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YONSEI EVOLUTIONARY POPULATION SYNTHESIS (YEPS) MODEL. |.
SPECTROSCOPIC EVOLUTION OF SIMPLE STELLAR POPULATIONS

Chul Chung?, Suk-Jin YooA?, Sang-Yoon Le# & Young-Wook Leé

ABSTRACT

We present a series of papers on the year-2012 version okl&nslutionary Population
Synthesis (YEPS) model which is constructed on over 20 yeheritage. This first paper
delineates thepectroscopi@spect of integrated light from stellar populations oldemnt 1 Gyr.
The standard YEPS is based on the most up-to-date Yonseis¥lar evolutionary tracks and
BaSel 3.1 flux libraries, and provides absorption line iediof the Lick/IDS system and high-
order Balmer lines for simple stellar populations as furwi of stellar parameters, such as
metallicity, age andv-element mixture. Special care has been taken to incomsgetematic
contribution from horizontal-branch stars which alters tamperature-sensitive Balmer lines
significantly, resulting in up to 5 Gyr difference in age esttion of old, metal-poor stellar
populations. We also find that the horizontal branches exedppreciable effect not only on
the Balmer lines but also on timeetallicity-sensitivdines including the magnesium index. This
is critical to explain the intriguing bimodality found index distributions of globular clusters
in massive galaxies and to derive spectroscopic metaficéiccurately from various indices. A
full set of the spectroscopic and photometric YEPS model dathe entire parameter space is
currently downloadable at http://web.yonsei.ac.kr/ciogtata/YEPS.htm.

Subject headingsstars: general — stars: abundance, evolution, horizém&aleh — globular
clusters: general

1. INTRODUCTION

arXiv:1210.6032v2 [astro-ph.GA] 25 Oct 2012

The Evolutionary Population Synthesis (EPS) techniquekisyatool for interpretation of integrated
light from remote stellar systems. Based on stellar evatutheories, the EPS models place constraints
on ages, chemical abundances and star formation histdregaralusters and galaxies (elg., Tinsley 1978;
Bruzual 1983; Arimoto & Yoshii 1987; Guiderdani 1987; Burid989; Bruzual & Charlot 1993; Bressan et al.
1994;| Fritze-Von Alvensleben & Gerhard 1994; Worthey 199dtheren 1995, Park & Lee 199(7; Yi etlal.
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1997; Fioc & Rocca-Volmerange 1997; Maraston 1998; Vazo&kQ9;, Schulz et al. 2002; Thomas €t al.
2003 Bruzual & Charlot 2003; Lee etlal. 2005b; L ee & Worth892; Schiavan 2007 ; Cervantes & Vazdekis
2009 Lee et al. 2010; Vazdekis etlal. 2010; Conroy & Gunn 28&0cival & Salaris 2011; Maraston & Strémback
2011 Pforr et al. 2012). Combined with recent developmehigh precision observations, the EPS models

are becoming more important for the analyses of varioutastebpulations in galaxies.

In a series of papers, we intend to present the Yonsei Evolaity Population Synthesis (YEPS) model
for the spectroscopic and photometric evolution of simpédlas populations (SSPs). This paper, as the
first paper of the series, describes #pectroscopi@spect of our YEPS model. The model is constructed
by the YEPS Fortran code package, which has been improvedeguidited for the past 20 years by
many studies related t@) synthetic color-magnitude diagrams for individual stgg.,lLee et al. 1990,
1994, 2005b;_Rey et al. 2001; Yoon & l.ee 2002; Kim et al. 20060rYet al/ 2008; Han et &al. 2009) and
(b) synthetic integrated spectra for colors and absorptialicés of simple and composite stellar popu-
lations (e.g.| Park & Lee 1997; Lee et al. 2000, 2005a; Rel @05,/ 2007/ 2009; Kaviraj et gl. 2005,
20074&.h/c; Ree et al. 2007; Yoon etlal. 2006, 2009; Yoon & @2009; Spitler et al. 2008; Mieske et al.
2008; Choi et al. 2009; Chung et al. 2011; Yoon et al. 2011@Hn et all 2012). The forthcoming Paper Il
(Yoon et al. 2012, in preparation) will present the photametvolution of stellar populations. The latter
papers in the series will discuss the effect of the diffesddice of model ingredients and input parameters
on the model, as well as the application of the YEPS for thiy#gpe galaxies that have composite stellar
populations.

The standard YEPS model has been constructed based on thei-Yeate (Y2) stellar evolution models
(Kim et al. 2002; S. Lee et al. 2012, in preparation) and th8&aflux library (Westera et al. 2002). The
absorption-line index model employs the Lick/IDS systemréein et al. 1984; Faber et al. 1935; Worthey
1994; Worthey & Ottaviani 1997; Schiavon 2007), which defi2é absorption lines produced by various
elements at the surface of stellar atmosphere. The Lick#{Efem uses the spectra of nearly 460 stars to
cover a wide parameter space of temperature, gravity, atalliogy (Buzzoni et all 1992, 1994; Worthey
1994; Worthey & Ottaviani 1997; Schiavon 2007). The systhowever, does not consider the gridef
elements enhancement, and thus the enhancement shoutdteel ttheoretically. We applied theelement
correction terms by Korn et al. (2005) to our model, follogithe schemes used by Trager etial. (2000),
Thomas et all (2003), and Schiavon (2007).

The YEPS model has been built with particular interest inlidgawith the core helium burning
horizontal-branch (HB) stars. Since the presence of hot staglobular clusters (GCs) and galaxies changes
the overall shape and absorption feature of their spectrigy distributions (SEDs), especially at short
wavelengths, the impact of hot HB staps 8000 K) has been a topic of great interest in the EPS community
over the past 20 years (Lee etlal. 1990, 1994; Worthey| 199 eLall 2000; Thomas etlal. 2003; Lee et al.
2005b;] Schiavon 2007; Yoon et al. 2006, 2008, 2011a,b, 20ER et al.|(2000) first demonstrated that H
absorption index—the most popular age indicator—is sigaifily enhanced by the presence of blue HB
stars. More recently, Yoon etlal. (2006, 2011a,b) show thasiystematic metallicity-dependent variation
in HB temperature leads to the nonlinear relationship betwmetallicity and broadband optical colors.
Despite the fact that hot, blue HB stars exert a strong effegiroperties of integrated light from GCs and
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galaxies, most EPS models to date took into account thelgl@faHBs in a fairly limited manner. The
YEPS, by contrast, elaborates the HB effect not as a merelyaoonation factor but as a crucial part of the
EPS model for various spectroscopic and photometric obbtgs.

The paper is organized as follows. Section 2 describes th&trumting procedure of the YEPS model.
Section 3 presents the results of our stellar populationulsitions and the comparison of our model with
observations. Section 4 discusses the implications, amadl\fiBection 5 summarizes our results. A full
set of the spectroscopic and photometric YEPS model datheoEhtire parameter space is available at
http://web.yonsei.ac.kr/cosmic/data/YEPS.htm.

2. CONSTRUCTION OF THE YEPSMODEL

The YEPS model provides, for a given stellar systen),tie synthetic color-magnitude diagrams
(Section 2.1),l§) the synthetic spectral energy distributions (Section, Z2 the integrated absorption line
indices (Section 2.3),d] the integrated magnitudes and broadband colors, @nthé integrated surface
bright fluctuations. Tablel 1 summarizes the ingredientsiamat parameters of the YEPS model.

2.1. Synthetic Color-Magnitude Diagrams

The standard YEPS model is constructed based on the mostdaté Yonsei-Yale (¥) stellar evolu-
tionary tracks. For the evolutionary phases from the majusece (MS) to the tip of the red giant branch
(RGB), we used Y-isochrones| (Kim et al. 2002; Lee et al. 2012, in preparjticovering the metallic-
ity grids from Z = 0.00001 to 0.08 with three different values for theelements enhancemenix(Fe]
= 0.0, 0.3, and 0.6). The mixture pattern @felements enhancement irk¥sochrones follows that of
VandenBerg et al.! (2000). The?\tellar evolutionary libraries adopt the galactic heliuntiehment pa-
rameter ofAY/AZ = 2.0 with the primordial helium abundance %6f= 0.23. To examine the effect of the
different choice of the evolutionary tracks, we compardjivused the BaST]I stellar evolutionary tracks
(Pietrinferni et al. 2004) with metallicities frord = 0.0001 to 0.04 for the twav-elements enhancement
cases ((/Fe] = 0.0 and 0.4). The ¥stellar libraries include helium diffusion and BaSTI stellibraries
include the atomic diffusion of both helium and metals. Af e demonstrated below, the major features
of our model do not depend on the specific choice of stellaafibs.

We adopt the Salpeter initial mass function (IMF) for oumsiard set of simulations to assign the
number of stars along given isochrones. Worthey (1994 epted the generalized Salpeter IMF of the form

dN _ Mtot(l—X)

- = o= A\ 1
dM  MIx-Ml> ’ @

wheredN is the number of stars within the fixed mass dis, andM, and M, are the lower and upper
mass cuts, respectively. From this, we calculated the IMBNOESP that consists of an single-metallicity
and single-age population. We have applied &@irs within whole mass range of IMF (from 0.2 to 5.0
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Mg). We adopted the standard Salpeter index 1.35) over the whole mass range. The choicea ekerts

a fairly small effect on the overall shape of UV-to-IR SEDsldmence on broad-band colors and absorption
indices (Park & Lee 1997). This is more so for old stellar dapans for which massive stars are already
evolved off the MS because the indegontrols the fractional contribution from the massive st&towever,

it is noteworthy thak leads to significant variations in total absolute magnitotithe model SSPs (Tinsley
1972) because the absolute flux level of SEDs is a functioheofdtal stellar mass.

