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ABSTRACT

Aims. Stellar absorption lines in the optical (e.g. the Lick systdave been extensively studied and constitute an impostatar
population diagnostic for galaxies in the local universe ap to moderate redshifts. Proceeding towards higher baak times,
galaxies are younger and the ultraviolet becomes the mieysectral region where the dominant stellar populatidrises A com-
prehensive study of ultraviolet absorption lines of steflapulation models is however still lacking. With this inndi we study
absorption line indices in the far and mid-ultraviolet inler to determine age and metallicity indicators {bv-bright stellar popu-
lations in the local universe as well as at high redshift.

Methods. We explore empirical and theoretical spectral libraried ase evolutionary population synthesis to compute syiatline
indices of stellar population models. From the empiricdésive exploit the IUE-low resolution library of stellar spe and system
of absorption lines, from which we derive analytical funais (fitting functions) describing the strength of steliaelindices as a
function of gravity, temperature and metallicity. The figifunctions are entered into an evolutionary populatianttsgsis code in
order to compute the integrated line indices of stellar petimns models. The same line indices are also directlyuaat on theo-
retical spectral energy distributions of stellar popwatmodels based on Kurucz high-resolution synthetic spekitrorder to select
indices that can be used as age/andetallicity indicators for distant galaxies and globhisters, we compare the models to data
of template globular clusters from the Magellanic Cloudgwimdependently known ages and metallicities.

Results. We provide synthetic line indices in the wavelength rarg&200 A to~ 3000 A for stellar populations of various ages
and metallicities. This adds several new indices to theadiravell-studied CIV and SilV absorptions. Based on the canispn with
globular cluster data, we select a set of 11 indices bluewhte 2000 A rest-frame that allows to recover well the ages the
metallicities of the clusters. These indices are idealudysages and metallicities of young galaxies at high retiSMé also provide
the synthetic high-resolution stellar population SEDs.

Key words. Galaxies: evolution - Galaxies: stellar content - Galaxéar clusters - (Galaxies:) Magellanic Clouds

1. Introduction From the modelling side, extensive work is being invested in
) . , . understanding the intrinsidV spectrum of young stellar popu-
The far and mid-ultraviolet region of the electromagnefies |ations as a function of their basic parameters - age, niitg)l
trum (1 ~ 1200-3200 A) traces the hot component of galaxy stektar formation history and Initial Mass Functiori - (Roberak
lar populations, that in young galaxies is made up of lumiol1993: [Leitherer & Lamers 1991; Leitherer & Heckman 1995;
O and B-type stars. These leave a characteristic imprirftén f_ejtherer et all 1999, hereafter SB99; de Mello éf al. 2000).
integrated spectra in the form of numerous absorption feafu these works, th&JV spectra of stellar populations are obtained
related to key chemical species like silicon, carbon, imBag- by using observed stellar spectra of O,B stars in the Milky
nesium, etc. Old stellar populations can also produce atbbt sway and Magellanic Clouds, or synthetic spectra derivethfro
lar component if sflicient mass-loss occurs, as shown by wellnodel atmospheres. Rix et al. (2004) have used high-résolut
known phenomena such as the extreme blue horizontal branp theoretical stellar spectra (Pauldrach ét al. 2001), ieoia
in globular clusters (e.g. de Boer 1985) and the-upturn of extend the modelling to sub-solar and super-solar meitagtc
elliptical galaxies (e.g. Dorman etlal. 1995; Burstein €1888; This work focuses on the 8i and G lines that are the most
Greggio & Renzini 1990). In this first paper we focus on youngrominent absorption features in th&/. A well-known limi-
and massive stars as producer&f light. tation imposed by the use of empirical libraries is the narro
Thanks to substantial improvement in observational caretallicity range spanned by the real stars - usually notltbo
pabilities, it is now feasible to obtain the rest-frame adtr ferent from solar. On the other hand, a clear advantage nfjusi
violet spectrum of galaxies up to very high redshift (seeal stars is that the empirical spectra should containffleetef
e.g.,  Yeeetal 1996; Steidel efal. 1996; Pettinietal. 2008&ellar winds that fiect the photospheric lines of massive stars
Mehlert et al.. 2001| de Mello et al. 2004; Cimatti et lal. 2004nd are complicated to model (e.g. Kudritzki et al. 1987).
McCarthy et al. 2004; Daddi etlal. 2005; Popesso kt al. |2008).
In this work we take a complementary approach to exist-
Send  offprint  requests to: Claudia Maraston.,, e-mail: ing models. We follow a twofold strategy and compute both
claudia.maraston@port.ac.uk empirically-based models as well as theoretical ones.
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From the empirical side we exploit the full potential ofand, for example, those from the Padova database (e.gdGirar
thelFanelli et al.[ (1992, FB2 hereafter) empirical libraffldE et al. 2000), especially in the post-Main Sequence evaiutio
spectra and index system for population synthesis models. However,UV spectral indices, as théV luminosity, mostly de-

We construct analytical polynomial fits (fitting functionspend on the stars around the Main Sequence ftirhence the
FF) that trace the empirical indices as functions of st@am- uncertainties in the post-Main Sequence evolution shoave la
eters. FF can be easily incorporated into an evolutionamth® marginal éfect. As an example, Figl 1 shows for a 30 Myr old,
sis code in order to predict the integrated indices of stpt- Z, simple stellar population SSP_(Maraston 1998) the relative
ulations. Another advantage is that fluctuations in the speccontributions from the individual stars to the total lunmsityg at
of stars with similar atmospheric parameters are averaged Q111500 A (left panel) and.12500 A (right panel), as a function
Absorption line indices have the advantage of being inseasi of the dfective temperaturdlgy) and the surface gravity (lag).
to reddening, which is a serious issue in the of young stellar  Stars around the Main Sequence tufrimminate the emission,
populations. This is particularly important for high-rédsstud-  contributing more than 90% to the total luminosity. To gaioren
ies where little is known about dust reddening. To our knowinsight into the &ects of stellar tracks, we also evaluate spec-
edge, this is the first work in which the F92 library of steltral indices using stellar population models based on titeRa
lar groups and index system is thoroughly examined for evacks (see Sect. 6.5).
lutionary population synthesis studies, although indiaidin-
dices in the system have been considered in previous waeks (s
e.g.:. Fanelli et al. 1988; Ponder et al. 1998; Heapletal. 19 : Lo
Lotz et all 2000). % Spectral library and line index system

In parallel, we compute fully theoretical indices by incofp We use the library of stellar spectra assembled by F92, ftén
rating a high-resolution version of the Kurucz library o#lir |ow-resolution (6 A) observations of 218 stars in the sokigh-
spectral(Rodriguez-Merino et al. 2005) in the Marastor0$30 . ,rhood. Spectra cover the rang&l150— 3200 A in wave-
evolutionary population synthesis code. length and are compiled in the “IUE Ultraviolet spectrahail

We compare the models with observations of young st@h, et af 1983 1991). In its final form, the library consiefs

clusters in the Magellanic Clouds. Star clusters with Iflep 5g mean stellar groups, classified by spectral type (from3 t
dently known ages and metallicities are in principle thealdeM4) and luminosity class (I, Ill, IV and V). Out of the 56 stil

templates for stellar population models and this comparisgqps; the 47 groups classified by F92 as having solar ricetall
should give indications on which indices are reliable trag® i, \vere selected as input for the }itting functions. The “atet

o . ; . It
ages and metallicities and can be applied with conﬁdenceﬁ)éorn and “metal-rich” groups were excluded, due to theiyve
study distant galaxes. Care has to be taken since spec#silie |4, number. Each stellar group is constructed by averadieg t

also sensitive to specific element ratios of individual &8, et of a variable number of individual stars (betweend a

which may be the case for some of the indices we study here. 5y yith similar spectral types, colours, luminosity clesand
This paper is structured as follows. In Sédt. 2 we briefly réghen possible direct metallicity determination. When thetah

call the evolutionary population synthesis code we adopit akcity was not known, the grouping was made by matching the

its ingredients. In Seck] 3 we summarise the relevant feat“rspectrum. The weigh’t of each spectrum is inversely propoati

of the IUE index system and empirical spectral library. Sdct to the mean signal-to-noise ratigk§, measured within a 100 A

explains the construction of the fitting functions, theihaeiour . .
: : - line-free window, centred at 2450, 2550 and 2700 A for spéctr
with changes in stellar atmospheric parameters and how we i s 0-G4; G5-K3 and K4-M. respectively ($ee F92, for more

clude metallicity &ects. In Secf.]5 we describe the constructio}ii(pte.I
of the stellar population models, both empirical and thecaé etails).

and in Sect. 6 we test the models with star cluster data. In[Bec, We adopt the line index system defined lby Fanelli et al.
we provide a summary and conclusions. (1987,01990, 1992), which comprises 11 indices in thelfaf-

(111270~ 1915 A) and 8 indices in the midV (112285-
) ) o ) 3130 A). In TabldJL we recall the index definitions, with their
2. Evolutionary population synthesis ingredients central and bracketing sidebands, and collect relevantemts

The evolutionary population synthesis (EPS) techniquenall 200Ut the atomic species contributing to the absorpticrorae

the computation of the spectro-photometric propertiedeaifes Ing tf_ Iltt_arature |dent|f|(c::’:1t.|on:> (!:qnelll etlal. 1990; Biozet al.

populations using stellar evolutionary tracks (Buzzon8g:o 999 Kinney etal. 1993; Coluzzi 1993). In Fid. 2 we illuséra

Bruzual A. & Charldt [ 1993:[ Worthey 1994a: Vazdekis et a@raphically the index bandpasses on stellar spectra.

