1, 2, 3, 4 are a re-make of Fig. 2 from Thomas et al. (2003)
Following Thomas et al. (2004) we plot predictions for the 25
absorption-line indices as functions of the indd%gFe]’ in order

to visualise better they/Fe sensitivity of each individual index.
This index has been defined in Thomas et al. (2003) as
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Figure 1. Calibration of the Balmer line indices. Three models at Ligectral resolution with an age df3 Gyr, the metallicites[Z/H] =
—2.25, —1.35, —0.33, 0.0, 0.35, 0.67 dex, and[a/Fe] = 0.0,0.3,0.5 dex are shown as solid magenta, yellow, and cyan lines, céeplg. Each
line is a model at fixed age and/Fe ratio with total metallicity increasing from left to righthe grey shaded area along the model VfitliFe] = 0.3 dex
(yellow line) indicates the T error of the model prediction. Dotted lines are the origiitiB/K model that is inherent to the Lick/IDS system. Galacti
globular clusters from Puzia et al. (2002) and Schiavon.€2805) are filled and open squares, respectively. Thedypgitors in the globular cluster index
measurements are given the error symbol at the bottom ofpadl. The small black dots are early-type galaxies froM@SES catalogue (MOrpholog-
ically Selected Early-type galaxies in SDSS Schawinski.e2@07; Thomas et al. 2010) drawn from the SDSS (Sloan Di§iky Survey) data base (York
et al. 2000) including only high signal-to-noise spectréhvéi/ N > 40.

(Ca4455,C,4668, NaD,TiO1, TiO2). Following Thomas et al. ular clusters (Thomas et al. 2003, see discussion in Pagerdll
(2003, 2004) we consider a model well calibrated if the madek references therein). A proper fit to the data including thiatian
with [a/Fe] = 0.3 matches the globular cluster data. of various other element abundance ratios is presentedoierPa

Therefore, we deem an index badly calibrated if the model
prediction for[a/Fe] = 0.3 dex deviates significantly from the
globular cluster datachi® > 1.5 in either Columns 2 or 3 in Ta-
ble 2), if the median observational relative error in thebglar
cluster sample exceeds 0.5 (Column 4 in Table 2), and if ttiexin
is not sensitive to other element ratios beyonddli®e ratio (Fig. 1
in Paper Il). The result of this selection process is sumsedrin
Column 5 of Table tab:chi2.

To quantify this comparison, we calculate the median reduce
x? values for this comparison. We perform two tests, one irinlyid
all globular clusters, and one focusing on high metallicitysters
with [Z/H] > —0.8 dex. The results are listed in Table 2. Note
that these numbers should be interpreted with care. Thaiisaio
aid the identification of well calibrated and badly caliletndices
in the following discussion. Low? can be produced by large er-
rors, and may not necessarily indicate a good match. Funtbrey,

this exercise does not include the variation of other el@émagivs, Finally, it is interesting to note that model errors are gatg
that we know are crucial for some indices, in particular ¢htsat very small and well below the observational errors aroundrso
are sensitive to individual elements whose abundances hiay s  metallicity. Errors rise considerably and become comgartbthe
anomalies in galactic globular clusters. For instance,itiées typical observational error toward the highest and lowestattic-

CN; andCN;, are very sensitive to N abundance, and it is known ities. This behaviour ought to be expected and is a direcseon
that nitrogen abundance is additionally enhanced in galgtdb- guence of the empirical stellar library, in which the steffaram-
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Figure 2. Calibration of the indices that correlate witty Fe. Three models at Lick spectral resolution with an agd ®fGyr, the metallicities|Z/H] =
—2.25, —1.35, —0.33, 0.0, 0.35, 0.67 dex, anda/Fe] = 0.0, 0.3, 0.5 dex are shown as solid magenta, yellow, and cyan lines, cteplg. Each line is a
model at fixed age andl/Fe ratio with total metallicity increasing from left to righthe grey shaded area along the model WitfiFe] = 0.3 dex (yellow line)
indicates the I» error of the model prediction. Dotted lines are the origiisIB/K model that is inherent to the Lick/IDS system. Galadlobular clusters
from Puzia et al. (2002) and Schiavon et al. (2005) are filiedl @pen squares, respectively. The typical errors in thbulgo cluster index measurements
are given the error symbol at the bottom of each panel. Thdl dtaak dots are early-type galaxies from the MOSES catao@MOrphologically Selected
Early-type galaxies in SDSS Schawinski et al. 2007; Thontad.e2010) drawn from the SDSS (Sloan Digital Sky Surveyadadse (York et al. 2000)
including only high signal-to-noise spectra with N > 40.