For the synthetic HB modeling, we used-¥B tracks (Lee et al. 2012, in preparation) that are fully
consistent with Y-isochrones in terms of the input physics and assumed p&eesneThe ¥ HB tracks
cover a wide range of HB total mass from 0.44@8 for Z=0.06 and 0.503®, for Z=0.0001 to 1.9M,
for all metallicities to incorporate the wide variation oBHnorphology. In order to simulate the mass
dispersion of HB stars, we have used the Gaussian HB masbulistn of the form

P(M) exp(W),
oM

2)
whereP(M) is the probability density function of the HB mass, ai\ig) is the mean mass of the HB at
a given metallicity and age. The standard model assumedattie wofoy to be 0015V, (Lee et all 1990,
1994). On average, the number of HB stars at given metgliégitd age is 350 in a single simulation. In
addition, in order to avoid small number statistics in HB mlat, we have repeated the simulation 10 times
to get the averaged continuum flux at given metallicity anel ag

Figurel shows how the HB morphology of YEPS mgldelcalibrated to the observations. The HB type
is defined asg—-R)/(B+V +R), whereB, RandV are the numbers of blue and red HB stars and RR Lyrae
variable stars, respectively (Lee et'al. 1994). Filledlegeepresent the oldest inner-haRs€ < 8 kpc) the
Milky Way globular clusters (MWGCSs), and open circles{&sc < 40 kpc) and trianglesRsc > 40 kpc)
represent the outer-halo MWGCs. Solid lines from top todiattire the HB type variation of the YEPS
model with varying ages. The free parameter, the Reimers+oas efficiency parametey, is used to
calibrate our model HB types to the observations. We adoRtbthers|(1977)’s empirical formula for the
mass loss along the RGB (Raod 1973; Lee et al.[1990). The fartakes the form o?'a—'\t" X ngiR, wherelL, g,
andR are luminosity, gravity, and radius of stars, respectivélye comparison of models and observations
suggest ay of 0.63 under the assumption that the mean age of inner-h@le i& 12 Gyr [(Gratton et al.
1997; Reid 1997; Chaboyer et al. 1998; Marin-Franch et &1920otter et al. 2010). Figufd 2 shows the
color-magnitude diagrams (CMDs) for selected model SS&s4nd blue arrows in Figuké 1). In general,
the HB type becomes redder with increasing metallicity amctesing age (e.q., Lee etial. 1994).

IRecent observations and modeling indicate that the abeedamomaly, especially in He and CNONa, is present in the MWGC
with multiple stellar populations. Although the variationHe and CNONa abundance among GCs in the MW is large, thageer
variation between GC systems in different galaxies, as deyli® not expected to vary greatly. Additionally, only 30 %otloe
MWGCs are significantly affected by the enhancement in|He @teal. 2007), and this suggests that HB morphologies in the
majority of the MWGCs are mostly controlled by total metitl and age. However, if the average He enhancement in the
MWGCs is not archetypical, and it varies significantly fromeayalaxy to another, our models presented here would negeifu
revisions to reflect this.
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2.2. Synthetic Spectral Energy Distributions

Spectral energy distributions (SEDs) of SSPs are genebaisetl on the synthetic CMDs (Section 2.1).
The CMDs give the stellar parameters of individual starsvery SSPs, including effective temperatufg,(
surface gravity ), global metallicity ([Z/H]), and a-element enhancemeniFe]). To derive theoretical
spectral fluxes (in units of [erg/s/Gth]), we use the spectral library of BaSel 3.1 (Westera et 80220
BaSel 3.1 is based on the expertise_of Kurucz (1992) and Ba3¢glLejeune et al. 1998), and provides
extensive and homogeneous grids of theoretical flux digidhs calibrated to the colors of the MWGCs
at all levels of metallicity. The library covers effectiveniperatures from 2,000 K to 50,000 K, gravities
in a solar unit from log of -1.02 to 5.50, and metallicities [H] from —2.0 to 0.5. Note that the BaSel
3.1 library assumes scaled-solarelements. We thus choose to use the total metalliciggH[Zfor the
construction of SEDs of SSPs, rather than the iron abundﬂ?&fﬁﬁ. The equation [ZH] = [Fe/H] +
Ala/Fe] relates [Z/H] to [Fe/H]. In our model forof/Fe] = 0.3, the facto which depends on the-
element mixture of the model equals to 0.723.

We calculate the expected flix at a distancel using the form

L 1
Frn=4n X — XHy x — 3
A 7TXaTe‘#f>< A a2 ®)
whereH,, L, Teg and o are the flux intensity, luminosity, effective temperatufeacstar, and the Stefan-
Boltzmann constant, respectively. From these fluxes oviddal stars, integrated fluxes of all stages of
stellar populations in the synthetic CMDs—MS to RGB, HB amdtpasymptotic giant branch (PAGB)—
are calculated using the following summation form:

F}t\otal - F)’\\/|S+ F}\RGB"' F)l\—iB + F;AGB. (4)

Total mass of SSPs at given age and metallicity is normatiadd® M.

2.3. Absorption-line Strength Indices

The absorption-line indices of the YEPS model are calcdlating the polynomialitting functions
The fitting functions are derived from spectra (in the 4,0860000A region) of Galactic stars and yield the
line strengths as functions of stellar atmospheric pararsetmetallicity, temperature, and gravity (Rose
1985; Jones 1995; Vazdekis 1999; Faber 1973;/Rose 1984 .eD&#z1989; Worthey 1994; Buzzoni et al.
1992 /1994; Worthey & Ottaviani 1997; Schiavon 2007). Theieical polynomial fitting functions, com-
bined with continuum levels of model SEDs, generate therptisa-line indices of SSPs.

2In some photometric broadband colors (e.b=B), broadband colors fag-enhanced mixture are better reproduced by scaled-
solar spectra with the same [H4] of the a-enhanced mixture, not [H] (Cassisi et al. 2004).
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For the standard YEPS absorption index model, weluse Woi{h@94) and Worthey & Ottaviani
(1997)’s (hereafter W94 and W97) polynomial fitting funcisofor 25 absorption indices of the Lick/IDS
system. As a comparison model, we adopt Schiavon (2007@ieé#fter SO7) fitting functions in the blue
wavelength based an Jones (1999) stellar library. Figureo8s an example of the fitting functions gH
line) as given in W94 and S07. The two sets of fitting functiagsee well with each other. We note that the
H g fitting function of SO7 exhibits greater metallicity-semsty for giant stars than that of W94 by virtue
of a more recent spectral library by Jones (1999).

From these fitting functions, we derive the equivalent widtta single star at a given temperature,
gravity, and metallicity. The empirical fitting functiongarides an absorption indek)( which is transformed
to the equivalent width (EW) using the following equations;

_ 1-1
EW() = fc x (E) : (5)

EW(mag = fc x 1094, (6)

where A\ and fc are the index bandpass and flux continuum of an SED for ea@x.in@lhe continuum
fluxes (fc) of each index were taken from the definition of Lick standsystem described in W94. The unit
of magis used for CN, CNp, Mg1, Mgy, TiO;, and TiQ lines.

After determining the EW and of individual model stars, we finally calculate the integrhindices
by summing the continua and EWs of all stellar populationS®Ps using the following formulae,

.
AN x (1— > [fcg(fi_ﬁﬂ
Integrated _ 1 ,
i"Index )} [fc,jxlo('o"”J)} ) (7)
-2.5lo0g —
wherefc j, 1j, andA) are thej'" model star’s continuum, absorption index, and the widtthef' index

bandpass, respectively.

2.4. Treatment for the Enhancement of a-elements

The absorption indices for the case of enhaneeglements are modeled as follows. We ugestellar
evolutionary tracks with enhanced-elements|(Kim et al. 2002). For the stellar atmosphere made
adopt thea-elements mixture ratios that is identical to that of stetfacks for the sake of consistency.
Table[2 shows the-elements mixture of the stellar evolutionary model and BaSTI, as compared with
the scaled-solar abundance ratio of metals taken from Gsev& Noels|(1993). Our YEPS models for
enhancedv-elements follow the twav-element mixtures of ¥and BaST].

We then applied the response functionsaeélements by Korn et al. (2005) (hereafter KO5) to apply
the a-elements mixture to YEPS. Compared to the previous workiycto & Bell (1995), KO5 have a
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more extended metallicity space ranging from [Hg= —2.25 to+0.67, and provide the response functions
for 25 Lick absorption indices for three evolutionary plteagdwarfs, turn-offs, and giants). The response
functions that KO5 provide are the first partial derivatble/0[X;] of the Lick indexlo when an abundance
increment of two times logarithmi€" a-element (C, N, O, Mg, Fe, Ca, Na, Si, Cr and Ti) is assumed. As
described in TMBO3, it is appropriate to expéck exp([X]) for the optimal approximation. Hence, the
Taylor expansion for lhinstead ofl is an adequate approach for the variation of the Lick abgorjitdices
due toa-element abundance changes. Neglecting the higher-osd@atives and following the notation
Ro.3(i) of Trager et al.[(2000), we can express the Taylor exparigitime following forms,

INlhew =11 +371L; 484
=Inl+ >0 Roa() 411,
whereRp 3(i) = 1/1g x 9l /0[X] x 0.3 is the K05 index response for increase@lement by 0.3 dex, and

andlg are the absorption index before applying the K05 responsetibn and the model absorption index
of the KO5 parameter space, respectively. The exponewadt ®f Eqn[B yields

(8)

new=1T [ exp Ros) (7). ©)

i=1

Fitting functions of W94 and S07 give negative values foroapson indices when stellar populations
are young, metal-poor (e.g., CN, Ca, and Fe lines) or oldahmith (e.g., H8, Hy, and H). Since our
calculation of thex-element fractional change is based on the logarithmicoFagries of Ih, we must avoid
negative values of the absorption indices. Table 3 listsndgative minimum values of YEPS absorption
index models when we adopt W94 fitting functions togethehwi? and BaSTI libraries. The simplest
way to correct negative values in the fractional index cleaisgo shift the negative indices into the zero or
positive value and then compute the fractional change. Wd tise correction term as listed in Tablél3,
and applied the following equation to correct absorptiafidas with negative values,

) " 1 a0\ (%)
Inew—0 = (I -5)gexp<lo—_m[m03> . (10)

After the derivation of —¢, we scale back the inddxey—9.

3. RESULT OF STELLAR POPULATION SIMULATIONS
3.1. TheEffect of HB Stars on Simple Stellar Populations

Figure[4 shows the most temperature-sensitive indicesr{@&alines, CN, and G4300) as a function
of [Fe/H] and highlights the effect of HB stars on integrasgorption line strengths of SSPs. In the YEPS
model without HBs, K index decreases monotonically with increasing [Fe/H] aegiage. This trend
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is due solely to the temperature variation of turn-off (T@HaRGB stars, which becomes cooler as the
metallicity of stellar population increases. By contrastthe models with HB stars (solid lines), the5H
and Hyg strengths are significantly enhanced by the presence ofHiBustars at the metal-poor regime.
CN; and G4300 are also sensitive to hot HB stars (W94) in the siragehese lines get weakened by
the presence of hot HB stars. The models with even hotter HEB & the most metal-poor GCs tend to
approach the models without HBs, as the hotter HB stars aneadd too hot to have significant effect on
these indices.