1996; |Fioc & Rocca-Volmerangel 1997; Marastan_1998;

Leitherer et al. 1999; Bruzual & Charlot 2003; Maraston 2003 ;1 perivation of stellar parameters Tex and logg

Schiavon 2007, among others). The main target of EPS models

are the stellar populations that cannot be resolved intivithd In order to construct analytical approximations which veid-

ual stars. EPS models provide the theoretical framework fecribe stellar absorption indices as function¥gfand logg, we

interpreting such systems, in particular for deriving agad need to transform the observesi{ V, My) of the groups (from

chemical abundances. O’Connell[1975; Schmidt-Kaler 1982; Humphreys & McElroy
In this work we use the EPS models and code by Marast®&884) into the theoreticalT¢g, logg). This is done by super-

(1998,1 2005, hereafter MO5), in which the stellar tracks anchposing isochrones on the colour magnitude diagram of stel

isochrones are taken from the Geneva datahase (Schaller dba groups (Figurgl3), and selecting the atmospheric paemne

1992; | Schaerer etal. 1993) for young agés<{ 30 Myr), along the isochrones with the closest absolute magnitude an

and from the Frascati database for older ages (see Table Tatour. Solar metallicity isochrones fram Schaller et|&B92);

MO5). The evolution of massive stars ifected by (mostly un- [Meynet et al.|(1994) were used, for consistency with thegngr

known) mass-loss, besides rotation and convective ovetshalients of the SSP models. The adopted calibration is given in

ing. Differences exist between the Geneva evolutionary tracRable2.
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Fig. 1. Contributions to the luminosity at 1500 A (left panel) and@3A (right panel), from stars of a 30 Myr old simple stellar

population withZ, metallicity (Maraston 1998), as functions dfective temperatur&e; and surface gravity log. Stars around

the Main Sequence turficcontribute the bulk of the luminosity at these wavelengths.

N Name Blue Bandpass Central Bandpass Red Bandpass Comments
(1) @ (3) (4) (5) (6) (7) (8 (9
1 Blizop 1270.0 1290.0 1292.0 1312.0 1345.0 1365.0 m,SBim, O1
2  Siv 1345.0 1365.0 1387.0 1407.0 1475.0 1495.0 1v3B93.8;1402.8
3  BLluos 1345.0 1365.0 1415.0 1435.0 1475.0 1495.0 u X329, Siu 1417, Fav, Fev
4 Fel453 1345.0 1365.0 1440.0 1466.0 1475.0 1495.0v 29 additional Fe lines
5 C 1500.0 1520.0 1530.0 1550.0 1577.0 1597.0 v £548, in absorption
6 Civ 1500.0 1520.0 1540.0 1560.0 1577.0 1597.0 v £548, central band
7 Cy 1500.0 1520.0 1550.0 1570.0 1577.0 1597.0 v €548, in emission.
8 BLigi? 1577.0 1597.0 1604.0 1630.0 1685.0 1705.0 wFe
9 Blissa 1577.0 1597.0 1651.0 1677.0 1685.0 1705.011656.9, Alu1670.8
10 Blj7o 1685.0 1705.0 1709.0 1729.0 1803.0 1823.0 1vIN718.6, Siv 1722.5; 1727.4, Ak
11 Bligss 1803.0 1823.0 1838.0 1868.0 1885.0 1915.0 uAAlum, Fen, Fem
12 Feu (2402 A) 2285.0 2325.0 2382.0 2422.0 2432.0 2458.0
13 Blysss 2432.0 2458.0 2520.0 2556.0 2562.0 2588.0 Uncertairf Fe
14 Fer (2609 A) 2562.0 2588.0 2596.0 2622.0 2647.0 2673.0
15 Mgu 2762.0 2782.0 2784.0 2814.0 2818.0 2838.0
16 Mgr 2818.0 2838.0 2839.0 2865.0 2906.0 2936.0
17  MGuide 2470.0 2670.0 2670.0 2870.0 2930.0 3130.0
18 Fa 2906.0 2936.0 2965.0 3025.0 3031.0 3051.0
19 Blsges 3031.0 3051.0 3086.0 3106.0 3115.0 3155.0 1392, Fa3091.6

Table 1. Definition of the absorption index system (F92). Columngespond to: (1) index number, (2) name, (3 and 4) blue
passband definition, (5 and 6) central passband definiffcand 8) red passband definition and (9) comments regardimgkévant
chemical elements. Indices termed as “BL" are blends ofradeéements. Adaptation from H92 (see their Tables 3.A aBjl 3

In order to check that our adopted calibration, that #®r roughly half the sample (96 out of 189 stars). Eig. 4(loveh
based on a specific set of isochrones, can be generalisedhtresult, in which the F92 metallicity is plotted versus tal-
any arbitrary computation, we have calculated tlEedaive uesfrom thée Cayrel de Strobel et al. (1997) and other catelog
temperatures using a completely independent calibratign ((Wallerstein & Helfer | 1959;| Helfer et al. 1960; Parker et al.
de Jager & Nieuwenhuijzen 1987). The result is reported [i961] Wallerstein 1962; Bell & Rodgers 1965; Conti et al. 5:96
Fig.[4(a). As can be seen, the two calibrations are consjsten |Alexander| 1967; Cayrel de Strobel et al. 1970; fidaet al.
average absolutefiierence in &ective temperature being small|1971; Hearnshaw 1974; Tomkin & Lambert 1978; Luck 1979;
(Ilog TSE" - log T8 = 0.02 dex. We have also checked thakuck & Lambert | 1981;| Cayrel et al. 198%; Boesgaard 1989;
the correspondingftect on the FFs leaves the stellar populaticBoesgaard & Friel 1990; Cayrel de Strobel et al. 1997). There
models basically unchanged. no clear bias in the metallicity determination of F92. Tlsistie

case even for the stars for which IF92 did not have a metallicit

What/F92 call the “solar” groups actually include stars witkdetermination at the time of assembly of the library (thdiual
a spread in metallicity, and even stars for which there were group of stars at [Fel] = 0), as outliers are found to be evenly
spectroscopic metallicity determinations, and the mietgliwas divided between sub and super-solar metallicity. Finalhd re-
assigned by visual inspection of the spectra and spectruchmaassuringly, the tail of stars that were included by F92 insthlar
ing. We have checked whether the metallicity so determingdoup though they were assigned super-solar metallicitheat
agrees with other, more recent, estimates. We did the eeerci
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Fig. 2. Visualisation of index bandpasses on representativastgectra. The left-hand panel shows thel&f-indices with the
central bandpasses highlighted by solid boxes and the bidieel continuum bandpasses marked by dotted boxes. Thesghl
shows, in the same way, the miglV indices. The bandpasses for the Jgindex are not depicted in order to avoid crowding.
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Fig. 4. (a) Comparison of o calibrations derived with two élierent methods. The y-axis represerifs&ive temperatures derived
from superposition of Geneva Group isochrones, while tlgig-representsfiective temperatures derived by interpolation of the
de Jager & Nieuwenhuijzen (1987) tables. The solid linees@nts the one-to-one correlation. (b) Metallicity of indual stars
used to build the “solar metallicity” stellar groups in th@zHibrary, compared to metallicity determinations foundhe literature.

time are found through the new determinations to indeed ha®€. Line indices and errors for stellar groups
metallicities around solar.

TheUV line indices defined by F92 are expressed as equivalent
widths and given in A. We measure them on the empirical spec-



ol whereS(1) andC(1) are the fluxes in the line and in the contin-
uum, respectively. The statistical errors in the equivialeidth
I are computed following Cardiel etlal. (1998):
L C2(A)o?+S%(A)o?,
TRy = (Zi’il[— ci) =
T S()S(A;) 2)
, b sN Z'j\‘_l’#i[#cg(’ﬂj)(Alo'zB . A40-2R)DA.
755
S In equation[(R)S(4i), o andC(4;), o) are the fluxes and
E ol dispersions in the line and in the pseudo-continua resfgti\
- | is the pixel sizegg andog are the dispersions in the mean fluxes
S | within the blue and red band-passes respectively. The peam
A1 4 are defined as:
S A= (AR = A)(Ar — 1)) 3)
L (Ar — 1B)?
—— Lejeune & Schaerer (2001) ‘\Qw Asg = M (4)
I ----- Girardi et. al (2002) (AR - /lB)Z
ol Castellani et. al (1992) N
Lo b wheredg andAr are the central wavelengths of the blue and red
03 00 %SB V) o ' band-pasess, respectively.

The dispersiorns; is assumed to be proportional, at each
wavelength, to the mean fractional dispersi@) defined by
Fig.3. CMD of the stellar groups in the F92 library. fBérent |[F92 for each stellar group. The dispersions of the pseudo-
symbols are used to denote thefelient luminosity classes, continuum fluxoc,) and of the mean fluxes in the blue and
dwarfs (V, circles), giants (lll, squares), sub-giants, (- red passbandsg andog are calculated by error propagation.
amonds) and super-giants (I & Il, triangles). fierent fill We refer to Cardiel et all (1998) for more details.
styles correspond to fiierent metallicities, solar (empty), sub-
solar (crossed) and super-solar (black-filled). Isochsonfe8, 4
20Myr and 1.25Gyr (thick curve, from the compilation of
Lejeune & Schaerer (2001) ), with 20 Myr (dashed curve, fro@ur main objective is to study the behaviour of integratBd
Girardi et al. |(2002) and 30 Myr and 1 Gyr (dot-dashed curvabsorption line indices of stellar population models, ascfu
from |[Castellani et al.l (1992) are superimposed to highlifht tions of the stellar population parameters agjeafd metallicity
coverage of the library in terms of stellar population pagters. ([Z/H]). In order to include an empirical calibration in an evo-
All isochrones have solar metallicity. lutionary population synthesis code, one convenient apyro

followed by many authors is the construction of analytigal a
Table 2. Adopted transformation from the observational spectrptoximations that describe the empirical line indices ascfu
type (througB-V, My) to the theoretical planE, logg. Based tions of stellar parameterd 4, logg, [Z/H]) (fitting functions,
on isochrones from Schaller et al. (1992); Meynet et al. 199 FF, e.g! Buzzonietal. 1992; Gorgas et al. 1993; Wortheylet al
1994 Cenarro et &l. 2002; Schiavon 2007).