eter space is inevitably sampled worse at the ends of thebdist 4.1.1 Balmer lineindices
tion. This is well consistent with a recent conclusion of dekis
et al. (2010) who show that the stellar population model iual

Fig. 1 confirms our previous results that the Balmer line dadi
decreases toward the edges of parameter space.

are generally quite sensitive to/Fe ratio variations. Absorption-
line strengths of the higher-order Balmer lifté8, , Hor, andH~a
increase considerably with increasingFe at super-solar metal-
licities. This is critical for the derivation of galaxy agéEhomas

et al. 2004; Thomas & Davies 2006). As discussed in Thomds et a
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Figure 3. Calibration of the indices that anti-correlate witliFe. Three models at Lick spectral resolution with an agéGyr, the metallicitied Z/H] =
—2.25, —1.35, —0.33, 0.0, 0.35, 0.67 dex, and«/Fe] = 0.0, 0.3, 0.5 dex are shown as solid magenta, yellow, and cyan lines, cégglg. Each line is
amodel at fixed age ang/Fe ratio with total metallicity increasing from left to righthe grey shaded area along the model WitfiFe] = 0.3 dex (yellow
line) indicates the 1» error of the model prediction. Dotted lines are the origifi®lB/K model that is inherent to the Lick/IDS system. Galaagiobular
clusters from Puzia et al. (2002) and Schiavon et al. (2065fiked and open squares, respectively. Note that we cootidnake reliable measurements of
Fe4531 and Fe5015 index strengths for the Schiavon et @5§Zample. The typical errors in the globular cluster indeasurements are given the error
symbol at the bottom of each panel. The small black dots ate-@e galaxies from the MOSES catalogue (MOrpholodjc8elected Early-type galaxies
in SDSS Schawinski et al. 2007; Thomas et al. 2010) drawn ffenSDSS (Sloan Digital Sky Survey) data base (York et al0p@tcluding only high
signal-to-noise spectra withi/ N > 40.

(2004) and Korn et al. (2005) this is caused by prominent Fe ab matched. In more detail, however, it can be seen that globlla-

sorption in the pseudo-continuum windows of the index dedini ters at higher metallicities are below the models for théciesH i
The indicesH~r andHp, instead, are only very little sensitive to  and, most prominentlyil 3. The x? values quoted in Table 2 con-
a/Fe. firm this conclusion. Other recent models in the literatuneve

the same pattern (Schiavon 2007; Lee et al. 2009; Cervantes &
Vazdekis 2009; Vazdekis et al. 2010; Poole et al. 2010), whas
therefore been called?3 anomaly’ by Poole et al. (2010). Fig. 1

The globular cluster data seems generally well reproduged b
the model for all Balmer line indices. In particular the wlesf in-
creasing Balmer line strength with decreasing metallistyvell
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Figure 4. Calibration of the indices that are insensitivectpFe. Three models at Lick spectral resolution with an agé3Gyr, the metallicitiesZ/H] =
—2.25, —1.35, —0.33, 0.0, 0.35, 0.67 dex, and«/Fe] = 0.0, 0.3, 0.5 dex are shown as solid magenta, yellow, and cyan lines, cégglg. Each line is a
model at fixed age and/Fe ratio with total metallicity increasing from left to righthe grey shaded area along the model WitfiFe] = 0.3 dex (yellow line)
indicates the 1= error of the model prediction. Dotted lines are the origif&IB/K model that is inherent to the Lick/IDS system. Galadlobular clusters
from Puzia et al. (2002) and Schiavon et al. (2005) are filiedl @pen squares, respectively. The typical errors in thbulgo cluster index measurements
are given the error symbol at the bottom of each panel. Thdl dtaak dots are early-type galaxies from the MOSES catao@MOrphologically Selected
Early-type galaxies in SDSS Schawinski et al. 2007; Thontad.e2010) drawn from the SDSS (Sloan Digital Sky Surveyadadse (York et al. 2000)

including only high signal-to-noise spectra with N > 40.