The fact that blue HB stars can mimic young, hot TOs in thegirstied fluxes of GCs has significant
implication for determining ages and metallicities of lstlepopulations. For instance, when thg Btrength
is used as an age indicator, a 7 Gyr model with no HB stars gy strength identical to a 12 Gyr model
with HB stars at [Fe/HE —1.6. This suggests that one could seriously underestimatefagfellar popu-
lations for old (> 10 Gyr) populations. Also, HB stars affect other absorptiatices known as metallicity
indicators (e.g., M@y, Fe4383, andFe)), although the amount of change is small compared to the &alm
indices (see Section 4 below).

Given the wide implication of the HB effect, it is highly imgant whether or not such an effect depends
on the specific choice of stellar libraries for evolution#ngcks and the fitting functions. In this study, we
employ two stellar libraries (¥and BaSTI) and two empirical fitting functions (W94+W97 ar@Vs The
four combinations of the models are presented in Figure bd Sod dashed lines represent thg strengths
for the models with and without the HB prescription. Comgpani shows that all models agree well for the
Hp index. For instance, all the 12 Gyr models with HB stars shimevdame amount of fHlenhancement
of about 0.8 at [Fe/H]~ -1.6 compared to the model without HB stars. Our additional tsgtg the
high-resolution spectra of Munari et al. (2005) also corgithmat, compared to the model without HBs, the
model with HBs at the same condition shows enhancédyHabout 0.6. We note that comparison between
models without HB stars (dashed lines) shows that thet¥llar library produces a larger gap between iso-
age lines than the BaSTI library. The reason for this is that¥?-isochrones have larger TO temperature
gaps than the BaSTl isochrones. In addition, the fitting ions of SO7 yield slightly weaker Hindices in
the metal-poor regime than W94.

3.2. TheEffect of a-elementson Simple Stellar Populations

Figure 6 demonstrates the effecteklements on Lick indices using two indices{ldnd Mgb) that are
sensitive to the effective temperature anglements, respectively. The middle column shows the efiec
«a-elements on K as functions of [Fe/H] and age. The strength ¢f iddex without HB stars (dashed lines)
decreases with increasing [Fe]. This is because temperature of TO stars decreaseswitasing {/Fe].
Hence, the use of stellar libraries that incorporate enddneelements is crucial to predict accurately the
strength of HB. The totalZ increment due to ther-elements enhancement also exert effect on tife H
index with HB stars. The way the-elements affect the HB types is shown in the left column guFe[6.

As [a/Fe] increases, the models with enhancetFg] (blue lines) show redder HB types compared to the
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scaled solar models (green lines) at given [Fe/H]. The gthenof H3 index in the middle column reflect
the trends on the HB types shown in the left column. Intemghtj the 15 Gyr model (solid lines in the
left column) has blue HB type at [Fe/H] =2.5 ~ -1.5, but the contribution of blue HBs todHis small
compared to the 12 Gyr model at same metallicity. The firggrdor this is that the strength ofiHeaches

its maximum afTe¢ ~ 9,500 K. So, the contribution from hottefe¢ > 9,500 K) HBs in older and/or more
metal-poor populations to theHabsorption becomes smaller. The second reason is that HBsevith
hot temperature are fainter. Hence, their contributiorutaihosity-weighted absorption indices becomes
relatively small.

It is important to note that Mg, the well-known tracer of [Fe/H] andyfFe], is also affected by the
variation of HB morphologies in their absorption strengfese 12- and 15-Gyr models). To verify the
effect of HB stars on M@y, we have calculated the absorption strength for the foligwlivo cases. The
fitting function of S07 instead of W94 yields, for 12-Gyr SSRhWFe/H] ~ —1.0, the Mgb strength that is
decreased by 0.28due to the effect of HB stars. The line strengths produceddty-tesolution spectra of
Munari et al. [(2005) shows that Mpdecreases by 0.F6under the same condition. The results imply that
the effect of HB stars on Mp, albeit being relatively small compared tgHis not negligible and the use
of Mgb as a direct tracer of metallicity should be with more cautmul require modification. It is clear
that, even after the enhanceegelements are applied to SSPs, the HB effect on the absorpiitices still
dominates the metal-poor regime irrespective of thi€¢] values.

3.3. Comparison with Other Models

In this Section, we further demonstrate the charactesisifcthe YEPS model by comparing it with
other EPS models (the W94 and TMB03 models). In order to coenfhee three different models simul-
taneously, we use the same metallicity scalgHE which is defined as [ZH] = log(Z/Z) -log(H/H),
where Z, and H, are respectively the total metallicity and Hydrogen coh@nSun. Figurdl7 displays
YEPS (solid lines), TMBO3 (dashed lines), and W94 (dottedd) models. Although the three models
employ heterogeneous sets of stellar evolutionary tracklsE#°S modeling schemes, they agree well with
one another, except for indices €NCN,, G4300, H5, Hv, and Hy. As discussed in previous Sections, the
YEPS model shows different features in these indices bedgsindices are particularly sensitive to blue
HB stars.

Comparison of the YEPS and TMB03 models for thelement-enhanced cases shows that the indices
insensitive to blue HBs are generally in good agreement eatth other. In particular, Fe4531, Fe5015,
(Fe), Fe5406, Fe5709, and Fe5782 agree well. However, the twelsiald not match for CN CNp,
Ca4227, G4300, Fe4383, Ca4455, am&l@iﬁ@ The main reasons for the difference are as follows: First,

3Comparison of the YEPS model with the most recent model ofdtes. (2009) shows good matches for these indices. When
the age, §/Fe], and Z of model are assumed to be 12 Gyr, 0.3, and 0.04Bectvely, compared to the scaled solar model, the
index changesAl) of CNyi, CN,, Ca4227, G4300, Fe4383, Cad455, andi668 are, respectively,are -0.059, -0.061, 1.01, -0.52,
-2.07,-0.28 and -1.84 for the YEPS model, and -0.054, -0.053, -0.78, -2.37, -0.35, and -2.57 for the model of L ed.¢2809).
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the two models use the different prescriptionaetlements. The TMB03 model uses fixed C, N, and Ca
with enhancedv-elements (O, Mg, Na, Ne, S, Si, and Ti) and depressed irak-pements (Cr, Mn, Fe,
Co, Ni, Cu, and Zn). The YEPS model, on the other hand, adbpterthanced ratios of-elements from
VandenBerg et all (2000), i.e., fixed C and N, enhanced O, Me My, Si, P, S, CI, Ar, Ca, and Ti, and
depressed Ar and Mn . The strong Ca4227 of the YEPS, for iostaran be explained by the way we treat
Ca as a member of the enhaneeglements group. Second, TMBO3 is based on the scaledamladance
isochrones| (Cassisi etlal. 1997; Bono et al. 1997; Salastiah 2000). The model incorporates the effect
of a-elements enhancement by depressing iron-peak elemegtsKe and Cr) in a way that satisfies the
scaling relation [ZH] = [Fe/H] +0.94[«/Fe]. The effect of the depressed iron-peak elements is motgn

to mimic the effect of stellar evolution with a depressedhipeak elements. The YEPS model, on the other
hand, uses stellar libraries with enhanee@lements, naturally reproducing the effect of depressadt i
peak elements on iron absorption indices without adjudtiegron-peak elements in the stellar atmosphere.

3.4. Comparison with Observations. Globular Clustersin the Milky Way and M 31

Figured 8 td 17 present the comparison of the YEPS model Wilobserved data on the GCs in the
MW and M31. The model grids in Figurg$ 8[fd 12 are for varioussagolid lines) and metallicities (dotted
lines). We choosed/Fe] = 0.1 to consider thed/Fe] distribution for the MWGCs (Maraston et al. 2003;
Mendel et al. 2007; Woodley etlal. 2010) and the observed e&e] of M31 GCs (f/Fe] = 0.14+ 0.04;
Puzia et al. 2005). Blue triangles represent yougdL(Gyr) GC candidates in M31 (Beasley etlal. 2004).
Figured 1B td 117 exhibit the line strengths as a function eftfff for given ages but for differenrt-elements
abundance ¢/Fe] = 0.0, 0.3 and 0.6). Data for the MW and M31 GCs are obtafrem|Schiavon et al.
(2005, 2012) and Beasley et al. (2004), respectively. Ferfaéir comparison with old age>(12 Gyr)
models, we have taken out from young M31 GC candidates (Beaslal! 2004) in these Figures. With a
few exceptions, the old GCs in MW and M31 populate well aldmg 12-Gyr model for the most indices.
The theoretical predictions of the YEPS model for SSPs atyi?za@ given in Tablels| 517.

Notes on individual indices shown in Figufds 17 are deval.

e Hf3, Hva, Hye, Hoa, and HiE — Overall shapes of model Balmer lines are in good agreemiht w
the observation in Figurés$[38,[9.113, 14. A little offsatdsen metal-rich GCs and the model predictions
for high order Balmer indices (Figuré 8 9) indicates th&¢] bias between metal-poor and metal-rich
GCs in the MW and M31 (see Figure]13 14). In the metal-peginre, the 12-Gyr model GCs contain
hot (> 8,000 K) HB stars that lead to stronger Balmer lines than thdehwithout HB stars. The extensive

4 Recent spectroscopy of individual stars in the MWGCs corsfithat the second generation population in most clusters are
depleted in oxygen (Gratton etlal. 2004; Carretta gt al.|ZR089). We can expect a similar chemical inhomogeneity il I3&s
if the MWGCs are the local counterparts of extragalactic GBswever, in our models for enhancedelements, the abundant
element oxygen is included in the enhaneedlement group. This would explain why GCs in the MW showdadit with models
having apparently lowei{/Fe] values compared to tha/Fe] measurement based on the [Ca/Fe], [Si/Fe], and [T@Feld giant
stars in the cluster (Pritzl etlal. 2005).
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study of GCs in M31 by Caldwell et al. (2011) confirms that Bainndices of GCs with blue HBs (see
their Figure 10) are on average strongerdi3 ~ 0.6 A andAHJE ~ 2.0A. As a consequence, the model
line is highly inflected, reproducing the observed behawfdhe index-index relations.