. Fitting functions

Group T (K) logg (cgs) Group Tt (K) _ logg (cgs) We adopt the FF approach because FF can be easily incorpo-
03-6V 44157 4.045 BO-2Ill 25293 3.517 . . . . .
07-BOV 39811 4106 B3-6Il 18239 3719 rated into an Qvolutlonary synthesis _code in order to ptetjg:
B1-1.5V 25704 3.961 B7-9lll 11246 3.617 integrated indices of stellar populations. Another adagatis
B2-4V 19231 3.972 A3-6lll 8570 3.855 H i H H v

B8y 13772 3959 Ao-Felll 7362 2850 that fluctuations in the spectra of stars with similar atnhesjzc
B9-9.5V 10069 3.939 GO-5l1l 5058 2.942 pal’ametefs become averaged out. .

ﬁg-g gggg j-i;g Ging”: ﬂgg 5-;%3 Since the observed stars have mostly solar chemical compo-
AG-F3V 7161 2278 oIl 4335 5163 sition as a first step we build FFs that depend onlyfgnand

F5-7V 6501 4.279 K3lll 4102 1.787 logg. We then incorporate metallicityffects by means of syn-
F8-9Vv 6152 4.320 K4-5111 3899 1.403 thetic spectra (Se 2)

GO0-5v 5848 4.419 K7-Ma3lll 3681 0.977 L - e . .
G6-9V 5483 4541 04-91 47643 3013 Itis important to point out that the specific ratios of vari-
KO-1V 5152 4.597 BO-2l 21038 2.733 ous elements in this sample of stars may dominate the index
KoV, o P Syel 219 values similarly to what has been found for optical lineg(e.
09-BOIV 38371 3.921 A0-2I 7980 1576 Burstein et all_1984; Worthey etlal. 1992; Thomas et al. 2003)
gg-g:x ﬁggg ggg A5F-2Fgll éigg ﬁig and this is a fact that one must bear in mind when the models
AT-FOIV 2464 2044 GO.3I 5346 0.820 are compared to extragalactic stellar populations. In sk
F2-7Iv 6668 3.982 G5-8l 4775 0.666 we do not perform an element-ratio-sensitive modellingicivh
Go-2Iv 6026 3.926 K2-3) 4406 0515 will be the subject of a future study.

G8-K1IvV 4898 3.437 K5-M4l| 3639 -0.164 . .

05-6111 46026 4.004 For the analytical form of the FFs we chose polynomials be-

cause these are the simplest functions, including, in jpiaall

tra of each group, following standard definitiohs (Bursteil, PCSSIPIe terms (20 in total).
1984; Faber et al. 1985): 3 i ' '
s EW = ¢(logTer,logg) = > > ajlog Tl logg'. (5)
EW/li_f = f ( )d/l
P

1- m (1) i=0 j=0



In practice, in several cases it was not possible to acdyrate BLi3o2 is a blend of several © (1302.704, 1304.858,
reproduce the index behaviour using only one function of tH806.023A), Sin (1298.90, 1303.30A) and 8i(1304.41A)
form given by equatiori{5). In these cases we split the tempe(Coluzzi 1993| F92; Moore 1952) lines. It reaches a maximum
ture range into two regions (the “cool” region betwediretive for late B stars, decreasing with increasing temperaturéy w
temperature$,, andT,,, and the “hot” region betweerffective very little dependence on gravity. Similarly,i8iand Civ reach
temperature$y,, andTy,) inside which the fitting procedure wasmaxima around early B - late O spectral types, but show a
carried out independently. Both regions are chosen to aperktronger gravity dependence. Bbs is a blend of several Re
and share several stellar groups in commomg(fog Teg, logg) Cm and Simr lines; it reaches a maximum for early B spectral
and ¢p(log Ter, logg) are the local FFs corresponding to thaypes ¢ 30kK), but its temperature dependence is very weak.
first and the second region, defined respectively in thevater The blend of Fe lines at 1453 A shows instead a stronger
log Tes € [Ta,, Ta,] and logTes € [Th,, Tp,] (With Ty, < Ta,), the temperature dependence, with early O stars displayingitfe h
interpolated FRpa(logTer, logg) is defined asl(Cenarro etlal.est equivalent widths and practically vanishing for mid acel

2002): B stars. Blig17 is a blend of Fev and Fev lines, which is
strongest for mid O stars. Bkes4 already shows the behaviour
pan(10g Terr, 109Q) = wea(log Ter, l0gQ) (6) typical of mid-UV absorption indices. It measures the com-
+ (1 - w)¢n(logTer, logg) bined absorption by the resonant lines ofuA11670.8 A) and

C1 (1656.9 A). It increases monotonously from spectral types
around B5 up to early A start§ § ~ 10 kK). BL17191s a blend
2 logTer — log T, of N1v (1718.6 A), Siv (1722.5 A) and several Fe multiplets.
L (7) Itshows a remarkable lack of temperature sensitivity, Whias
observed first by Underhill et al. (1972), and a mild surfaceg
i{y dependence. The last among the iiv-indices is Bligss a
%lend of several Fe, Al n and Al transitions. Its behaviour is
similar to that of Blyggs, With a strong increase for spectral types

The polynomial coflicientsa;; are computed through iter- cooler than AO Ter ~ 10 kK), but with better surface gravity

ative linear fitting, discarding in each step the statidiyidaast separanon.. ) )
significant coéficients. These are determined by theivalue, In the midUV, the most prominent absorptions features are
which is the probability that the true cfieient has a value the Mgu 2800 A, the Fe 3000 A which trace four neutral mag-
greater than or equal to the computed one strictly by chang@sium lines (2966.901; 2984.7302; 2999.8092 and 3024870
We consider as significant cieients those with g@-value less A), the two iron Fer features at 2402 and 2609 A and Mat
than or equal to 5%. The fitting is recomputed after droppiveg t 2852 A, respectively. These indices show the same quustati
non-significant coicients and the statistical significance of th&ehaviour, being close to zero until late B spectral typesnt
remaining cofficients is re-evaluated. The procedure stops ont&reasing towards earlier types reaching maxima aroueda
all coeficients are statistically significant. and early G spectral type stars. The magnesiumiN2g§00 A
The choice of the limits defining the two regions where locahows some peculiar behaviour as a function of metallicity
FFs are computed is arbitrary, therefore the best combimé&i (Fanelli et al. 1990), and we postpone its discussion toi@ect
found by trial and error, evaluating thectiveness of the FFs in 6.3. Blossg is a blend of Fe and Mgt which starts to rise
describing the global index behaviour. An important par@me strongly for stars cooler than early A-type and reaches &%-m
we take into account is the lack of evident trends in the idistimum at late F starsTey ~ 6 kK), with a very clear gravity
bution of the residuals. In the case of existence of sucldfensegregation (dwarfs have equivalent widths nearly twideigis
the local limits were re-adjusted or we inspected the imlliai as supergiants at the peak). A similar luminosity-classsep
group’s spectra in order to understand if the deviationglaee tion is displayed by Fé 2402 and Fe 3000. Blsggs, a blend of
to particular features in them. Fer and Al lines, does not reach a maximum in our explored
For each index the best fit parameters are provided togetperameter space, showing a monotonic increase with détgeas
with the validity ranges (8 < Ter/KKS 47.5; and-0.1 < temperature.
logg 5 4.66), which are fundamental to avoid the raising of |, Fig. [ we show the fitting functions as a function of tem-
spurious results as a product of extrapolating the FFSA@Itse e atre for diterent gravities, overlaid on the data of the indi-

limits in which they where derived and inside which the stati\;iqa| stars used in the fits. Céigients of the polynomials are
tical significance is guaranteed (see Marastonlet al.| 2@03 f provided in the Appendix.

discussion on this issue and examples). . .
ples) In Section 6.5, we compare our FF-based models with other
models using the Fanelli et al. library directly and find ttre
4.1. Summary of index behaviour with stellar parameters results are consistent. This indicates that the fitting iongro-

The trends of the various line indices in the IUE sample Sta(;gdure has notintroduced spuriotgeets.

as functions of the stellar parametérg;, logg and metallic-

ity is discussed in detail by Massa (1989); Walborn & Panek> incjusion of metallicity effects

(1984);/ Fanelli et al.. (1987); FO92. Some of the nud# indices

by Fanelli et al. have also been studied in theoretical Kurugs shown in Figl#(b), the spectral librarylof F92 is mostlyrco

wherew is the weighting factor and is defined as:

=cod(z = =
@ 21ogTa, —l0g Ty,

The continuity of the FF is ensured by imposing th
¢an(Ta,.1090) = ¢p(Ta,.logg) and thatgan(Te,.logg) =
¢a(T,, 109 Q).