shows that this anomaly may extend to the other Balmer liaes,
leastHdr, while the other higher-order Balmer line indices seem
not to be affected. The location of the index measurements fo
SDSS galaxies is well covered by the models. Younger agefiwou
need to be considered, of course, to match objects with giron
Balmer line indices.

The TMB/K model is shown by the dotted lines. Offsets be-
tween Lick and flux-calibrated systems are clearly smathagre-
dictions from the new model are almost identical to TMB/K.eTh
significantly lower Balmer line strengths at low metallieg come
partly from lower index values in the fitting functions forthgi-
ant stars (JTM10) and partly from a re-adjustment of the russs

parametem such that the globular cluster data are matched. The

efficiency of mass loss along the Red Giant Branch evolus@xi
pected to decrease with deceasing metallicity (e.g. Re&zifoli
1981). To minimise the problem of the Balmer anomaly, we load t
setn = 0 at the lowest two metallicities. Note that the Horizontal

Branch morphology is still not completely red, because tle¢ath
licity is so low that the Horizontal Branch track has natlyralhigh
enough effective temperature such that a non-negligibleustnof
fuel is spent bluewards of the RR Lyrae strip even withoutsnas
loss (Fig. 11 in MO5).

4.1.2 Indicesthat correlate with o/ Fe

Fig. 2 presents the calibration of the indices whose sthenit-
crease with an increase of th¢Fe ratio, i.e.CN;, CN2, Ca4227,
G4300,Mg,, Mg,, andMgb. Note that most of this correlation
with a/Fe is actually caused by an anti-correlation with Fe abun-
dance (Thomas et al. 2003). The index that is most sensttitheet
a/Fe ratio is Mgb. Globular cluster data are very well matched
for G4300,Mg,, andMgb. The models are well off, instead, for
the indicesCN, CN2, Ca4227 as confirmed by the higﬁ val-
ues in Table 2Mg, appears to be slightly below the model, but
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Figure 5. Calibration of Balmer line indices, equivalent to Fig. 1.r&& models at Lick spectral resolution with an age 8f, the metallicities|Z/H| =
—2.25, —1.35, —0.33, 0.0, 0.35, 0.67 dex, anda/Fe] = 0.3 dex are shown. The yellow lines are the same model as in Figsddoon the Cassisi stellar
evolutionary tracks.The grey shaded area along the modigtes the Iz error of the model prediction. The magenta lines are the irfmaed on Padova

tracks at[Z/H] > —0.33 dex. The cyan lines are the model by Schiavon

(2007). Eaehidim model at fixed age and/Fe ratio with total metallicity

increasing from left to right. Galactic globular clustersrh Puzia et al. (2002) and Schiavon et al. (2005) are filletogen squares, respectively. The typical
errors in the globular cluster index measurements are shsvime error symbol at the bottom of each panel. The smak ldlats are early-type galaxies from
the MOSES catalogue (MOrphologically Selected Early-tgp&axies in SDSS Schawinski et al. 2007; Thomas et al. 20d@yrdfrom the SDSS (Sloan
Digital Sky Survey) data base (York et al. 2000) includindydmgh signal-to-noise spectra withl/ N > 40.

the observational error is large enough to keepxRdow. This
is caused by the variation of further chemical elementsetlies
dices are sensitive to. As already discussed in Thomas(@083),
the stronger CN indices in the globular cluster data indicat en-
hancement of nitrogen, while the weaker indices Ca4227\agd
can be explained by a depression of calcium and carbon. lerPlap
we present the full analysis of these element abundancaticens
and show that the globular cluster data can be recoveredmalty

It can further be seen that SDSS galaxies are on line with with
globular clusters as far as the enhancement ofatfiBe ratio is
concerned, but may well have different chemical mixturegre-
ing other elements like carbon, nitrogen, or calcium. A éémi-
cal analysis of SDSS galaxies is the subject of a companiperpa
(Johansson et al, in preparation).