The effect ofa-elements on Balmer indices differs betweefi &hd higher-order Balmer indices. Fig-
ure[13 shows that Hlis hardly affected by ang-elements. In contrast,Hand Hy are sensitive to C, Mg,
Fe, and total metallicity (Figurés 13 ahd 14). Thé\Hhdex is the most sensitive t@-elements enhance-
ment in the metal-rich regime because of its sensitivity@ambundance of giant stars (K05). Note that the
effect of HB stars on the Balmer indices is universal regaslofa-elements enhancement.

e Mg1, Mgy, and Mgb — The YEPS model well reproduces the observations of Nip,, and Mgb.
The lines are simultaneous affectedd»glements, §/Fe] does not change the overall shape of, for instance,
the Mgb—Mgs relation (Figuré_T#).

e Fe5270, Fe5335, an@re) — The models and observations show a remarkable agreenteiguire(9.
The lines are widely used as indicators of iron abundandegrgefairly sensitivity to {/Fe] (Figure_14).

e Fe4383 — The YEPS model well reproduces Fe4383 for GCs botheiiMW and M31 (Figure
[9). Since Fe4383 traces Fe and the total metallicity simabasly, the Fe4383 model is very sensitive to
variations of f//Fe] (Figure_14).

e Fe4531 — Our model of Fe4531 agrees well with M31 GCs (Fig@e This index is a good iron
abundance indicator that is relatively less sensitivext&¢] (Figure_15).

e Fe5015 — The YEPS model shows a good agreement with the M31(B@se[10). The Fe5015
strength is generally involved with the Ti and Mg abundamclew MS stars and giant stars, as well as total
metallicity near TOs. Yet, the effect ofi[Fe] on Fe5015 is only modest (Figlre 15).

e Fe5406, Fe5709, and Fe5782 — GCs in the MW and M31 show goathesatvith the models. The
slight offset of MWGCs in Fe5782 (Figufelll) is likely due tetwell-known problem of miscalibration
of fitting functions (TMBO03). Thex-element sensitivity of these indices are similar to thdsee®270 and
Fe5335 (Figurels 15 and]16).

e CN; and CN — The models for Chland CN do not show good fits to the observational data in
Figure[11. Compared to observational data, our models giredi average 0.1 mag lower values in the
metal-rich regime. The inferredv[Fe] seems unreasonably high and likely due to the poorrediliim of
fitting functions (TMBO03/| Lee & Wortheyy 2005). The poor cathittion of fitting functions can be explained
by the effect of CNONa anticorrelation found in the MWGCshtite second generation stellar population
(Coelho et al. 2011). CNand CN indices, even for the--element enhanced models, are affected fairly by
blue HB stars (see solid and dashed lines in Figute 16).

e Ca4227 — Our models for Ca4227 show a small offset with olagiems. Observations occupy
slightly low EWs compared to the model in Figlird 11 and FidifieAs suggested by TMB03 and Lee et al.
(2009), the enhanced C and N model can depress EW of Ca422khid not consider the case of the en-
hanced C and N model in this study. Note that more realistidehwith the effect of CNONa anticorrelation
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would have decreased strengths of Ca4227 (Coelholet al) 2081this may explain the offset between the
YEPS model and observations. Since Ca4227 is very sengiti@a and C, but is not so to Mg, the Ca4227
line deepens with increasing/fFe] (Figure_156).

e Ca4455 — The Ca4455 model far/Fe] = 0.15 predicts on average @ digher EWs compared
to the observations (Figurel12), and the observations drerlseproduced by the model with/fFe] ~ 0.3
(Figure[1Y). Since Ca4455 is insensitive to the variatiomrof of elements studied in K05, the effect of
[a/Fe] shown in Figuré€ 17 come solely from the variation of Fe thuthe increasedhFe] at a giverZ.
This explains why Ca4455 shows a different response cordpgar€a4227 even though we treat Ca as a
member of enhanced-elements group (Tablé 2).

e G4300 — The YEPS model with enhanceeelements /Fe] = 0.15) for the G4300 shows a little
offset from the observations (Figurel12). Rather, GCs inMhg and M31 follow the model withd/Fe]
= 0.0 well (Figurd_1l7). Given that the other lines agree wlii dbservations, our G4300 model seems too
sensitive to §/Fel].

e C,4668 — The YEPS model for the,@668 index offsets from the observations (Figuré 12). The
model with enhancedJFe] (Figure[1V) shows great sensitivity to/Fe]. G4668 is a measurement of C
abundance, and is insensitive to all otheelements. Because the YEPS model with enhana#iee] used
fixed C abundance, the strong sensitivity to thelements enhancement in Figlré 17 comes mainly from
the [Fe/H] variation due to the-element contents at a given Z.

e NaD — The YEPS model for NaD index is weaker than the obsematiPart of the reason for this
discrepancy is Na absorption by the interstellar medium BOB). As suggested by Coelho et al. (2011),
more realistic model with increased Na abundance causetebghiserved CNONa anticorrelation in the
second generation population would increase the strenghttaD. The Na sensitivity of NaD plays an
important role in thex-element enhanced model by decreasing the strengths of Ngilzea Mgb (Figure
[17).

Based on the comparison shown in Figurés 8 to 17, we idengiferal Lick indices that are most
appropriate for the estimation of metallicity, age, anglements enhancement of stellar populations. (1)
For determination of iron abundance, Fe4383, Fe4531, FeF¥b270, and Fe5335 are recommended; (2)
For age-dating, Balmer indices such a8,HHva, Hye, Hoa, and Hig; and (3) For measuring-elements
enhancement, Mg Mg,, and Mgb.

4. DISCUSSION
4.1. Estimation of Age and Metallicity with YEPS

In this Section, we discuss how the effects of HB stars @&@lements enhancement in the model are
combined to affect the age and metallicity estimation of €9 this aim, we select three typical MWGC ,
47 Tucanae (NGC 104), NGC 6284, and M67 (NGC 2682), repriegeold metal-rich, old metal-poor, and
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young metal-rich GC populations, respectively. Thesetetsshave well-studied CMDs and show no strong
evidence of multiple stellar populations reported by récdudies |(Lee et al. 1999; Layden & Sarajedini
1997 Lee et al. 2009; Han et/ al. 2009; Ferraro et al. 2009td>ab all 2007; Moretti et al. 2009).

Figure[I8 displays the observed and synthetic CMDs for 47 N@C 6284, and M67. The free pa-
rameters used to match the synthetic CMDs with the obseraed are age and metallicity. To simulate
observational errors in our model, we also carried out M@wado simulations based on the actual observa-
tional uncertainties. The best-fit parameters of each mardeummarized in Tablé 4.

The left column of Figure 19 compares the absorption indieds/een the observations and models for
the typical GCs in the MW. Since the YEPS models without HBsstgenerate very similar results to other
models with red clump single-mass HB (Lee et al. 2000), wegnethe YEPS model with and without HB
stars in Figur¢ 119 (1) to highlight the effect of HB, and (2)ctmpare our model with other models with
red clump single-mass HBs. The top panel shows that thenices of the GCs are reproduced better
by the model with the HB effect and the ages based on the almoilmes are in better agreement with
the ages (Tablel4) derived from synthetic CMDs in Fidurk 18 .particular, the systematic variation of
HB morphologies with respect to metallicity and age is esakto explain the enhancedHstrength of
NGC 6284—an old, metal-poor system with well-developea: BB stars. The age of NGC 6284 would be
estimated to be 8-9 Gyr without the HB effect, which is inéstesnt with its derived age (13.1 Gyr) from
the MSTO and HB morphology in Figure]18. On the other handabs®rption strengths of 47 Tuc and M67
show reasonable agreement with the YEPS models for 12-@Gljd ¢g/an lines) and 3.5-Gyr (between solid
red and orange lines) GCs, respectively. The models for inetial-rich and young clusters possess red HB
stars. For a 3-Gyr model GC, the red HB reducesty 0.2A, which corresponds te 1 Gyr. Therefore, in
order to derive accurate ages of stellar populations bas¢leoEPS model prediction of Balmer strengths,
one should check first whether the EPS model has well caditidBs for both blue-HBs (e.g., NGC 6284)
and red-HBs (e.g., 47 Tuc and M67).

The right column of Figure 19 is similar to the top panel of kb column, but shows the age dating
of M31 GCs (Beasley et &l. 2004). In these panels, based on-tlements enhancement of GCs in M31
(Puzia et al. 2005), we have used the modelagfE] = 0.15 for the comparison. The metal-poor GCs in
M31 exhibit stronger ¥ by ~1A than the metal-rich counterparts. The upper panel of tHg dglumn
shows, when the effect of HBs is not considered, the modets~gb Gyr younger ages for the metal-poor
GCs compared to the metal-rich GCs in M31. With the geneealdof age—metallicity relation in mind, it
would be difficult to interpret that the mean age of metalyp8€s is younger than that of metal-rich GCs.
By contrast, the lower panel shows that the systematicalyaeced Balmer indices of the metal-poor M31
GCs are well reproduced by our single age, 12-Gyr model G@sMB stars. Indeed, Perina el al. (2009)
directly detected well developed blue HB stars in the mptaidr GCs in M31 (e.g., B010, B220, B224, and
B366) based on thlSTTACS CMDs.

Back in the left column of Figure_19, the middle and bottomedarhighlight the effects of HBs and
«a-elements enhancement on the metallicity determinatiddS#s. The effects ef-elements and HB stars
go in the opposite direction on absorption strengths ofoMgr given [Fe/H]'s; the inclusion of blue HB
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stars decreases indices, whereas the enhancemerg@ements increases indices. While the HBs exert only
a marginal effect on determining [Fe/H], theelements have a marked effect. For instance, the effect of
enhancedv-elements /Fe] = 0.3) on Mg is about 10 times greater than that of HBs when the age and
[Fe/H] are assumed to be 12 Gyr and 0.0 dex, respectivelye that the model line of Mg for 12 Gyr GCs
with [a/Fe] = 0.3 is almost identical to that for 4 Gyr GCs witk/lFe] = 0.0 due to strong sensitivity of the
Mg b to thea-elements. In order to determine accuratéFe], therefore, the age dating and the metallicity
determination of SSPs should be carried out at the same flihe (Fe) index, on the other hand, is less
sensitive to §/Fe] than Mdb, which makesFe) a more accurate [Fe/H] indicator for the SSPs than other
indices sensitive todf/Fe] (e.g., Mdb and M@).