stellar spectra by Chavez et al. (2007). . posed of stars of solar metallicity. On the other hand, the co
Below we summarise the relevant conclusions from thesgleration of metallicity fects on the integrated spectrophoto-
works. metric properties of stellar populations is very imporfaa# it

In the far UV the most prominent absorption features argllows us to gain insights into the galaxy formation procass
BL1302 BL1gsa Sitv (1400A) and Gv (1550A). the global star formation history of the universe.
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In order to include the dependence on metallicity in the FFs Integrated line indices of stellar populations
we use the library of high-re_solution synthetic Kurucz dpc  models
calculated by Rodriguez-Merino et al. (2005) (see Sed)on . o )

We consider model spectra with Igg= 4, since the mostim- We calculate the integrated line indices of stellar popoifat
portant contributors to theV light are turndf stars and gravity models by following two approaches as described in the mext t
does not Vary appreciab'y around the Main Sequencemrno SUbSECtIOhS. Synthet|C '||ne |nd|CeS are Obta|ned fOI’ Séﬂnl—

Figure[® shows theffect of metallicity on the EWs of in- Stantaneous and chemically homogeneous bursts, withtages
dividual indices, as a function of temperature, for a camstal Myr and various metallicities @, Zo, 1/2Z, and ¥20Z),
gravity of logg = 4. Indices have been calculated on the higignd for composite stellar populations of solar metallicithe
resolution Kurucz spectra of Rodriguez-Merino étlal. @paf- MF of the models is the Salpeter (1955) one. We have checked
ter smoothing the spectra to the IUE resolution. We briefipco that the values of the line indices remain almost unchanged
ment on the most relevant trends as a wider discussion canfether we use the Kroupa (2001) or a top-heavy IMF, with
found in[Chavez et al (2007), where the focus is on stellar ifXPonent 1 in the notation in which the Salpeter one is 2.35.
diceS, Wh||e the focus of th|s paper is on ste”ar populam_ In bOth cases, the mOdel I|ne |nd|CeS will be teSted with glOb
els. ular cluster data (Section 6).

Indices generally react to metallicity with higher metitks
(red) displaying stronger EWs. There are however some-intef; gmpirical indices of stellar population models
esting exceptions. The midV index BL3096 is almost insensi-
tive to metallicity, as already pointed outlby Chavez ¢120077), We use the FFs described in Section 4 to assign empirically-
which makes it in principle a potential age-indicator. Theices based line indices to each star of the synthetic populafibese
FeV and Mg,iqe display stronger EWs at the lowest metallicitiesare then added in order to obtain the integrated line index of
the index FeV showing such inversion around a temperaturetbe whole population. The integrated line indeWp can be ex-
25,000 K. The &ect on the Mg;qe index is very small and con- pressed for an SSP as the sum of the continuum-flux weighted

fined to the very high temperatures. line indices of the stars (Maraston et/al. 2003):
Metallicity effects will be further commented on using the
computed SSP models in the next Section. EWp = Zﬁi EW,. (12)
i

In order to estimate fractional metallicity correctionseom-
sider the separatefects of abundance changes on the absorp-
tion feature and on the pseudo-continuum fluxes, which are ex B is the weighting factor, which takes into account the rel-

pressed by the multiplicative facta#$Ter) andB(Teg): ative contribution of the-th star of the population to the con-
tinuum flux. The uncertainty on the integrated equivalerthvi
Sns = o(Ter)So ®) follows as:
Cns = B(Ter)Co ) )
o= Bioky (13)

a(Ter) andB(Teg) are the ratios of the non-solar and solar fluxes [
in the line and the continuum, respectively, and are caledla

from theoretical spectra. WherecrzE\M is the uncertainty on the equivalent width of iheh
Taking equatiofil8 into consideration, the non-solargg) Star. _ _ o
is written as: Since by construction the residuals of the fitting procedure
are randomly distributed in thE, and logg space, we can as-
a(Ter)Se sume that the uncertainty is equal to the standard erroreof th
#ns =(1- B(Te)Co 4. (9)  residualsres defined as:
which we can express in terms of the solar BE)(@as follows: 1 N _
o Ores = N-1 Zj(Rj -R)? (14)
o ©
- 1——(1——) AL 10
s =[1- 5 - 5) ()

whereR; = EW; — EW; is the diference between the equiv-

The FF calculated this way are plugged into the Mos EpENt width predicted by the FFEEW}) and the measured one
code to produce integrated indices for metallicities 2 and (EW;), andN is the number of stellar groups contributing to the
1/20Z,. fit. ThereforerZ,, = o, can be taken out from the sum in equa-

An alternative way to estimate the metallicity correctionon (I3) and, since by definitiof; 8i = 1, we gelos = ores
consists of calculating the fiierential dfect of abundance
changes on the equivalent widths, computed again from t L )

Kurucz theoretical spectra, and applying thifeliential at each E% Theoretical indices of stellar population models

temperature to the solar FF: In parallel to the FF-based approach, we calculate therated
line indices via direct integration on the synthetic spaotm-
#ns = go + AEWK (11) ergy distribution (SED) of the M05 stellar population magel

We computed a version of the MO5 stellar population models
In this case we would be assuming that second order metasding as input th&) VBLUE library by/|Rodriguez-Merino et al.
licity effectsO(A[Z /H]?) are negligible. The comparisons we rarf2005). TheUVBLUE is based on LTE calculations carried
(not shown here for space considerations) showed that Ipsth aut with the ATLAS9 and the SYNTHE codes developed by
proaches yield virtually the same results. Kurucz (1979), and spectra are provided for a wide range of



i wa s L e e e
3 @ T 3 [ ] o .
i 1 i 1 a J 2 FeV - cIve ]
[ BI1302 : ® ] s ® ] 3 F BL1426 ] ; ' 1 e ® ]
5 Py 4 5 @ @ 1 2F L] 1 of 1 3F o @ E
[ @9 L ] o P o ] ‘e (] P ] - ¢ . C ] @
. . . - . - N . A 2 _-. . . . 1
.':. ] le®eg,] 133:::—_ [ o 2 o 0 0%
] ] - 1 -2 ] : ® e
of® 1 °f 81 .0 17t 81 P ess
TP PP PP PP PPN PPN PPN PP PP AP AT TN T P TOY. Lendidindintind 0 Eewdididided
35 30 25 20 15 35 30 25 20 15 35 30 25 20 15 35 30 25 20 15 35302520 15
R e i b ) N Thdd s e Ml i v S L L  Rhad ks et S
] [ ] - 1 : @ ] [ ]
L8 M aee owd [, wer]lSEM 85 tmme ]
%2 1 fee |°Pae 1 ,E o] 2 o]
® o ® :2'0.. . '.'z ] ; PP Z'...Z
ecegg] R8s B8 Josgy $§°1 80
L *8s] F%%eel 'l 23871 9% 1 'L%ees
of 1'F ®eey | "851or 8 1 e ]
-IIIIIIIIIIIIIIIIIIIIIIIIII- 0 -HIIIIIIIIIIIIIIIIIIIIII"- o -ﬂIIIIIIIIIIIIIIIIIIIIII”-_0.5 :IIIIIIIIIIIIIIIIIIIIIIIIII: o -IIIIIIIIIIIIIIIIIIIIIIIIII-
35 30 25 20 15 35 30 25 20 15 35 30 25 20 15 35 30 25 20 15 35 30 25 20 15
T M ke i B Wi i Ml i B R e i b )
53 :—3“553 ® EFemme Elal.fatsaa o] 1F . [ |
= F e 2| ¢$1 zF ® [ Pellz609 ® ] :uuzaoo ]
MaF : 41 e | g®]osk @ o5 T
: ® 1 1 1 'F e e ® . ° ] @ o o |
1E ® 0 F ® ] F ] S a0 ! ] - @ 8 -
ofe 8 1 " 1 Tt 1 T 1 9 ®
—1 Blawbeind AR R T T T, -1 ettt 305 B o NP ITH PR PO TP
35 30 25 20 15 35 30 25 20 15 35 30 25 20 15 35 30 25 20 15 35 30 25 20 15
-lll|||I||||I||||I||||I||||- -lIlllllllllllllllllllllll|- -llllllIlllllllllllllllllll- -llllllllllllll||I||||I||||-
| 1 10 3 Mg, E ) i 104 -
i e s ' $ E i Fel ] [ BL3096 ]
[ Mgi2862 ® ] A 3 [ e ] [ e .
0.6 ek o 3 0.2
- @ - - o E B o0 - - : J
[ o] E o ; josp e® ' e ]
[ - : ] ’ 1 o 0
[ $§e 1 =fF = s @ 8, [ ]
o § : 1 of 1t .
[ o8 1l oF 3 - 1-02 |- .
M PETT1 FTTTI PTTd RTTT I AT T T T ITTh AN T T Th armrmrmemnam
35 30 25 20 15 35 30 25 20 15 35 30 25 20 15 35 30 25 20 15
T,/1e3 °K

Fig. 6. Metallicity dependence of individual indices calculatedtbe Kurucz high-resolution synthetic spectra (smootloethé
IUE resolution of 6 A) with gravity logy = 4 and various temperatures. Colours code the metallicityy ked, black, blue and
magenta displaying [[fE]=+0.3, 0, -0.5, -1, respectively.