Finally, the TMB/K model (dotted lines) is quite consistent
with our new, flux-calibrated model for the indices Ca42243Q0,
andMg b. Deviations are significant, instead, 0N, CNg, Mg,

andMg,, even though the fitting functions used in TMB/K and in
this work are consistent for these indices and do not explam
offset (JTM10). The most likely cause for deviations is thet that
these indices have their pseudo-continuum windows plaekd r
tively far from the actual index bandpass, so that variatiohthe
shape of the stellar continuum play a larger role.

4.1.3 Indicesthat anti-correlate with «c/Fe

Fig. 3 presents the calibration of the indices whose sthende-
crease with an increase of thg¢Fe ratio, i.e. all Fe indices Fe4383,
Fe4531, Fe5015, Fe5270, Fe5335, Fe5406, Fe5709, and Fe5782
Clearly, the anti-correlation witkx/Fe comes from the response

to the depression of Fe abundance. The indices most sensitiv
«/Fe are Fe4383, Fe5335, and Fe5406. The globular cluster data
are reproduced well for indices Fe4383, Fe4531, Fe 527B3=%5

and Fe5406 as also indicated by the Igtvin Table 2. The mod-
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Figure 6. Comparison of the indices that correlate witfiFe, equivalent to Fig. 2. Three models at Lick spectral resmiuivith an age of 3 , the metallicities
[Z/H] = —2.25, —1.35, —0.33, 0.0, 0.35, 0.67 dex, andjca./Fe] = 0.3 dex are shown. The yellow lines are the same model as in Figs@don the
Cassisi stellar evolutionary tracks.The grey shaded doray dhe model indicates the d-error of the model prediction. The magenta lines are the inode
based on Padova tracks[at/H] > —0.33 dex. The cyan lines are the model by Schiavon (2007). Eaetidia model at fixed age amd/ Fe ratio with total
metallicity increasing from left to right. Galactic glolawlclusters from Puzia et al. (2002) and Schiavon et al. (R@65filled and open squares, respectively.
The typical errors in the globular cluster index measurdmare shown as the error symbol at the bottom of each panelsifall black dots are early-type
galaxies from the MOSES catalogue (MOrphologically SeledEarly-type galaxies in SDSS Schawinski et al. 2007; Ttwetal. 2010) drawn from the
SDSS (Sloan Digital Sky Survey) data base (York et al. 200€luding only high signal-to-noise spectra wifiN' > 40.

els are clearly off the data for Fe5015 and Fe5782, whichrthéu The new model predicts lower index strengths at high metadls
supported by the high? values. Fe5709 has a loy# in spite of a for the indices Fe4383, Fe4531, and Fe5015, which is almest e
bad match, which is caused by the relatively large measureene tirely caused by the offset between the Lick and the fluxkcatd
rors on this index (see Table 2). For the badly calibratettey] is systems.

not clear at this point whether the problem lies in the modé¢he

globular cluster data, but it is certainly advisable not $e these

two indices in an analysis of absorption line spectra.

Most model predictions are consistent with the TMB/K model.
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Figure 7. Comparison of the indices that anti-correlate wit}iFe, equivalent to Fig. 3. Three models at Lick spectral resmiutvith an age ofl3 , the
metallicites[Z/H] = —2.25, —1.35, —0.33, 0.0, 0.35, 0.67 dex, andja/Fe] = 0.3 dex are shown. The yellow lines are the same model as in Fig. 3
based on the Cassisi stellar evolutionary tracks.The dragiedd area along the model indicates the érror of the model prediction. The magenta lines are
the model based on Padova track§4tH] > —0.33 dex. The cyan lines are the model by Schiavon (2007). Eaehidia model at fixed age amd Fe ratio

with total metallicity increasing from left to right. Galée globular clusters from Puzia et al. (2002) and Schiavioal.2005) are filled and open squares,
respectively. Note that we could not make reliable measentésnof Fe4531 and Fe5015 index strengths for the Schiavah @005) sample. The typical
errors in the globular cluster index measurements are shswine error symbol at the bottom of each panel. The smakldaifs are early-type galaxies from
the MOSES catalogue (MOrphologically Selected Early-tgptaxies in SDSS Schawinski et al. 2007; Thomas et al. 20d0yrdfrom the SDSS (Sloan
Digital Sky Survey) data base (York et al. 2000) includindydmigh signal-to-noise spectra withl/ N > 40.