Since the age dating with Balmer indices is usually applethé samples of elliptical galaxies (e.g.,
Trager et al. 2000; Caldwell etlal. 2003; Thomas ét al. 20@3ahlet al. 2005; Trager etlal. 2008; Graves ét al.
2009), the effect of HB stars is also important for compositdlar populations. The effect of HB stars on
the integrated observables of giant elliptical galaxiesuthbe limited because their mean metallicities are
as high as [Z/H}> 0.0, for which hot HB stars are rare. But the metallicity sjref ellipticals, nevertheless,
allows them to have a certain fraction of low-metallicitgrstand thus hot HB stars accordingly (Park & Lee
1997; Chung et al. 2011). Moreover, the effect of hot HB staswvarf elliptical galaxies is more important
because the metallicity of dwarf ellipticals are generkdiyer than that of giant ellipticals. In the context of
galaxy downsizing (e.g., Cowie et/al. 1996), the age datingjant and dwarf elliptical galaxies with well
calibrated HB models is crucial issue for determining thenation history of elliptical galaxies. We will
fully discuss this issue in our forthcoming paper (C. Chungle2012, in preparation).

4.2. Distributions of Absorption Indicesin Extragalactic GCs

Ever since the recognition of bimodal broadband color ithstions of GCs in massive early-type galax-
ies (Zepf & Ashmaln 1993; Geisler etlal. 1996; Forbes et alZ1@@bhardt 1999; Kundu 2001; Larsen €t al.
2001; Jordan et al. 2002; Puzia el al. 2004; Westlet al. 2G0dd& et al. 2006; Peng etlal. 2006; Harris et al.
2006;/ Jordan et al. 2009; Liu etial. 2011), the phenomenotéeas interpreted as the presence of two GC
subsystems within individual galaxies. Three major idemsgtbeen put forward to explain it, including the
merger model (e.d., Ashman eflal. 1992), the in-situ (e@rhés et al. 1998) and accretion (e.g., Cote et al.
1998) scenarios.

More recently, however, Yoon etlal. (2006) and Yoon et al1(20)b) suggest an alternative explanation
for the GC color bimodality that does not necessarily invbike GC subpopulations. Yoon et al. show that
the theoretical metallicity—color relations are inflecestl that such relations can generate bimodal color
distributions from broad metallicity spreads, even if tlaeg unimodal. The Yoon et lal. (2006) model of GC
colors indicates that the HB effect is the most importantherinflection on the metallicity—color relations.
HBs also have strong effect on the absorption index versualiogy relations (IMRs), and thus one can
put the Yoon et al. explanation to the test by examining th&ahigity—index nonlinearity and the resulting
index distributions.
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4.2.1. Conversions from Metallicity Spreads to Index [hsitions

Figure[20 shows the conversion from metallicity spreadsittex distributions via the IMRs. Three
different ages are selected that show little (5 Gyr) andiggmt (12 and 13 Gyr) inflection on the IMRs.
We assume the underlying metallicity distribution funo8o(MDFs) of 16 model GCs to be box-shaped
and perform the Monte Carlo simulations for index distribus. The simple MDFs should allow us to see
the pure effect of the IMR projection. The indices of each eidaC are calculated from its [Fe/H] value
via the corresponding IMRs and then typical errors estichfitem observation of Beasley et al. (2004) are
randomly added. Our simulations with the non-inflected IMRRs10t produce bimodal index distributions.
For example, Fe4531 and Fe5782 of the 5 Gyr models are trissizaped. In many cases, the index
histograms have a sharp peak with a long tail as the IMRs aileebrroughly into parts—the metal-poor,
steep section and the metal-rich, shallow section. On therdtand, the index distributions produced by
the highly inflected IMRs clearly show bimodality. For exdmpthe IMRs for G4300, H, Hyafr, and
Hdiar of the old GCs have a very shallow slope at [Fef}1.0 between two steeper slopes. The inflection
brings about a dip on the index distributions by projectiggidistant metallicity intervals onto larger index
intervals.

FigureZ1 repeats a similar experiment but uses GaussiarsWYE test for the two Gaussian MDFs of
([Fe/H]) = -1.0 and-0.7 with the same dispersion ofge/; = 0.55. In this simulation, we also have applied
10° model GCs for the given Gaussian MDFs. Even with Gaussian $)Be projected index distributions
are double-peaked for G4300SHH~aF, and Ha g of 12-Gyr model GCs. When a MDF wit{jFe/H])
=-1.0 is used, for example, the KMM algorithm_(Ashman et al. 1984dngly prefer two peaks for these
histograms with p-value- 0.0. For the projected B distribution under the assumption of 12 Gyr model,
the two peaks are located at 1.68and 2.53% with a number fraction of 48.6 % and 51.4 %, respectively.

It has been claimed that the bimodal distributions of mkt&-indices (e.g., Mdp and [MgFe)) of
GCs in early-type galaxies are the evidence that GCs havestligystems with different metallicities
(Cohen et al. 1998, 2003; Strader et al. 2007; Woodley|etdl0P Interestingly, however, even with uni-
modal MDF, the index distribution of Mig, frequently used as a metallicity indicator, also showsadoial
index distribution that is consistent with the observatio®ur KMM test for the projected Mgdistribution
of the 12- and 13-Gyr models supports bimodal distributiaitt the p-value of 0.0. The test implies that
the HBs exert an appreciable effect not only on the Balmesliout also on theetallicity-sensitivdines.
Without assuming two subpopulations in GCs, the projectfiact can reproduce the observed bimodal
Mg b histograms.

4.2.2. Absorption Index Distributions of M31 Globular Glers

In order to compare the observational index distributiorih whe simulated ones, we choose M31,
the nearest large galaxy, which has spectroscopic sunfeygi@at number of GCs with reasonably small
observation errors. M31 GCs (Beasley el al. 2004) are of t83&%6 smaller errors respectively insH
and (Fe) at given absolute magnitudes compared to the M87 GC speopgsvith Subaru (S. Kim et al.
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2012 in preparation). We excluded young cluster candidatBgasley et al. (2004) to avoid young cluster
contaminations in the MDF (see blue triangles in Fidgure[8p 1

Figure[22 shows the index—index diagrams {©®€) and Balmer indices. The observed index distribu-
tions of M31 GCs and the projection simulations based on tB®Y and TMB03 IMRs are shown as the
histograms along thg- andx-axes, respectively. We, again, make a simple assumpti@aosian MDFs
with ([Fe/H]) = 1.0 andore/r) = 0.55. As explained in detail in Section 4.2.1, the prineipf the MDF
projection with IMRs is to transfer SSPs from the metaligpace to the index space. Red circles with an
uniform metallicity intervals A[Fe/H] ~ 0.3) on the YEPS IMRs in the bottom panel show this princigle o
projection. All Balmer indices show large index space betwg-e/H] =-1.1 to—0.5 and the corresponding
index distributions also show relatively low number freqcies. However, théFe) index, which keeps rel-
atively constant index intervals at fixed [Fe/H] intervalses not show a significant change in the projected
distribution. As a result, the projection simulation wittetYEPS model reproduce the unimodgg) and
bimodal Balmer line distributions at the same time usinghglsi Gaussian MDF. We stress that if the obser-
vational errors are small enough then tk&) distributions can also show a weak bimodal feature. Indeed,
the recent observation of GCs in M31 by Caldwell etlal. (20dtigw a weak bimodality in the distribution
of (Fe) (Kim et al.l2012). The TMBO03 model, on the other hand, givesasit straight IMRs and does not
reproduce the observed distributions of {ke) and Balmer indices, simultaneously. No matter how small
the errors are, the single Gaussian MDF projection basetiembdels without systematic HB effect can
not reproduce the observed distributions for b@te) and Balmer indices.

Figure[23 shows the index—index diagrams for vand Balmer indices. The observed and simulated
Mg b and Balmer distributions are displayed along yhandx-axes, respectively. As discussed in Section
4.2.1, Mgb is fairly affected by blue HBs and thus the distribution of bighows weak bimodality. Many
other observations of GCs in early type galaxies also shmilesiresults and the bimodal Mydistributions
are often interpreted as the evidence of the bimodal GC MDOB&én et al. 1998, 2003; Strader et al. 2007;
Woodley et al. 2010). The comparison of the YEPS model to M8k @emonstrates that the HB effect on
Mg b is certainly non-negligible. Greater caution, therefasaequired in deriving GC metallicity directly
from Mgh.

The spectroscopic line indices, as more detailed probeteltéuspopulations than broadband colors,
contain abundant information on the structure of GC systding simulations targeting at the old GCs in
M31 suggest that two distinct groups found in Balmer andiNtidices can be due simply to the inflected,
nonlinear IMRs. The result favors a unimodal [Fe/H] disitibn of M31 old GCs, in line with the GC
structure of extragalactic GC systems suggested by Yodn 2G06, 2011ab). Absorption indices are
generally subject to larger observational uncertainties$ spectroscopic samples are still small compared
to photometric samples with broadband colors. More presgetroscopic observations of greater number
of extragalactic GCs by next-generation telescope pmjatich as the Giant Magellan Telescope (GMT),
Thirty Meter Telescope (TMT) and European Extremely Largke3cope (E-ELT), are highly anticipated in
this regard.
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5. SUMMARY

We have presented an updated and blown-up version of theeivBreslutionary Populations Synthesis
(YEPS) model for spectroscopic absorption indices of sengbéllar populations. The characteristics of the
YEPS and its applications are summarized as follows.

1. The YEPS has included detailed HB models, which reprothee@bserved HB morphology of the
Milky Way GCs and varies with respect to metallicity, ageg anelements enhancement.

2. The YEPS has incorporated theelement variation by using the®tellar library with enhanced
«a-elements and the response functions.adlements by K05.

3. The YEPS is in good agreement with other EPS models, efmefte indices sensitive to hot stars
(CNyz, CNp, G4300, H3, Hy, and H).