chemical compositions, gravities and temperatures. Thewafunction of temperature for a fixed gravityogg = 4 in the
length range is 850-4700 A. The spectral resolution is végi h Kurucz spectra ang 3.8 for the IUE stars). The figure shows
/A2 ~ 50,000. The authors compare the library with IUE spedhat several indices are consistent between the real argythe
tra of stars with known atmospheric parameters and find an ovéetic stars, while others such as BL1302, SilV (for some-tem
all good agreement for stars of types B to G5 and for most sp@eratures) and BL1425 are discrepant, a fact that will pgapa
tral features. Exceptions are the CIV line for O, B and to ades into the stellar population models. When the indices are dis
extent A-type stars and the spectral region 2400 to 2700 A Grepant, the real stars often, but not always, have stronger
the midUV of F to G stars. In general the authors note that tiices. Some of thesdfects may originate from abundance ratio
discrepancy is worse in giants than in dwarfs. effects, others frpm awrong stellar parameter a;agnmenﬁ(a_s d
In Figure[7 we compare theV indices as measured on théj,uss_ed by RodrlgL!ez-Merlno etlal. 2005) or _by !ncompleln}h
individual IUE observed stars and Kurucz stellar spectsaa a lists in the theoretical models. For the fdi indices the dis-
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Fig. 7. Comparison between the indices of individual stars fromR@2 IUE library (filled symbols) and those computed on so-
lar metallicity KuruczUVBLUE synthetic spectra (smoothed to the IUE resolution of)ewdth gravity logg = 4 and various
temperatures (open symbols).

crepancies may arise from non-LTHexts, stellar winds, etc.  The dependence on age of indices is straightforward: all in-
(Pauldrach et al. 2001; Dorman etlal. 1993; Chavez|et al)200dices evolve strongly with age, which is due to the fast etvaiu

We have computed the stellar population models using tAbthe temperature of the turffanass at these low ages.
original high-resolutionUVBLUE library and then smoothed ~ Metallicity effects are sometimes more complex, as in some
them using a Gaussian filter convolution in order to match ti§@ses temperaturéects on the continuum and thééects of the

6 A resolution of the IUE spectra. We refer to these as Kurucd¢tual absorbersin the lines cancel each other and produce a
high-resolution based MO5 models. sensitivity of the line indices to metallicity. In the opdiaregion,

L L o . metal line indices decrease in strength with decreasinglmet
The SED-based line indices will give us insights into hoycity, and vice versa. In th&)V, the behaviour of the integrated
well the Kurucz spectra reproduce stellar absorptionsetut.  jngices depends more strongly on the tuftemperature, whose
It is interesting to note that we resorted to this approadéraf effect can dominate over the abundanffee on the line itself
having found for some |nd_|ces severe discrepancies betmeen(see also discussion in Chavez et al. 2007). At a given temper
LMC GCs data and the Milky Way FF-based models. ature, lower metallicity stars tend to display weaker aption
lines due to lower opacity. At a given age, on the other hatags s
. o o . around the MSTO become hotter as metallicity decreaseshwhi
5.3. Age and metallicity sensitivity of individual indices may strengthen the lines in some indices and temperatugesan
. . . remember that MSTO stars are the main contributors to the in
We use the models computed using the high-resolution Kurygg,rateq indices), thereby balancing the pure abundaffieet.e
library to determine the age and metallicity sensitivitttug in- - \y/hich efect dominates depends on the index and on the tem-
dividual line indices. perature range (and therefore on the age of the SSP). Inajener
Fig.[8 shows the time evolution of synthetic line indices dar-UV indices show higher equivalent widths for higher tem-
SSP for diferent total metallicities (2, 1,2 and ¥20Z;). peratures, while midJV indices display the opposite behaviour.
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Fig. 8. Effect of age and metallicity on line indices of SSP models.

In general, lower EWs correspond to sub-solar chemidadity indicator at older ages. Blg;7 and FeV show a remark-

compositions, but the temperature dependence is comptex. Bble insensitivity to metallicity at young ages. Thoughyomp

line indices Gv, C, and Blpssg behave regularly along theto ages around 60 Myr and 20 Myr respectively, these lines are

whole range of temperatures calculated, while thev @ind potentially powerful age indicators. FeV is the only indeatt

BL1425lines do so untilfes ~ 15 kK (mid B spectral type), while becomes stronger in lower metallicity populations at agegar

at lower temperatures metallicityfects vanish. The line Blg1;  then 20 Myr.

is attributed to transitions of ke and Fev (Dean & Bruhweiler

1985%) however it shows little variation with the total cheali . o ]

composition. We have confirmed this trend (g > 20 kK), 6. Testing the indices with real data

by computing synthetic spectra models with the WM-basit-sof,

ware (Pauldrach et al. 2001) for solar and half-solar mieil 6.1. Globular cluster templates

The diferenceAEW was found to be less than 0.2 A and comBefore using the models to study complicated stellar popu-

parable with the results obtained with the Kurucz specthe Tlations like galaxies, it is necessary to test them on globu-

line BLiges behaves similarly to Ble;7, but is very strong at lar clusters (GCs) with independently known ages, metallic

high metallicity. Most likely for these two lines thdfect of in- ities and abundance ratios (e.g., Renzini & Fusi Pecci 11988;

creasing metallicity mainly works in depressing the camtim, Worthey|1994b| Maraston etlal. 2003; Leonardi & Rose 2003;

which has the #ect of lowering the line-strength. Beasley et al. 2002; Proctor et al. 2004; Lee & Worthey 2005;
Schiavon 2007; Koleva et gl. 2008; Graves & Schiavon 2008).

Sitv and Cwv indices display the strongest sensitivity tdGCs are the ideal templates since they are prototypicallsimp
metallicity at ages below 50 Myr, while Bkssis a good metal- stellar populations.



We usel UE observations (Cassatella etlal. 1987) of 10 GGmlar andZ 1/20 Z,, two sets of models are shown, those based
in the Large Magellanic Cloud (LMC), which have independemin the empirical-lUE FFs (solid lines) and those on the M05
age and metallicity determinations (Table 3). Ages and met&EDs using as input the high-resolution Kurucz-based sfitth
licities were obtained from tlierent sources. Both metallicity stellar library.
and the age of NGC 1711 were taken from Dirsch et al. (2000), Strictly speaking, due to the sub-solar metallicity of théC.
the former was determined by using metallicity to Stromgrestar clusters, only sub-solar models can be meaningfuiglotd
colour empirical calibrations, the latter by fitting CMD towith these data. However, since the solar-metallicity n®dee
Geneval(Schaerer et al. 1993) and Padova (Bertelli et ah)19¢hose uniquely locked to the IUE-based FFs and are not depen-
isochrones. Age estimates for NGC 1805 and NGC 1818 wetfent on our recipe for inserting metallicityfects, we plot them
taken from the review by de Grijs etlal. (2002) and metahs well. When we calculate the metallicity and the age of the
licities from [Johnson et al.l (2001) (who used fits to neat-MC clusters explicitly from the indices we use the full gal
infrared HST CMDs). Ages for all the other clusters comgodels (see Section 6.4).
from |Elson (1991) and Elson & Fall_(1988) and were es- |ooking at Figure[PD we see that theoretical and empiri-
timated using optical CMDs, while metallicities were estical models agree reasonably well and reproduce GCs data for
mated by matching stellar spectral models to medium resolost indices. These results, especially forvCare remark-
tion optical spectroscopy of individual stars for NGC 185Qaple, since these line indices have been discussed as being
NGC 1866, NGC 2004 and NGC 2100 (Jasniewicz & Thevengivorly determined due to blending with interstellar lindast
1994); infrared spectroscopy through equivalent width -megfects, and IMF fects (see discussion(in Rix eilal. 2004). Also

surements of the 1.62m near-IR feature for NGC 1984 andRodriguez-Merino et al. (2005) quote thevdine as one of the
NGC 2011/(Oliva & Origlia 1998); and from optical HST CMDsmost poorly described by tHéVBLUE library.

for NGC 2164|(Mackey & Gilmore 2003). Exceptions are BL1425 and FeV 1453 for which the empiri-
cal models lie above the data.

Name log(age) () [ZH] E(B-V)© Errors in the fit;ing funcj[ions can be excluded, since the
NGC 11L 77010057 0575017 014 same discrepancy is found in the stel_lar population _modbls o]
NGC 1805 700+ 00% —040< [Z/H] <0025 0.10 Bruzual & Charlot. (2003) that use as input spectral librdmy t
NGC 1818 740+ 0.3 _0.40% [Z/H] % 0.0%5 007 F92 Wlthout. passing through the fitting function procedses(
NGC 1847 742+ 030" ~0.37 0.09 Sectl6.b, Figure 16).
NGC 1850 740+ 0.20° -0.12+0.20° 0.09 Abundance ffects, for example an under abundance of iron
NGC 1866 812+ 0.30* -0.50+ 0.1C° 0.07 inthe LMC GCs as compared to the IUE MW stars, also seem
NGC 1984 706+ 0.30* -0.90+ 0.4C° 0.14 unlikely as neither the solar-scaled Kurucz-based modelthe
NGC 2004 730+ 0.20° -0.56+ 0.2¢° 0.09 Starburst99 models based on a higher-resolution versidneof
NGC 2011 699+0.30 —0.47+0.40° 0.08' |UE library show the same discrepancy (see Section 6.5)d4n a
NGC 2100 720+ 0.20° -0.32+0.20° 0.19 dition, other iron-sensitive line-indices like BI1617 dotrbe-

have the same way. For the same reasons an iron enhancement
Table 3. Ages, metallicities and colour exceds(B — V) inthe IUE stars can also be ruled out.
of the sample clusters. Reference¥Dirsch etal. [(2000); An effect from interstellar lines appears unlikely for sev-
Zde Grijsetal. [(2002); 3Elson [(1991); “Elson & Fall eral reasons. Interstellar lines exist at these wavelen(sgbe
(1988); SJohnsonetal. [(2001); €Jasniewicz & Thevenin e.g. Castelli et al. 1984) but they are known also fi@et the
(1994); Hilletal! (2000); °&Oliva & Origlia  (1998); SilV and CIV indices [(Castelli et al. 1984; Robert etlal. 1p93
‘Mackey & Gilmoré  (2003); °Colour excess from: whereas such a sizable discrepancy is not evident for ther oth
Cassatella et al.| (1987), with the exception of NGC 201lindices in Figuré . In addition, the Starburst99 models db n
HPersson et al. (1983). For NGC 1847 no error on metallicity show the same discrepancy and they have also not been eafrect
given and we have conservatively assumed 0.2, a value comnfiarinterstellar lines (Robert et al. 1993). Also it coulddrgued
to most globular clusters. that interstellar linesféect the GCs in a similar way as the em-
pirical models that are constructed using real stars, aaichill it
should be Kurucz-based models that are discrepant, astireor