4.14 Indicesinsensitiveto a/Fe spectra. Again, the relatively large observational ernorthe TiO
index measurements lead to loyw values despite the clear offset
between models and observations (see Table 2). NaD is aostyi
difficult because it is affected by interstellar absorptiso that the
observational measurement becomes meaningless. The same d

nficulty seems to apply td'iO+, in which case the interstellar Na
absorption affects the blue pseudo-continuum window aadd¢o

Finally, the indices that are not sensitivedgFe ratio variations
are shown in Fig. 4 . These are Ca44654668, NaD,TiO,, and
TiO2. The three reddest indices are clearly not well calibrated a
has already been concluded in Thomas et al. (2003), and we ca
not recommend these features for the analysis of absorfitien
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Figure 8. Comparison of the indices that are insensitivend@Fe, equivalent to Fig. 4. Three models at Lick spectral resmiutvith an age ofl3 , the
metallicities[Z/H] = —2.25, —1.35, —0.33, 0.0, 0.35, 0.67 dex, andja/Fe] = 0.3 dex are shown. The yellow lines are the same model as in Fig. 4
based on the Cassisi stellar evolutionary tracks.The dragled area along the model indicates the drror of the model prediction. The magenta lines are
the model based on Padova track$4tH] > —0.33 dex. The cyan lines are the model by Schiavon (2007). Eaehidia model at fixed age amd Fe ratio

with total metallicity increasing from left to right. Galée globular clusters from Puzia et al. (2002) and Schiavioal.2005) are filled and open squares,
respectively. The typical errors in the globular clusteter measurements are shown as the error symbol at the bdteamlopanel. The small black dots are
early-type galaxies from the MOSES catalogue (MOrphoklgjicSelected Early-type galaxies in SDSS Schawinski e2@07; Thomas et al. 2010) drawn
from the SDSS (Sloan Digital Sky Survey) data base (York.€2@00) including only high signal-to-noise spectra WitV > 40.

weaker index measurements. Note also that the scatter Bcttie
avon (2007) cluster measurements is unusually large fahedke
indices, which further hampers a meaningful model calibratlt
is less clear, though, why the model fails fBrO-.

Cad455 is reasonably well calibrated. Most notably, thée cal
bration has improved significantly. The TMB/K model seemed t
fail in reproducing observations, most likely because ofrang
Lick calibration of the Puzia et al. (2002) data as discusdezhdy
in Maraston et al. (2003) and Thomas et al. (2003). This erobl
has been solved now with our new flux-calibrated modelsl, Stil
we exclude Ca4455 from the recommended set of indices becaus
of its relatively large measurement error (see TableC3Y1668 is
offset as supported by the enhanggdin Table 2. This particular
index is sensitive to C abundance, though, so the mismatghtmi
well be an abundance ratio effect.

4.2 Models with Padova tracks and literature comparison

In this section we compare with our second set of models based
on the Padova stellar evolutionary tracks at high mettitigi
([Z/H] = —0.33 dex) and with the models of Schiavon (2007). As
far as we are aware, the latter is the only other model in theenti
literature that includes variable element ratios and isflabkbrated
hence not tied to the Lick/IDS system. The figures showing thi
comparison equivalent to Figs. 1, 2, 3, and 4 are Figs. 5,&8hd 8.
The plots show again three models at Lick spectral resalwtith
an age ofl3 Gyr, all six metallicities, andv/Fe = 0.3 dex. The
yellow lines are the same model as in Fig. 1 based on the Cassis
stellar evolutionary tracks. The magenta lines are the irwaiked
on Padova tracks at high metallicities, and the cyan linestlze
model of Schiavon (2007).