4. The YEPS reproduces well the observed absorption featir@Cs in the MW and M31, including
the strengthened Balmer absorptions by the effect of blus. HB

5. When the observed variation of HB morphology with metélli in the MWGCs is included in
the models, Balmer indices of SSPs do not monotonicallyedess with increasing metallicity at given age
because of blue HB stars in the metal-poor regime. Thergfioeeage dating of old stellar systems based on
Balmer indices suffers from age degeneracy in the metal-prmpme.

6. The contribution of HBs to absorption strengths is noitkhto Balmer indices but influences the
indices pertinent to iron and-elements. As a consequence, the most index—metallidayiors of YEPS
are inflected and nonlinear.

7. We have simulated, for the first time, the index distrimsi of GCs using the YEPS index—
metallicity relations. The distributions of Balmer and Kl@ndices constructed under the unimodal MDF
assumption show clear bimodality, which can be viewed a®secanalogy to the well-known bimodality
found in the broadband color distributions of extragata@C systems.
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Fig. 19.— Comparison of the YEPS model with the observed raltism indices of NGC 6284, 47 Tuc
(Schiavon et al. 2005, 2012), and M67 (Schiavon 2007), asas€bCs in M31/(Beasley etial. 2004). Blue,
red, and cyan squares in the left panels are observed asitgdgbsorption indices of NGC 6284, 47 Tuc,
and M67. Solid and long dashed lines in all panels are modéhsand without HB stars. Red, orange, grey,
green, turquoise, and blue lines in the left top panel remtathe H3 models for the ages of 3, 4, 5, 8, 12 and
13 Gyr with [o/Fe] = 0.3. Grey and black lines in the middle and bottom paoalthe left side are models
for [a/Fe] = 0.0 and 0.3 at the age of 12 Gyr. Light blue and blue lindbhe same panels are models for
[a/Fe]=0.0 and 0.3 at the age of 3 Gyr. In the right panels, tfecedf HB stars on the age-dating with the
Hp is displayed with M31 GCs (Beasley etlal. 2004). Model linethe right panels are fonfFe]=0.15.



43—

1 TR PP T P e e e,
4, 7] 4, ]
ok T e E Rk E
F T I 1 AT 3
—_ r 4 T T 1 & T ]
T 1F E3 E3 ER E3 E
o] [ I I I UA I ]
£ o2t + + |/ + | 7 + ]
N -+ + 7 + 1 -+ 4
, 5 i 4
-3 % % //‘ _: % a _:
-4 AT AT AV AR RN TR RN A it
05 0051 10 5 0 5 86 420-2-496 30-38¢6 4 2 0-2
Fe5782 Hya Hye H3, Ha:

L e e
0F + + + + 3
T 1f . . + ¥ -
K s I T I I ]
= 2 e T | 4 = e 7
L 4 4 J 4 4 n
1} . 4
-3 % % 17 _: « % Vi _:
-4 /RN Y T RN T TTRR . 0 TR TN T TR A T TR A
0 02 04 0 2 4 6 0 2 4 0 1 2 3-050051 15

Mg, Mg b <Fe> Fe5406 Fe5709
L L L s S LAl LA LA Lt s L R M Lt A Y LAY LM MR (A R M) R A
OF + + + + =
T 1f E3 E E3 E3 E
@ F 1 1 1 1 3
L o2F e e = e E
u B I \ 1 T .
N 10 _;
-4 AR L T A’ﬁ‘f*ﬁﬂ\:;uluy/luu AR T SRR
0 1 2 0 2 4 3 0 3 6 95 4 3 2 1 0 2 4 6 8

Ca4455 Fe4531 C,4668 HB Fe5015
L L L e S LA LA L LAt s Ly R M Lt s A LAY LA L (A R M) LA A
T . . : -
D T I ] ]
L, T T 1 1
P G L
LR |.;:|.,/.‘1:...‘|‘\'.'\.'7.';|'.\"Q.‘.|..V{/. TR - A TP I A
-0.2 0 0.2-0.2-0.1 0 0.102-1 0 1 2 -4-2 0246 2 02 4 6 8

CNy CN, Ca4227 G4300 Fe4383
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panels are observed histograms of M31 GCs i) Hya r, Hoa F, and(Fe) and the YEPS models (red lines)
for each index are overlaid with GCs in M31. Lower panels areifated index distributions with the YEPS
and TMBO03 models. Black solid and dashed lines represent S and TMB03 model ford/Fe]=0.15,
respectively. Blue solid and dashed lines are simulateelimtistributions based on the YEPS and TMBO03
model, respectively. Red circles on the solid lines indicatetallicities from [Fe/H] =2.6 to —0.5 with

a fixed intervalA[Fe/H] = 0.3. Three values of [F#] = -1.0, -0.8, and-0.5 are indicated in the YEPS
model for H5.
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Table 1. Model Input Parameters

Input Ingredients & Parameters Standard Model Comparisode¥l
Stellar Library Y2 stellar libraries BaSTI
(Kim et al. 2002; Lee et al. 2012 prep) (Pietrinferni et al. 2004)
Spectral Library BaSel 3.1 (Westera et al. 2002) BaSel 3.1 (Westera et al.)2002
Empirical Fitting Functions Worthey (1994) Worthey (1994)

Worthey & Ottaviani (1997)
Schiavon (2007)

Response Functions efelements Korn et al. (2005)
Initial Mass Function Salpeter x=1.35)
a-elements enhancementy/Fe] 0.0,0.3,0.6
HB mass dispersiorsm (M) 0.015
Reimers (1977)'s mass-loss efficiency parameter, 0.63
Assumption of the age of inner-halo MWGCs 12 Gyr

Worthey & Ottaviani (1997)
Schiavon (2007)
Korn et al. (2005)
SalpeterX=1.35)

0.0,0.4

0.015

0.48

12 Gyr
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Table 2: Then-element enhanced patterns of stellar libraries

a-element Grevesse Y?-Isochrones BaSTI
[«/Fe]=0.0 p/Fe]=0.3 [/Fe]=0.4
C 8.55 8.55 8.55
N 7.97 7.97 7.97
0] 8.87 9.17 9.37
Ne 8.08 8.38 8.37
Na 6.33 6.63 6.33
Mg 7.58 7.88 7.98
Al 6.47 6.17 6.47
Si 7.55 7.85 7.85
P 5.45 5.75 5.45
S 7.21 7.51 7.54
Cl 5.50 5.80 5.50
Ar 6.52 6.82 6.52
K 5.12 5.12 5.12
Ca 6.36 6.66 6.86
Ti 5.02 5.32 5.65
Cr 5.67 5.67 5.68
Mn 5.39 5.24 5.39
Fe 7.50 7.50 7.50
Ni 6.25 6.25 6.29

Note. — The abundance of elements is listed in logarithmedesiogNe /Nn + 12.
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Table 3: Minimum Lick indices based on W94 fitting functions
Lick Index YZ? stellar library  BaSTI

CN; —0.329 —0.301
CN, ~0.309 -0.264
Cad227 —0.654 ~0.642
G4300 —5.712 —5.712
Fe4383 ~4.371 —4.377
Cad455 ~0.400 ~0.404
Fe4531 —1.448 ~1.417
Fe4668 ~6.238 —2.156
HB ~1.726 ~1.726
Fe5015 -0.838 ~0.890
Mg -0.170 -0.170
Mg> -0.082 -0.082
Mg b ~1.442 ~1.444
Fe5270 —2.375 —2.350
Fe5335 —0.275 ~0.294
Fe5406 ~0.952 —0.951
Fe5709 ~1.976 ~1.976
Fe5782 ~0.805 ~0.804
NaD 0.000 0.000
TiOy ~0.068 -0.018
TiO, ~0.055 ~0.008
Hrya ~12.269 ~12.152
Hye —4.292 —4.278
Hoa —9.384 -9.139

Hor -2.359 —2.249




— 50 -

Table 4. Input Parameters of CMD model

Parameters 47 Tuc NGC 6284 M67

Initial Mass Function Salpetek € 1.35)  Salpeter=1.35) SalpeterX=1.35)
a-elements enhancementy/Fe] 0.3 0.3 0.3

HB mass dispersiorsm (M) 0.015 0.015 0.015
Reimers (1977)’s mass-loss efficiency parameter, 0.63 0.63 0.63
Distance modulusM—-My) (mag) 13.35 16.70 9.95
Galactic reddenindz(B-V) (mag) 0.01 0.32 0.04
Metal abundance, [Fe/H] -0.73 -1.50 0.00
Absolute aget (Gyr) 11.9 13.1 35
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Table 5. LICK absorption indices of YEPS simple stellar dagian model for {/Fe]=0.0 (fitting
functions of W94 and W97).