On the GC spectra, we measure the line indices listed (fﬁl spectra do notm(_:orporate théeet of interstellar lines. .
Table[1. These values are given in Tables]B.1 B.2 in, Finally, note thatin case of BL1302 and BL1853 the empiri-
AppendiXA together with estimates of the associated erfidrs pal mod'els would fit the data for metal]|C|t|es above soldrioh
uncertainties of the measured equivalent widths are atesiin 'S [0C high. We come back to this point later when we use the
the same way as we estimated the errors for the measuremlenfgg'ceS to derive quantitatively metallicities and ages.
the stellar group spectra (see SEcil 3.2), but using the sec-
tra provided directly by the IUE observations. Since the maxs.3. mid-UV indices
mum age of the template GCs is 130 Myr and riiif-indices
are significantly strong only for populations older tharstinit, Figure[10 is the analogue of Figure 9 for indices in the tdid-
we are not able to check most of the synthetic tdid-line in- (1 > 2000 A).
dices. This would be possible in the future, provided thaidgjo  The validation of the midd V indices is less conclusive since
quality observations of older clusters are carried out@liV. the ages of the_Cassatella et al. GCs are limited to 130 Myr,
while older ages are required to set constraints on thistisec
region.

In spite of the age limitation, glancing at Figlird 10 one sees
Figure[® shows the comparison of SSP synthetic line indizesthat most synthetic indices are discrepant to those medisnre
the farUV with GCs data. For three metallicities, solar, halfthe GCs, the Fell2402 and tihgyiqe being perhaps the only in-

6.2. Far-UV indices
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Fig. 9. Time evolution of synthetic fa}V line indices of simple stellar population (SSP) modelsyiaieé on data of LMC GCs with
ages taken from the literature (symbols with error barsljd3ines are models based on the IUE-FF while dashed linesradels
based on high-resolution Kurucz model atmospheres. Blaglbhie lines refer to solar and half-solar metallicity, thagenta lines
toZ 1/20Z,.

dices for which, given the large error bars and scatter, oné&lc Finally, contamination by interstellar lines that are kmow
argue that the models are not clearfiset. to affect the region of theMig absorption at 2800 A (Morton

5 | 2 ; . : T
The reasons for these discrepancies could be either on 1970\;\,1)Castelll et al. 1984) remain the most likely possip(see

model side or on the GC data side. From the GC data side one
cannot exclude problems in the observed spectrainthefiid- oy this work we have carefully checked the case of the Mgl

From the model point of view, problems with the FF apline at 2800 A, which we discuss below as an example of a dis-

proach can be excluded as the Comparison with the BC03 modé'gpant index. We choose this index as it is often used in stud

confirms the discrepancies (Figure 16). ies of high-redshift galaxies and the adjacent spectrabreig
employed to measure spectroscopic redshifts for ighlaxies
One could argue that element abundance rafieces start (Daddi et al. 2005).

affecting the indices in the mitdhV as we know theyféiect most

optical indices. For example an overabundance of Magnesium As we see in Figure_10, both the empirical models and the
in the LMC GCs may push the dat#f the models. On the other Kurucz-based ones display significantly lower equivaledtis
hand, the iron lines are sometimes above and sometimes belban the GCs. The same is true when we calculate the index
the models and no clear pattern is detectable. Clearly a maaithe BCO3 models incorporating the F92 library direcltgt(d
elling of abundance ratiofiects in individual lines is required ted line in Figuré_IR, upper panel). The mismatch is somewhat
here, which is the scope of a future investigation. reduced, instead, when we apply broadband indices, such as



Illl T T |||I|| LI I T |f Il |||I|| ||I||| |I||’|I -Ill LI LELELELI I LI ||I| LI |I -I LELELELI I LI ||I| LI |I| T I-
i Fell2402 /] e g [Meii280 E
/ [ = [ ]
i /] 1+ 1 4r 1
2 - a [ [ ]
bo sik A e
L i E. R / i
, J3 kBTS2
s I I * ‘ ’ [ E:,,,,.,,,,|,,,,|....|'

o IIIIIII77 IIIIIIIIIII IIIIIII L IiIIIIIIIII -IIIIIIIIIIIIIIIIIIIII-
__ 65 7 756 8 85 65 7 765 8 85 65 7 75 8 85 65 7 7.5 8 85
s Illl |I| |||I|| LI I T |I 15 -Il T Illl |I T ||I -Ill LI T LI I T ||I| LI |I- -I LELELELI I LI ||I| LI |I| T I-
; I ] [ : I | : B -1
= 4 _Mg12852 B -1 : 3 -_ ! ‘ Pe[3000: - T N
[ | j1or : I 10 BL3096 _
: | 1 1} -
3 2 4 '} .
Pt : 1 | = :
°r —4 1 1| | 1 1 .= e
X 1 C 1 o= TR .

L N — - 5 ~ = P
[ Tl v ] L = 2 B 7
o T | Mguae | O F =7 1 [ ]
-IIIIIIIIIIIIIIIIIIIII- -III}II77I I}:il I'lI'IIIIIIII- :IIIII L IIIIIIIIIII: -IIIII 77I .:(I-

65 7 75 8 85 65 7 75 8 85 65 7 756 8 85 65 7 7656 8 85

log Age (yr)
Fig. 10. Same as Figuig 9 for mid"V indices.

RRRRE the Mg,, defined by Daddi et al. (20d)or the Mg, (See
NGC 1805, 10 Myr ] Flg- 10)-
In order to understand the discrepancy we have compared
the individual cluster spectra to the BC03 templates thatioe

WAM QMM E the Fanelli et al. library (see Fig.111). As it can be seen the
l GC spectra display a much stronger magnesium absorptian tha

14 -

12 -

Flux
=
[ [S)
T ig:’

] the templates based on the MW stars. This explains the giscre
— ancy seen in Figule_12. The fact that the W\ appears to be
in better agreement with the data outlines that these isdice
not trace the absorption feature but the continuum shapméro
% Mg 3 those wavelength. The MgV cannot be used to measure the
7 magnesium abundance.

v e Fanelli et al. (1990; 1992) find that the Mg(2800 A) is

1 1 ] very sensitive to temperature and is stronger in metal-ptzos

T oo o w0 than metal-rich ones at giveffective temperature (see e.g. their
b Figure 6-0), a behaviour attributed to a combination féets,

Fig. 11. Zoom of the spectral region containing the Mggoo ncluding chromospheric emission. _

index. The observed spectra of two LMC clusters from the The case here is more complicated as the fieteis due to
Cassatella et al. sample are shown in red, with overlaid ketep @ Stellar population and not to a single star. The clustersuof
spectra from BCO3 based on the Fanelli et al. library (blatk) S2mple span a range in metallicity and some have the same age,
the age of the observed clusters (labeled in the panelsjcar hence the most-metal poor ones typically should have higher
solid lines show the line and continua windows defining theusMgtemperatures. However if one compares thenMg800 A) in-

2800 index (cf. Table 1); dashed lines refer to the \Mof Daddi  dices of these clusters (see Figuré 13), there is no indicttat
et al. (2005). the most metal-poor have stronger indices.

NGC 1866, 100 Myr ]

Flux
1= =
o N
T §

2725
1 Mgy, = 2 freps 20
= 6% 2825

oszs 204+ fo755 a0



Contamination by interstellar lines originating from the
warm neutral interstellar medium of the LMIC (Welty et al. 99
remains the most likely reason for the strong absorptiomsrat
the Mg region. It is interesting that the IUE stars do not show
such contamination, which may be due to the much lower ex-

% S G tinction of galactic sitelines.

6.4. Using the indices to derive age and metallicity

W(Mgy 2800) (&)

Here we derive quantitatively the ages and the metallgdfehe
; ‘ ; ‘ - LMC clusters using the indices and compare them to the values
we compiled from the literature.

For this exercise we use all eleven fa¥ indices in case
of the Kurucz-based models and seven indices, i.e. theYar-
indices minus BL1302, BL1425, FeV, BL1853 in case of the
FF-based models. The latter choice is motivated by the clear
discrepancy between the GC data and the empirical models for
those indices, as we have discussed previously (see Higure 9

T Mid-UV indices are not considered as the agreement between

— ] models and data is generally poor. Also, the template GCs are
TV very young and the use of the faV is more appropriate.
wlb o AP gl Ages and metallicities are derived by minimizing the
guadratic distance between the measured EWs and the SSP mod-
log Age (yr) els for the selected set of indices simultaneously.