There is good agreement between our model and the model
by Schiavon (2007) for the indicedg,, Mg b, Fe5015, Fe5270,
and Fe5335. The higher-order Balmer line strengths tendeto b
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Figure 9. Remake of Fig. 3 in Kuntschner et al. (2010)3 is plotted as a function of [MgFe50{Kuntschner et al. 2010). The SAURON central galaxy
data are the circles with the tails indicating the index grat$ to larger radii. Stellar population models are ovetted for various ages and metallicities at
fixed solara/Fe. Models based on Cassisi and Padova tracks are shown irftihatel and right-hand panels, respectively. The age oflifest model track
is 13 Gyr. Different from Fig. 3 in Kuntschner et al. (2010) thisptompares observational and model data in flux-calibrapette independently of Lick

offsets.

somewhat higher in the Schiavon (2007) model at solar anersup
solar metallicities. The largest discrepancies are fowrdCfN,,
CNy, Ca4227, G4300, Fe4383, and4668. Note that in all these
cases the discrepancies are far larger than the differdrete®en
our models with different evolutionary tracks (yellow andgenta
lines).

Our model produces significantly strongéN; and CN, at
all metallicities, which is better in line with the globulatuster
data. Likewise, the slightly higher Fe4383 index predittio our
model gets support from the observations. The G4300 indexisl
lower in the Schiavon (2007) models, but fits the data bektan t
our model. Ca4227 is significantly stronger in Schiavon {300
The comparison with the globular cluster data is less deigithis
case, however, as both model deviations can be correctedgthr

that this data has been carefully flux calibrated. Fig. 9 ismaake

of Fig. 3 in Kuntschner et al. (2010) plottirig3 as a function of
[MgFe50]. This latter index has been defined in Kuntschner et al.
(2010) in the style ofMgFe]’ combiningMg b with Fe5015 rather
than Fe5270 and Fe5335 because of the restricted wavelemggh
sampled in SAURON observations.

0.69 x Mgb + Fe5015
S @

The stellar population model grid is shown for various ages
and metallicities (at sola®/Fe) on top of the galaxy data. Mod-
els based on Cassisi and Padova tracks are shown in theatatt-h
and right-hand panels, respectively. The age of the oldestein
track is13 Gyr. Different from Fig. 3 in Kuntschner et al. (2010)

[MgFe50]" =

a modification of Ca abundance. The Schiavon (2007) models this plot compares observational and model data in flwbcatiéd

will lead to considerably lower Ca abundances. Findlly4668 is
stronger in our models only at high metallicities, whichibits the
direct comparison with globular cluster data. The Schig\2Q©7)
are expected to yield larger carbon abundances for galaxies

space independently of Lick offsets. We confirm the conolusiy
Kuntschner et al. (2010) that observations at all galaxiy ead rea-
sonably well covered by the models. While globular clusteadio
not allow for the calibration at these high metallicitidse tgalaxy

Our model based on Padova tracks (magenta lines) is consis-data clearly suggests that the model based on Padova tracks p

tent with the base model for the majority of the indices. Tases
for which the discrepancy significantly exceeds the modeirer
(grey shaded area) até3, CN;, CN2, and C24668. Small de-
viations are found for Ca4227, G4300, Ca4455, Fe5015, Fe570
In all cases, equally for the Balmer and the metal lines, toiRa
based models produce lower index strengths. This effecks kn

at super-solar metallicities, however, where no globulaster data

is available for calibration.

4.3 Comparison with galaxy data

We therefore turn to consider galaxy data for a more detaibea-
parison between our models sets with Cassisi and Padovestrac
We use the recently published index gradient data from SANRO
(Kuntschner et al. 2006, 2010). This data provides highadigm
noise measurements of the absorption-line indi€8sFe5015, and
Mg b. Most critically for the comparison with our new models is

forms better. Note that the oldest model track plotted3sGyr,
hence well within the age of the universe (Komatsu et al. 2010

We conclude that galaxy data do not confirm the existence of
an Hp anomaly indicated by globular cluster data (Poole et al.
2010). This indicates that the cause for the Balmer anonmaly i
globular clusters is more likely to be found in the obsensi
measurement. The origin of the problem could be a failurénef t
observations to sample all evolutionary phases properrélston
et al. 2003). Fig. 9 suggests that here is no problem withxgala
age-dating through thH 3 index, instead.