Age =12.0
[Fe/H] CN;  CNp Ca4227 4300 Fe4383 Cadd55 Fed531,4€68 HI  FeS015 Mg Mg
2,50 0132 0089 0213 0033 0451 0166 0258 0.156 22.670.798 0.007 0.021
-2.40 -0.126 -0.082 0230 0207 0426 0181 0378 0010 32.670.885 0.007 0.023
-2.30 -0.121 -0.076 0242 0342 0401 0196 0490 -0.100 9.6 0.982 0.006 0.024
-2.20 -0.118 -0.072 0256 0465 0393 0214 0600 -0.202 1%.7 1.086 0.006 0.026
-2.10 -0.116 -0.069 0265 0563 0390 0232 0703 -0.285 5&.7 1.188 0.006 0.028
-2.00 -0.114 -0.065 0281 0688 0421 0254 0813 -0.359 7®.7 1292 0.007 0.032
-1.90 -0.112 -0.063 0298 0810 0468 0278 0922  -0.417 942.7 1.399 0.008 0.035
-1.80 -0.110 -0.060 0320 0958 0543 0308 1.035 -0.454 92.7 1514 0.010 0.040
-1.70 -0.107 -0.058 0344 1104 0637 0341 1149  -0.465 9.7 1.633 0.012 0.046
-1.60 -0.104 -0.055 0378 1301 0768 0382 1273 -0.453 6%.7 1771 0.015 0.053
-1.50 -0.099 -0.052 0418 1538 0931 0431 1405 -0.406 12.7 1926 0.018 0.061
-1.40 -0.094 -0.049 0467 1813 1119 0489 1545 -0.312 3.6 2103 0.021 0.070
-1.30 -0.089 -0.045 0517 2080 1320 0550 1683 -0.179 5&.5 2292 0.026 0.081
-1.20 -0.084 -0.042 0566 2339 1527 0613 1816  -0.018 9®.4 2487 0.030 0.092
-1.10 -0.076 -0.037 0634 2718 1799  0.695 1976  0.202 62372719 0.035 0.104
-1.00 -0.066 -0.030 0705  3.147 2094 0785 2140  0.468 62.222.962 0.040 0.117
-0.90 -0.055 -0.022 0787 3606 2448  0.886 2313  0.799 82.063.227 0.046 0.131
-0.80 -0.045 -0.015 0.868  4.028 2844 0989 2479  1.176 91.933.492 0.053 0.145
-0.70 -0.035 -0.007 0959  4.417 3277  1.099 2648 1613 51.813.773 0.060 0.158
-0.60 -0.028 -0.001 1.040 4695 3658  1.200 2799  2.054 01.734.038 0.068 0.172
-0.50 -0.018 0.008 1108 4946 3952 1295 2932 2463 1.660.332 0.074 0.185
-0.40 -0.003 0023 118 5171 4269  1.394  3.069 2940 1.604.634 0.079 0.199
-0.30 0.009 0036 1286 5346 4696 1499 3223 3516 15568864 0.086 0.217
-0.20 0.020 0048 1392 5509 5117 1604  3.374 4078 15011255 0.096 0.234
-0.10 0.031 0060 1500 5659 5530 1708 3521  4.646 14463555 0.105 0.252
0.00 0.043 0072 1607 5798 5943 1813 3666 5243 1.3925815. 0.116 0.269
0.10 0.056 0.08 1712 5924 6353 1917  3.809 5875 13448055. 0.126 0.287
0.20 0.071 0102 1816 6037 6767 2023 3953 6565 1.3020346. 0.136 0.303
0.30 0.087 0119 1918 6132  7.177 2128  4.095  7.308 12672666. 0.146 0.320
0.40 0.108 0.141 2018 6209 7.590 2236 4241 8136 1.2385166. 0.155 0.336
0.50 0.134 0169 2113 6260 8.007 2344 4389 9057 12137796. 0.164 0.352
[Fe/H] Mgb  Fe5270 Fe5335 Feb406 Fe5709 Fe5782 NaD ~yaH Hye  Hoa  Hoe
2,50 0.411 -0.137 0606 0227 0066 -0.238 1.001  3.106 82.964.869 3.830
-2.40 0.446 -0.031 0592 0216 0089 -0201 0976 2966 12.914.807 3.764
-2.30 0.487 0070 0584 0211 0113 -0.163 0961  2.881 2896782  3.739
-2.20 0531 0172 058 0211 0137 -0126 0952  2.837 2898779 3.721
-2.10 0578 0271 058 0216 0163 -0.088 0949  2.838 2922801 3.721
-2.00 0.634 0374 0597 0227 0191 -0.050 0952 2784 2918771  3.681
-1.90 0.696 0478 0617 0245 0220 -0.010 0963 2729 2904738 3.638
-1.80 0771 0586 0648 0271 0252 0031 0984 2610 2.847.6574 3.565
-1.70 0.855 0.696 0689 0305 0284 0073 1017 248l 27895644 3.488
-1.60 0951 0.814 0742 0348 0317 0115  1.065 2247 2.670.3834 3.356
-1.50 1.062 0938 0808 0.399 0351 0159  1.127 1909 24951194 3.178
-1.40 1196 1073  0.890 0461 0388 0205 1208 1484 22717953 2.969
-1.30 1.348 1208 0980 0528 0425 0250  1.303  1.046 2.0524793 2.779
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Table 5—Continued

Age=12.0
-1.20 1.498 1.338 1075 0597 0460 0.293 1.410 0.637 1.8611603 2.591
-1.10 1.678 1487 1189 0.679 0.498 0.338 1.533 -0.051 1.522.619 2.280
-1.00 1.878 1640 1314 0.765 0.538 0.382 1.665 -0.868 1.108.979 1.911
-0.90 2113 1804 1456 0.863 0.581 0.428 1.815 -1.796 0.650.296 1.546
-0.80 2352 1968 1603 0964 0.625 0474 1976 -2.687 0.228.650 1.248
-0.70 2597 2138 1764 1075 0.675 0.521 2153 -3.548 70.160.022 0.996
-0.60 2.825 2294 1918 1182 0.722 0.565 2.332 -4.178 30.420.563 0.834
-0.50 3.042 2429 2047 1279 0.772 0605 2465 -4.757 10.631.035 0.701
-0.40 3.251 2568 2183 1383 0.821 0.652 2.607 -5.301 50.8t1.513 0.573
-0.30 3.458 2.723 2.358 1501 0.867 0.705 2.828 -5.747 50.961.984 0.468
-0.20 3.658 2.871 2534 1619 0919 0.756 3.057 -6.181 91.162.441 0.364
-0.10 3.857 3.016 2.712 1.737 0974 0.806 3.296 -6.598 11.252.886 0.259
0.00 4064 3.158 2.893 1857 1.032 0.855 3542 -7.004 -1.392.331 0.152
0.10 4272 3297 3.078 1979 1089 0903 3804 -7.392 -1.538.771 0.041
0.20 4473 3.437 3.270 2105 1150 0.952 4.078 -7.769 -1.688.212 -0.077
0.30 4672 3575 3.468 2234 1210 0999 4368 -8.122 -1.844635 -0.197
0.40 4864 3.716 3.675 2.367 1271 1.051 4.672 -8.468 -2.008.057 -0.331
0.50 5.044 3.864 3.890 2500 1.334 1105 4.996 -8.791 -2.165.469 -0.481

Note. — The entire data of Tal{lé 5 are available at http://ye@isei.ac.kr/cosmic/data/YEPS.htm.


http://web.yonsei.ac.kr/cosmic/data/YEPS.htm
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Table 6. LICK absorption indices of YEPS simple stellar dagian model for f/Fe]=0.3 (fitting
functions of W94 and W97).

Age =12.0
[Fe/H] CN;  CNp Ca4227 4300 Fe4383 Cadd55 Fed531,4€68 HI  FeS015 Mg Mg
2,50 0125 -0.084 0235 0122 0611 0184 0371 0242 12560930 0.008 0.027
-2.40 -0.120 -0.077 0274 0264 0570 0199 0500 0116 62.571.033 0.008 0.029
-2.30 -0.117 0071 0298 0372 0529 0215 0618 0010 12.601.140 0.008 0.031
-2.20 -0.114 -0.067 0322 0475 0502 0231 0733 -0.080 26&2.6 1.251 0.008 0.033
-2.10 -0.110 -0.062 0356  0.606 0505 0252 0855  -0.157 342.6 1367 0.009 0.037
-2.00 -0.108 -0.059 0399 0738 0517 0275 0977 -0.214 4426 1484 0.011 0.042
-1.90 -0.106 -0.056 0450 0.872 0549 0301 1101  -0.248 5£2.6 1.607 0.014 0.049
-1.80 -0.104 -0.054 0507 1016 0602 0332 1230 -0.265 62.6 1738 0.017 0.057
-1.70 -0.103 -0.052 0568 1164 0674 0366 1358 -0.257 662.6 1.875 0.021 0.066
-1.60 -0.101 -0.050 0.640 1345 0777 0407 1493  -0.222 4426 2.030 0.025 0.076
-1.50 -0.100 -0.049 0704 1482 0874 0447 1616 -0.163 4&.6 2185 0.029 0.087
-1.40 -0.097 -0.048 0775 1696 1023 0498 1754  -0.095 242.6 2362 0.033 0.099
-1.30 -0.090 -0.044 0863 2032 1230 0564 1911  0.019 62522569 0.037 0.112
-1.20 -0.079 -0.038 0972 2481 1474 0647 2089  0.179 82.342.805 0.041 0.126
-1.10 -0.067 -0.031 1104 2994 1752 0744 2279 0400 72.133.068 0.046 0.142
-1.00 -0.059 -0.026 1275  3.464 2074 0847 2470  0.659 61.953.348 0.053 0.158
-0.90 -0.055 -0.025 1480  3.836 238 0950 2648 0922 51.813.622 0.060 0.174
-0.80 -0.053 -0.025 1638  4.089 2626  1.036 2796  1.209 81.723.864 0.067 0.190
-0.70 -0.050 -0.023 1786  4.327 2793 1117 2932  1.489 O0L.654.129 0.074 0.206
-0.60 -0.041 -0.014 1937 4583 2916 1200 3.070 1796 91.574.448 0.079 0.222
-0.50 -0.034 -0.006 2124 4766  3.183 1291 3229 2240 91.524.705 0.087 0.242
-0.40 -0.028 -0.001 2299 4942 3432 1375  3.377 2642 01.484.940 0.095 0.262
-0.30 -0.022 0.005 2466 5121 3687 1461 3526  3.066 1.436.182 0.104 0.280
-0.20 -0.014 0012 2647 5315 3918 1544 3682 3513 1.395.443 0.113 0.298
-0.10 -0.006 0020 2815 5503 4157  1.628  3.838  3.984 1348709 0.121 0.315
0.00 0.004 0.030 2966 5684  4.423 1717 3996 4483  1.3089865. 0.129 0.331
0.10 0.014 0039 3079 5824 4721 1806 4144 4988  12642466. 0.136 0.346
0.20 0.027 0051 3169 5951 5055 1902 4290 5529 12265196. 0.142 0.359
0.30 0.042 0067 3241 6056 5425 2004 4434 6111 11927976. 0.147 0.372
0.40 0.059 0084 3294 6131 5785 2102 4558 6760 1.1680627. 0.152 0.383
0.50 0.079 0105 3349 6172 6135 2199 4667 7.486 1.1503017. 0.159 0.396
[Fe/H] Mgb  Fe5270 Fe5335 Feb406 Fe5709 Fe5782 NaD ~yaH Hye  Hoa  Hoe
2,50 0556 -0.060 0649 0237 0080 -0.229 1.032 2.945 62.884.603 3.685
-2.40 0.611 0060 0636 0228 0104 -0.189 1033 2870 2870.604  3.656
-2.30 0672 0165 0627 0222 0127 -0.151 1034  2.843 2887631 3.655
-2.20 0.737 0269 0622 0221 0152 -0.113 1042 2821 2908657  3.652
-2.10 0.812 0379 0628 0228 0178 -0.074 1060 2743 2878642 3.614
-2.00 0.895 0489 0641 0242 0207 -0.035 1093 2.656 2848632 3.576
-1.90 0.992 0602 0665 0265 0237 0006 1142 2553 28086164 3.536
-1.80 1101 0718 0699  0.295 0268 0049  1.207 2441 27605924 3.482
-1.70 1226 0.834 0741  0.333 0299 0091  1.288 2296 27025434 3.426
-1.60 1376 0959 0797 0379 0332 0134 1386 2070 25984314 3.337
-1.50 1539 1075 0856  0.428 0363 0176 1496 1921 25493714 3.297
-1.40 1709 1197 0924 0480 0394 0218 1612 1671  2.4422054 3.172
-1.30 1.903 1331  1.004 0540 0425 0259 1739 1134 21827773 2.898
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Table 6—Continued