The ages and metallicities we derive for the GCs from the
indices are compared with literature values in Fig. 14 15

3
T

Mgy (2800 A)

@
T
4
T
4
+

Fig.12. Comparison between the Mg2800 from Fanelli et al.
and the Mg, index defined in Daddi et al. (2005). In both pan . ; . .
els, solar and half-solar metallicity models (solid andrgas (values are givenin Table G.1 in the Appendix).

lines, respectively) are plotted together with the GCs.dalsp ~__The @ges we derive from the indices are in good agreement
plotted are the indices as derived from Bruzual & Charlof@0 with those compiled from the literature. This is the casebfmth
solar metallicity models (dotted line), which use the sapecs Sets of models.

tral library we use in th&JV and give very similar results to The metallicitic_as_ are also in satisfactory agreement cmsi
ours. ing that the metallicity dependence of tb& spectrum is not as

straightforward as in the optical (see also discussion iav€h
et al. 2007) and that the metallicity determinations for @&f@s
r 7 are not homogeneous. Here the models behaVerdntly. The
8 = Kurucz-based models give a very good determination for more
i o ] than half the sample with a tendency to lie above the liteeatu
6 e . o values for three objects. The empirical models display gelar
I ] scatter, but no systematic trend. For the empirical models w
¢ ] checked that had we also used the BL1302 and BL1853 indices
. ] we would have obtained systematically higher metallisitfer
L the reasons discussed in Section 6.2. When we include the two
-1 08 -06 -04 -02 0 indices BL1425 and FeV for which the models are above the
(M/H] data, this systematicfect is rectified because the discrepancy
pushes the fit to lower metallicities.
Fig.13. The Mgn 2800 index of the LMC GCs as function of  In conclusion we recommend the use of seven indices,
the metallicity as determined in the literature (see Tahteip namely SilV, CIVA, Clv, CIVE, BL1617, BL1664 and BL1719,
the Appendix).. in the case of empirical models and eleven indices namely
BL1302, Silv, BL1425, FeV, CI¥, CIV, CIVE, BL1617,
BL1664, BL1719, BL1853 for the Kurucz-based models.
It will be interesting to apply this age and metallicity tool
A true abundanceftect, with the LMC clusters being en-f0 distant galaxies for which many rest-fraroe/ spectra are

riched in magnesium with respect to the MW stars of which tfvailable in the literature.

Fanelli et al. library is composed, finds support from thekafr

Beasley et al. (2002), which reports an indication of a piesi g 5 pjodels based on other tracks or spectral libraries
magnesium overabundance in other LMC clusters of similar ag

from the analysis of Lick indices. The caveat we have witls thNo other model in the literature provides all the line indioee
interpretation is that if an abundand@eet is responsible for the present here. Still, we can use the integrated spectrabgner
deep line present in the GC spectra, the overabundance of ndigtributions of other population synthesis models andhiobt
nesium would need to be very large. In a future work we interile line-indices by direct integration. Two models are riest-

to study the abundancé&ect on the MglI2800 index as this is aing in this context, the Bruzual & Charlot (2003) aSehrburst
potentially very powerful chemical abundance indicatortfigh 99 (Leitherer et al. 1999) models. The reason is that the former
redshift galaxies (Heap et al. 1998; McCarthy et al. 2004).  adopt the Padova tracks and the same spectral library we use

MglI2800
.
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Fig. 14. Age estimates derived from all 11 farV indices for the Kurucz-based models (upper panel) and f@rarsindices for
the empirical models compared to the literature values.
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Fig. 15. Same as in Figufe14 for metallicity.

(F92). This allows us to check the jointfect of stellar tracks Figure[1& shows the results of our comparison. In general,
and our fitting function procedure. Though we cannot separdhe indices behave similarly in most cases, suggestingotnat
the two dfects, we should be able to use this comparison to desnclusions are robust againsfidrent stellar tracks andftir-

tect gross discrepancies due to the fitting function progeddn ent empirical libraries.

the other handStarburst 99 uses the same stellar tracks as in . ) )
the M05 models, but a fferent spectral library (described in  The discrepancies between the FF-based models of the in-
Robert et all_1993), mostly based on high-resolutidg spec- dices Bliays and FeV 1453 and the template GCs is found also
tra from Howarth & Prinja (1989) Hence with tfgarburst 99 when the Bruzual & Charlot (2003) SEDs are used (dotted.line)

models we can check théfect of the spectral librarfl This excludes that the origin of the discrepancies lies irraor
of the FF approach. The fact that tBerburst 99-based indices

2 To allow for a meaningful comparison, we have smoothed tHesSE do not display the same discrepancy suggests that the arfigin
of Sarburst 99 to the same resolution as the F92 library (6 A). the mismatch lies in the O-star IUE-low-resolution library
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Fig. 16. Comparison between several model indices at solar metaliaur FF-based (solid) and Kurucz-based (dashed) isdice
are compared to those we calculate on(the Bruzual & Char@¥p(dotted) and Leitherer etlal. (1999) (dashed-dotteutjets.
Bruzual & Charlot [(2003) use F92 spectral library and Laihet al. (1999) use a higher-dispersion versionWE spectra in
addition to the F92 library (Robert etlal. 1993).

All the discrepant indices in the midy remain discrepant have investigated theffect, if any, of varying the recipes used
also for the BC0O3 models in which the F92 library is used withn the stellar tracks for the mass-loss rates on the uppéwopar
out passing through FF, again excluding a major problemen tthe IMF. We computed solar metallicity models, using as tapu
FF procedure. isochrones from the Geneva group (Meynet et al. 1994), which

implement a higher mass-loss rates (twice the one usediin the
standard tracks) for the very massive stayslbM,).
6.6. The effect of mass-loss

Very massive stars are known toffar from strong mass-loss, = We show in Fig[Il7 the case of the1$i1400 absorption
a process driven essentially by radiation pressure whigkng index, as an illustration of the general case. The doublfrige
difficult to predict by stellar evolution models. For this reag@n mass-loss rate has a negligibféeet on the indices.



Age (Myr) Most of the farlV indices are found to be in satis-

T T 2 factory agreement with the models. The lines oivCand
Siv already have been studied extensively in the litera-
— Standard ML ture (Storchi-Bergmann etlal. 1994; Leitherer & Heckimangt99
T I Double ML Leitherer et al. 1999; Heckman etlal. 1998; Rix et al. 2004). W

add here their validation with GCs. The other indices indtaa
modelled and compared with globular clusters in this wonk fo
the first time.

The models of most mid}V indices, instead, fail to repro-
duce the GC data. Given that the GC are youn@.4.3 Gyr) and
mid-UV indices are strong in older populations, one cannot rule
2k out a problem in the mid}V part of the GC observed spectra.

o s e o o We shall pursue this aspect in a future paper.
log Age (yr) For a quantitative test we have calculated the ages and-metal

Itgties we derive for the GCs using both empirical and Kuruc

Fig. 17. Comparison between mo_dels adopting Geneva track)ased models. For the empirical models we use seven indices
with a standard (solid line) and twice the standard (dasinel | (SilV, CIVA, CIV, CIVE, BL1617, BL1664, BL1719) whereas

mass-loss rate for massive stafs {5M). No efect is appre- for the Kurucz-based models we could use all eleven indites i

ciable. the farUV (see Figurgl9).
For these selected sets of indices we find good agreement
between the ages and metallicities we derived based on the in
) dices and the values given in the literature. These sets@an n
7. Summary and conclusions be applied to age and metallicity derivations for distahaxgias.
It is important to note that the theoretical models presnte
e refer to solar-scaled abundance ratios of chemiaakgits,
while the empirical models refer to the pattern of the Milky
Way stars out of which the input library is constructed. Oa th
biher hand, some evidence has been reported in the literatur
enhancement at-elements with respect to iron in Magellanic
Cloud globular clusters_(Oliva & Origlia 1998; Beasley et al
2002). Given the satisfactory agreement we obtain in thigekbr
Do . X ages and metallicities of the LMC GCs one tends to conclude
and metallicity indicators of young stellar populationsfie l0- - "5+ least when using our selected set of farindices, pos-
cal Universe or at high redshift. In total we model 19 indiges sible chemical abundance anomalies do not matter. Nogsthel
the wavelength range 1200 A to~ 3000 A. we are following up the modelling af'V indices for various
We follow a two-fold strategy. First, we have constructed aihundance ratios that will hopefully clarify this issue.

alytical approximations (fitting functions) to the empaidine
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Appendix A: Coefficients of the fitting functions

Here we provide the numerical dfieients of the FFs and the
ranges in temperature and gravity inside which the fittingcfu
tions are valid (Table“Al1) . The fitting functions should et
extrapolated outside these regions. The equivalent wittil a
temperatures and surface gravities inside the validitgeais
the third degree polynomial given by the ¢beents listed in

Table[A.1 and equation] 5 in Se€l. 4. When a two-region fit is
necessary to construct the FF, each local FF (cool and hset) ha

to be applied in its corresponding region. Equafibn 6 apptie
the overlapping region.



Table A.1. Codficients of the empirical fitting functions. Some indices riegg fits performed in adjacent temperature regions (see &gdn such cases the first row refe
to the cool region and the second one to the hot. The confibeitveen the two functions is obtained using a cosin fundfiee EqL16). Validity limits in log and logTeg
are defined by the coolest and hottest stellar groups, anchéxémum and minimum values of surface gravity availablehim library that was included in the fit. These al

logTer = 4.67—3.86 and logy= 1.4 — 4.1 for farUV indices, and loJ ¢ = 4.67 — 3.78 and logg= 1.2 — 4.3 for mid-UV indices.