5 CONCLUSIONS

We present new stellar population models of absorptioa-im
dices with variable element abundance ratios. The model exa
tension of the TMB/K model, which is based on the evolutignar
stellar population synthesis code of Maraston (1998, 200b¢
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new models are based on our new calibrations of absorgtien-|
indices with stellar parameters derived from the MILESIatdl-
brary (Johansson et al. 2010). The MILES library consist88%
stars selected to produce a sample with extensive steltanea

ter coverage. The MILES library was also chosen becausesit ha
been carefully flux-calibrated, making standard starngerbffsets
unnecessary.

The key novelty compared to our previous models is that they
are flux-calibrated, hence not tied anymore to the Lick/IpSeam.
This is essential for the interpretation of galaxy specthere cali-
bration stars are not available, such as large galaxy riédsinveys
like SDSS or other high-redshift observations (Zieglerle2@05;
Bernardi et al. 2006; Kelson et al. 2006; Sanchez-Blazmieal.
2009; Thomas et al. 2010; Carson & Nichol 2010). A further new
feature is that model predictions are provided for both thgiral
Lick and the higher MILES spectral resolutions. Note thatlttter
turns out to be comparable to the SDSS resolution, so thatewr
high-resolution models can be applied to SDSS data withoyt a
corrections for instrumental spectral resolution.

The construction of the model through fitting functions afo
us to make a straightforward assessment of the statisticakeon
each individual index prediction. Hence as a further nguek: cal-
culate errors in the model predictions through Monte Cairiwus
lations, which are provided in a separate table in the modt d
release. It turns out that the model errors are generally serall
and well below the observational errors around solar meitzll
Errors rise considerably and become comparable to or mageexc
the typical observational error toward the highest and &iweetal-
licities. This behaviour ought to be expected and is a dirense-
qguence of the empirical stellar library, in which stellargraeter
space is inevitably sampled worse at the ends of the disiwitu

The data release now provides models with two different stel
lar evolutionary tracks by Cassisi (used in TMB/K) and Padat/
high metallicities. The model based on Padova tracks isist@ams
with the base model for the majority of indices. The casendities
for which the discrepancy exceeds the model error signifizan
areH3, CN1, CN;, andC24668. Small deviations are found for
Cad227, G4300, Cad455, Fe5015, and Fe5709. In all caseslyequ
for the Balmer and the metal lines, the Padova based models pr
duce lower index strengths.

Finally, as the last novelty of this model, we release addil
models tables with enhancement of each of the elements CaN, N
Mg, Si, Ca, Ti, and Cr separately By3 dex.
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parison with galaxy data at similar metallicities from Ksctiner
et al. (2010). A good match with globular cluster data is seen
the a/Fe sensitive, metallic indices G4300]g,, andMg b. The
models are well off, instead, for the indic€&N;, CN», Ca4227,
C24668, andMg,, which is caused by the variation of further
chemical elements these indices are sensitive to. We grésen
full analysis of these element abundance variations in Faped
show that also these indices can be recovered very well. €le-F
dices Fe4383, Fe4531, Fe5270, Fe5406 are well reproduct by
new model, while Fe5015/Fe5335 are slightly too weak/strion
the model. Offsets are largest for the two reddest Fe indie&309
and Fe5782 that clearly cannot be regarded well calibratsslglso
TMB/K). Finally, the indices Ca4455, NaliO;, andTiO- are
not sensitive tax/Fe ratio variations and are not well calibrated
(see also Thomas et al. 2003).

To summarise, the set of indices that turns out to be most
useful for element abundance ratio studies includes then&al
line indicesHda, Hya, andH~r, the metallic indiceN1, CNg,
Ca4227, G4300(,4668, Mg,, Mg,, Mgb, and the Fe indices
Fe4383, Fe4531, Fe5270, Fe5335, and Fe5406. We will use thes
indices to derive element abundance ratios for the glolmllester
data in Paper .

The model data and globular cluster index measurements are
available at www.icg.port.ac.ukthomasd.
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