Age =120
-1.20 2.133 1.479 1.100 0.608 0.460 0.302 1.879 0.326 1.7511303 2.479
-1.10 2419 1.639 1.210 0.687 0.499 0.347 2.036 -0.636 1.232.418 2.024
-1.00 2744 1804 1330 0.774 0544 0392 2219 -1.593 0.756.797 1.680
-0.90 3.069 1.960 1.449 0.862 0592 0437 2416 -2.361 0.372.302 1.459
-0.80 3.364 2.088 1554 0941 0.636 0477 2618 -2.823 0.168.980 1.355
-0.70 3.650 2199 1639 1013 0.682 0511 2793 -3.220 50.00.733  1.287
-0.60 3.929 2301 1.711 1084 0.733 0.550 2.929 -3.628 20.170.510 1.229
-0.50 4200 2428 1.832 1.176 0.778 0.600 3.175 -3.889 40.28.287 1.194
-0.40 4446 2546 1950 1.261 0.828 0.646 3.422 -4.131 90.390.085 1.147
-0.30 4676 2.666 2.074 1.349 0.882 0.691 3.683 -4.381 30.510.138 1.098
-0.20 4893 2782 2191 1.433 0939 0.736 3.970 -4.593 30.630.312 1.057
-0.10 5.114 2.899 2.318 1519 0997 0.780 4.276 -4.804 90.750.498 1.012
0.00 5.333 3.024 2457 1614 1057 0.825 4593 -5.038 -0.890.722 0.954
0.10 5.547 3.150 2.612 1716 1.113 0.871 4915 -5280 -1.046.981 0.882
0.20 5.747 3.284 2781 1826 1171 0919 5239 -5561 -1.203.304 0.794
0.30 5,929 3426 2965 1946 1231 0971 5566 -5881 -1.376.691 0.685
0.40 6.089 3.563 3.147 2.064 1285 1.019 5876 -6.171 -1.538.071 0.571
0.50 6.214 3.698 3.326 2.179 1336 1.067 6.168 -6.443 -1.692.448 0.439

Note. — The entire data of Talé 6 are available at http://ye@isei.ac.kr/cosmic/data/YEPS . fitm.


http://web.yonsei.ac.kr/cosmic/data/YEPS.htm
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Table 7. LICK absorption indices of YEPS simple stellar dagian model for {/Fe]=0.6 (fitting
functions of W94 and W97).
Age =12.0

[Fe/H] CN;  CNp Ca4227 4300 Fe4383 Cadd55 Fed531,4€68 HI  FeS015 Mg Mg
2,50 0126 -0.082 0207 -0.015 0733 0206 0464 0409 8725 1073 0010 0.031
-2.40 -0.123 -0.076 0264 0092 0656 0218 0593  0.288 22.621.179 0.011 0.035
-2.30 -0.119 -0071 0319 0216 0583 0227 0721  0.156 02.631.284 0.010 0.037
-2.20 -0.115 -0.066 0378 0340 0519 0239 0848  0.043 52.631.393 0.011 0.041
-2.10 -0.113  -0.062 0443 0460 0477 0254 0978  -0.040 5126 1507 0.013 0.047
-2.00 -0.110 -0.059 0518 0600 0473 0275 1114  -0.092 6.6 1.635 0.016 0.055
-1.90 -0.107 -0.055 0603 0769 0516 0306 1259  -0.102 572.6 1.780 0.020 0.065
-1.80 -0.104 -0.052 0696 0951 0589  0.342 1408 -0.083 4&.6 1938 0.025 0.077
-1.70 -0.102 -0.049 0787 1119 0678 0381 1553  -0.045 572.6 2.103 0.030 0.090
-1.60 -0.096 -0.045 0896 1396 0827 0433 1716  0.009 52.602.294 0.035 0.104
-1.50 -0.087 -0.040 1.025 1782 1015 0497 1896  0.077 12.482.504 0.040 0.119
-1.40 -0.077 -0.034 1175 2247 1215 0574 2089 0182 52.292.740 0.045 0.134
-1.30 -0.066 -0.027 1363 2730 1433 0661 2293  0.334 42.093.004 0051 0.152
-1.20 -0.060 -0.024 1631  3.099 1637 0750 2501  0.484 61.923.297 0.057 0.169
-1.10 -0.060 -0.026 1.892 3378 1791 0831 2677 0629 21.803.551 0.064 0.187
-1.00 -0.061 -0.030 2120 3587 1880  0.898 2821  0.779 41713.773 0.071 0.205
-0.90 -0.062 -0.032 2347 3814 1887 0961 2956 0913 11.624.019 0.077 0.223
-0.80 -0.057 -0.028 2585  4.059 1863  1.029  3.099  1.106 31.534.316 0.082 0.243
-0.70 -0.056 -0.027  2.838 4223 1981 1102 3251  1.397 31474548 0.089 0.264
-0.60 -0.056 -0.028 3.088  4.383 2098 1175  3.400 1672 31414770 0.099 0.287
-0.50 -0.056 -0.029  3.334 4545 2225 1249 3548 1960 71.354.992 0.108 0.309
-0.40 -0.056 -0.029  3.602 4717 2329 1321 3702 2256 11.305.226 0.119 0.331
-0.30 -0.053 -0.027 3.857 4923 2452 1398  3.866 2594 71.255.497 0.128 0.352
-0.20 -0.048 -0.023 4093 5150 2583 1475 4037 2977 51225803 0.137 0.370
-0.10 -0.042 -0.018 4295 5374 2748 1557 4209  3.386 21.206.124 0.144 0.386
0.00 -0.033 -0.011 4463 5599 2964 1644 4380  3.808 1.186.458 0.148 0.399
0.10 -0.026 -0.005 4561 5749 3237 1732 4534 4167 1156751 0.151 0.411
0.20 -0.016 0.003 4645 5880 3567  1.835  4.696 4536 11210677 0.152 0.421
0.30 -0.003 0015 4746 5974 3971 1961 4874  4.888 10793927 0.156 0.434
[Fe/H] Mgb Fe5270 Fe5335 Fe5406 Fe5709 Fe5782 NaD ~yaH Hye  Hoa  Hoe

-2.50 0.689 0031 0715 0261 0.097 -0214 1054 3.152 3.078586 3.776

-2.40 0767 0139 0697 0250 0120 -0.175 1.078  3.138 3.108658 3.783

-2.30 0.855 0239 0673 0236 0142 -0.140 1.097  3.142 3.098.759 3.772

-2.20 0952 0.339 0655 0228 0164 -0.104 1127 3.146 3.086.872 3.764

-2.10 1.057 0.444 0650 0231  0.187 -0.067 1176  3.139 3.084.974 3.756

-2.00 1174 0559  0.663 0246 0213  -0.027 1250  3.050 3.04B.011  3.722

-1.90 1.313 0.687 0694 0275 0241 0016 1350 2853 29739504 3.652

-1.80 1471 0821 0739 0314 0271 0060 1471 2600 2.8838344 3.567

-1.70 1.643 0952 0792  0.357 0300 0104  1.607 2381  2.827.7324 3.498

-1.60 1.838 1.095 0.855 0.406 0330 0149 1755 1956  2.653.4444 3.306

-1.50 2.059 1243 0925 0458 0361 0192  1.909 1296  2.318.9473 2.968

-1.40 2.324 1399 1004 0516 0395 023 2072 0501 1.891.3613 2.559

-1.30 2653 1562 1091 0581 0433 0280 2260 -0.373 1428795  2.166

-1.20 3.022 1725 1175 0649 0474 0324 2476  -1.120 1042411 1910

-1.10 3394 1857 1245 0709 0515 0363 2701  -1.599 0.788.199 1784
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Table 7—Continued

Age=12.0
-1.00 3.751 1.957 1.296 0.757 0553 0.397 2925 -1.834 0.641155 1.756
-0.90 4110 2.033 1.322 0.795 0594 0424 3.117 -2.035 0.508199 1.763
-0.80 4468 2102 1.340 0.836 0.638 0.455 3.278 -2.223 0.384280 1.794
-0.70 4802 2194 1405 0.899 0.680 0.499 3.528 -2.273 0.308318 1.822
-0.60 5.116 2.284 1476 0.962 0.729 0542 3.790 -2.324 0.23A357 1.842
-0.50 5416 2377 1556 1.029 0.782 0586 4.061 -2.400 0.136376 1.846
-0.40 5.712 2468 1.635 1.094 0.838 0.629 4.362 -2.445 0.041443 1.858
-0.30 5978 2568 1.722 1165 0901 0.674 4.680 -2.539 20.02.441 1.853
-0.20 6.224 2673 1816 1237 0.966 0.719 5.031 -2.645 30.12.396 1.841
-0.10 6.460 2.788 1925 1315 1.031 0.765 5.392 -2.789 90.3R.289 1.816
0.00 6.677 2913 2049 1400 1.098 0.812 5.760 -2.995 -0.4@088 1.767
0.10 6.894 3.041 2198 1494 1154 0.857 6.127 -3.209 -0.605843 1.701
0.20 7.111 3190 2378 1.610 1.217 0911 6.505 -3.488 -0.76/523 1.617
0.30 7.330 3.364 2599 1756 1.292 0980 6.918 -3.864 -0.940088 1.499

Note. — The entire data of Tal{lé 7 are available at http:/ip@isei.ac.kr/cosmic/data/YEPS.htm.


http://web.yonsei.ac.kr/cosmic/data/YEPS.htm
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