Index ag log Ter logg logTZ; log Terlogg logd? log T3 logTZ logg log Ter log g? logg
BL 1302 -7.410092e03 5.161229€03 -2.104500€01 -1.190241€03 5.089514€00 0.000000€00 9.087288€01 0.000000€00 0.000000€00  0.000000&0(
Siv 8.329603e03 -5.950179€¢03  0.000000€00 1.413073e03  0.000000e00  0.000000e00 -1.114978e02 0.000000€00 0.000000€00 -4.464140e-
BL 1425 2.801138e03 -1.887279€03 -1.124998€02 4.198010€02 5.522990e01 0.000000€00 -3.073181e01 -6.792400€00 0.000000€00  0.000000&0(
Fev 0.000000e00  0.000000€00  0.000000€00 -5.370300€00 4.218601€00  0.000000€00 1.291487€00 -1.022240€00 0.000000€00  0.000000€0(
Cy 0.000000e00 9.475584¢€01 0.000000€00 -5.981724€01 1.591892¢01  0.000000€0.0 9.063165€00 -3.998758€00 0.000000€00  0.000000&0(
Cwv 1.160656e04 -8.160319e03  0.000000e00 1.908096€03  0.000000e00  0.000000e00 -1.483084e02 0.000000€00  -6.465476e-02  0.000000@(
Cy 1.146391e04 -8.060925€03 0.000000€00 1.886312€03 0.000000€00 0.000000€00 -1.468829€02 0.000000€00 0.000000€00  0.000000&0(
BL 1617 7.195609e03 -4.969059€03 1.637501e01 1.134789€03  0.000000€00  0.000000€00 -8.554261e€01 -1.010919€00 0.000000€00  0.000000&0(
BL 1664 3.99173e03 -2.69840e¢03 0.000000€00 6.070700€02 0.000000€00 0.000000€00 -4.545000€01 0.000000€00 0.000000€00  0.000000&0(
BL 1719 0.000000e00  0.946425€00 1.39515¢00  0.000000€00 -0.463588€00  0.000000€00  0.000000€00  0.000000€00 0.000000€00  0.000000&0(
BL1gs3 -3.992238e04 3.132500€04 -8.032732€02 -8.174011€03 4.072430€02 0.000000€00 7.093685€02 -5.124554€01 -2.300320e-01  0.000000&
-1.741241e03 1.236778e03  0.000000e00 -2.912705e02  -1.240263e-01  0.000000@0 2.278486€01  0.000000€00 0.000000€00  0.000000&0(

Fen 2402 -1.025711e05 7.846243€04 0.000000€00 -1.997183€04 -1.152896€01 0.000000€00 1.691469€03 3.738713€00 -5.328224e-01  0.000000&
4.187948e03 -2.837521€03  0.000000€00  6.404977€02 0.000000e00  0.000000€00 -4.814913e01 0.000000€00 0.000000€00  0.000000€0(

BL os3g -5.765329e04 4.594702€04 -1.525047€03 -1.220363e04 8.150653€02 0.000000€00 1.080533e03 -1.101304€02 2.225463€00 -9.983048e-
2.215483e02 -9.798301e01 0.000000€00 1.083353e01 0.000000€e00  0.000000€00  0.000000e00  0.000000e00 0.000000€00  0.000000€0(

Fen 2609 -4.290130e04 3.423995€04 -1.540460€03 -9.101116€03 8.113314€02 0.000000€00 8.056931€02 -1.065136€02 0.000000€00 -1.165127e-
2.225659e¢02 -1.009843€02 0.000000€00 1.145332€01 0.000000e00  0.000000€00  0.000000e00  0.000000e00 0.000000€00  0.000000&0(

Mgn -8.369101e03 4.425491€03 0.000000€00 -0.584735€03 2.583200€00 0.000000€00 0.000000€00 0.000000€00 -0.426400€00 0.0000000(
4.220988e02 -1.924251€02 0.000000e00  2.195847€01 0.000000e00  0.000000€00  0.000000e00  0.000000e00 0.000000€00  0.000000&0(

Mg1 -6.560245e04 5.213871€04 5.667943€¢00 -1.379378€04 0.000000€00 -7.080052e-01 1.214714@3 0.000000€00 0.000000€00  0.000000&0(
2.833468e02 -1.290402€02 0.000000€00 1.467496e01 0.000000e00  0.000000€00  0.000000e00  0.000000e00 0.000000€00  0.000000&0(

M0uide 1.493626e03 -7.013927€02 0.000000€00 8.260315€01 0.000000€00 0.000000€00 0.000000€00 0.000000€00 0.000000€00  0.000000&0(
Fer -2.324729e05 1.873365e05 -2.620267€03 -5.027795e04 1.396493e03 -1.061878e00  4.494049¢03 -1.854398e02 0.000000€00  0.000000&0(
1.522971e-02 0.00000060 0.000000€00 0.000000€00 0.000000€00 0.000000€00 0.000000€00 0.000000€00 0.000000€00  0.000000&0(

BL 3096 1.153169¢03 -8.051949€02 0.000000€00 1.870753e02 0.000000e00  0.000000€00 -1.449478e01 1.972870e-01  -3.151360e-01 1.55400¢




Appendix B: Absorption line-indices of LMC
globular clusters

In Table[B.1 and BJ2 we list our measurements of thé ab-
sorption line-indices in the LMC globular cluster spectra.

Appendix C: Age and metallicity estimates of LMC
globular clusters based on model line-indices

Cluster log(age) [ZH] log(age) [Z/H] log(age) [Z/H]
(Literature) empirical models Kurucz-based models
NGC 1711 7.70 -0.57 7.10 -1.00 7.50 -0.10
NGC 1805 7.00 -0.20 733 -0.33 7.20 -0.33
NGC 1818 740 -0.20 7.15 -1.00 7.50 -0.20
NGC 1847 742 -0.37 7.10 -0.60 6.85 -0.40
NGC 1850 740 -0.12 7.10 -1.00 8.00 -0.10
NGC 1866 8.12 -0.50 8.25 0.10 8.00 -0.50
NGC 1984 7.06 -0.90 6.95 -0.60 7.10 -0.10
NGC 2004 7.30 -0.56 6.95 -0.50 7.20 0.00
NGC 2011 6.99 -0.47 6.80 -0.33 6.70 0.00
NGC 2100 7.20 -0.32 7.00 -0.60 7.35 0.20

Table C.1. Ages and metallicities derived from 7 empirical
model indices and from 11 Kurucz-based model indices as dis-
cussed in Section 6 (see [Fig 14 15).



Cluster Blyzoo Siv BL 1425 Fev CR/ Civ CFV BL 1617 BL 1664 BL 1719 BL 1853

NGC2011 39 08 35 07 09 07 -06 11 41 06 41 06 27 08 @8 11 08 18 06 11 09
NGC1805 51 06 25 07 12 17 -05 11 18 08 17 0.7 09 @& -11 -03 0.8 12 0.6 1.0 05
NGC1984 39 10 42 09 16 10 10 15 21 11 24 10 12 1.B 15 05 15 15 13 15 16
NGC2100 39 04 34 04 03 05 -09 -07 18 05 21 05 17 a4 05 18 05 18 05 14 0.6
NGC 2004 42 03 3.7 04 06 04 -10 06 29 04 28 15 04 04 05 01 06 19 04 14 06
NGC 1818 38 09 16 08 04 08 -1.7 11 12 09 14 07 16 0.® 01 09 12 15 1 12 1.0
NGC 1847 45 06 28 06 09 07 -07 10 14 0.7 25 06 16 0. 09 08 08 10 06 2.0 0.6
NGC1711 41 04 18 05 -03 05 -09 07 15 05 16 04 09 M8 06 16 05 14 04 10 04
NGC 1866 4.1 0.7 03 0.7 -01 07 -23 12 04 06 05 05 08 a® 0.7 18 06 18 04 19 0.6
NGC 1850 44 05 08 06 -03 06 -21 10 17 06 14 06 19 a® 07 11 06 15 04 18 0.3

Table B.1. Equivalent widths and estimated errors (both in A) of iiv-indices as measured in the IUE spectra of LMC globular
clusters.

Cluster Far 2402 Blpszgg Feni2609 Mgun2800 Mgi2852 Mg, Fer3000  Blggos

NGC2011 29 07 09 05 14 03 60 06 05 0.7 44 26 -12 104 -03
NGC1805 39 20 03 17 20 12 55 11 10 12 7.7 93 32 32 -22
NGC 1984 3.7 15 -08 1.1 16 06 36 05 15 04 -21 48 10 0B 06
NGC2100 21 19 -25 15 09 09 69 09 24 11 03 81 11 MO -14
NGC 2004 0.8 08 -1.3 08 13 06 62 06 20 06 127 42 03 DF 06
NGC1818 15 13 -07 11 12 07 49 06 16 07 6.2 55 00 18 00
NGC 1847 16 1.7 -1.3 11 14 07 47 06 14 06 36 51 -21 1UB 09
NGC1711 22 15 -12 14 16 09 61 08 18 09 41 6.8 27 22 -13
NGC 1866 24 16 -01 14 20 09 71 05 24 05 12 52 14 1.8 -00
NGC1850 0.7 18 -27 15 12 09 61 09 28 09 86 71 01 2% -15

Table B.2. Same as B.1 for mid}V indices.
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