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ABSTRACT
The age of three of the oldest clustersÈM15, M68, M92Èhas been redetermined. We use the latest

equation of state (EOS) and opacity data available for calculating both isochrones and zero-age horizon-
tal branches and employ the brightness di†erence between turno† and horizontal branch to determine
the cluster age. Our procedure and the uncertainties in obtaining absolute ages are discussed in detail.
We Ðnd M68 to be 12.2 ^ 1.8 Gyr old ; M15 appears to be either slightly younger or 2 Gyr older,
depending on whether its age is determined di†erentially or directly. We discuss this discrepancy and
argue that the lower age is within the real observational uncertainties. M92 is found to be slightly
younger than M15 by about 0.5 Gyr. These ages are smaller by 1È2 Gyr compared to earlier work, and
even smaller ages are possible. Our results help to reconcile cluster ages with recent results on the age of
the universe determined from the Hubble constant.
Subject headings : cosmology : miscellaneous È globular clusters : general È

globular clusters : individual (M15, M68, M92) È stars : evolution

1. INTRODUCTION

If the age of the universe is obtained from the cosmo-
logical expansion by determining the Hubble constant H0,it turns out to be less than 15 Gyr for km s~1H0Z 50
Mpc~1) for values of the density parameter The)0Z 0.4.
most recent investigations into (for a review, see denH0 van
Bergh yield values between 50 and 80, which limit the1994)
age of the universe to less than 15 Gyr for any reasonable

even if a cosmological constant is allowed. This number)0,reduces to 10 Gyr, if (from Cepheids or Type IaH0B 75
supernovae). Clearly, even if one stretches the limits, the
universe appears to be younger than B15 Gyr.

On the other hand, the classical method of determining
the age of the oldest known stellar objects, the isochrone
Ðtting to metal-poor globular clusters, consistently yields
ages above B14 Gyr for the bulk of metal-poor halo clus-
ters, with the majority of the clusters being around 16 Gyr
and the oldest ones up to 18 Gyr old. An additional Gyr has
to be added to this for the time between the genesis of the
universe and the creation of the Ðrst clusters. This ““ conÑict
over the age of the universe ÏÏ has been brought to a head by

& Hogan with the example of M92, probablyBolte (1995)
the best observed very old cluster, whose age they give as
15.8^ 2.1 Gyr (this range was used by Freed-Kennicutt,
man, & Mould to illustrate the relationÈand1995
conÑictÈwith H0).It therefore is necessary to reconsider age determinations
of globular clusters and to investigate the errors more care-
fully. In this paper, we report new age determinations for
three of the oldest clusters, including M92, using standard
approaches but the latest equation of state and opacities for
the stellar models.

Cluster ages were determined by using the di†erence in
visual magnitude between main-sequence turno† (TO) and
horizontal branch (HB), *(V ), the so-called vertical method.
For a general discussion about various dating methods and
the difficulties related to each of them, see, for example,

Sarajedini, & Demarque or Van-Chaboyer, (1992) Stetson,
denBerg, & Bolte To yield reliable results, the *(V )-(1996).
method requires consistent photometry of both the turno†
region and the horizontal branch ; the latter one should be

well populated to allow a precise deÐnition of the lumi-
nosity and should have a large number of RR Lyrae vari-
ables, which are crucial for the distance determination. A
review of the literature reveals that actually very few clus-
ters fulÐll these conditions ; in our group of clusters, these
are only M15 and M68. For many clusters, *(V ) has been
determined by estimating the horizontal-branch brightness
on the basis of very few or scattered stars. On the theoretical
side, the isochrones used should consist of models of the
appropriate composition, including the enhancement of a-
elements. The opacity and equation of state (EOS) data
should reÑect this. A calculation of horizontal-branch
models with the same program is required as well.

Our work is similar to that of & KimChaboyer (1995,
hereafter who used the same method and alreadyCK95),
found an average reduction of about 7% (or 1.2 Gyr for the
oldest clusters) for the ages of 40 clusters owing to the use of
equations of state including nonideal e†ects such as
Coulomb-screening in the calculation of main-sequence and
turno† stars. However, they had determined *(V ) from the
di†erence between the theoretical turno† luminosity VTOand an empirical horizontal-branch brightness (basedVHBon RR Lyrae luminosities). We emphasize that for several
clusters (including M92 and M15), they had erroneously
used published observational zero-age horizontal-branch
(ZAHB) luminosities at the RR Lyrae instability strip, com-
paring them with an empirical relation for the mean (and
not the ZAHB) RR Lyrae luminosity ; this results in smaller
*(V )-values and ages Demarque, & Sarajedini(Chaboyer,

Nevertheless, the e†ect of a systematic age reduction1996).
due to the improved EOS is real. In the present paper, we
derive the absolute age of a cluster by comparing the
observed *(V ) with calculated theoretical brightness di†er-
ences. We therefore do not have the freedom to choose one
of the many published relations. Thus,M

v
(RR) [ [Fe/H]

our approach is completely self-consistent. Since we calcu-
late theoretical ZAHBs as well and Ðt both isochrones and
ZAHB to the observations, the inÑuence of the new input
physics is taken into account twice.

In the next section, we will describe all steps of our pro-
cedure to determine cluster ages in detail ; contains the° 3
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age determination for the globular clusters M68, M15, and
M92, where for the latter one we used a di†erential method.
The conclusions will follow in the last section.

2. AGE DETERMINATION METHOD

2.1. Stellar Models
All the evolutionary calculations presented in this paper

have been performed with the Frascati RAphson Newton
Evolutionary Code (FRANEC) whose general features and
physical inputs have already been described in previous
papers (see, e.g., & Straniero We have adoptedChie†i 1989).
the OPAL opacity tables & Iglesias(Rogers 1992 ; Iglesias
& Rogers F. J. Rogers 1995, private communication ;1996 ;

& Iglesias combined with the molecular opa-Rogers 1995)
cities by & Ferguson More precisely, twoAlexander (1994).
sets of opacity tables (D. R. Alexander and C. A. Iglesias &
F. J. Rogers, private communications) were used, one for a
scaled solar metal mixture & Noels and one(Grevesse 1993)
for the same heavy element fraction Z, but with the a-
elements being enhanced relative to the iron within the
metal group. In particular, oxygen is enhanced by [O/
Fe] \ 0.5, and the other a-elements by similar, but slightly
varying, amounts, according to the observed values in low-
metallicity stars (see, e.g., Sneden, & TruranWheeler, 1989).
It should be emphasized that the metal mixtures for both
the low (molecular)- and high-temperature opacity tables
are exactly the same. Thus, we were able to compare consis-
tently stellar models with the same total metallicity but with
di†erent internal distributions of the heavy elements. In the
high-density region, which is not covered by the OPAL
opacities and in which the dominant source of opacity is
due to electron conduction, we used the coefficients of Itoh
et al. (1983).

As for the EOS, the updated OPAL EOS (Rogers 1994 ;
Swenson, & Iglesias has been used, uponRogers, 1996)

which the OPAL opacities also rest. In regions where the
OPAL EOS is not available, we supplemented it with the
EOS described by & Straniero for T \ 5000Chie†i (1989 ;
K) and for degenerate He cores and theStraniero (1988 ;
central regions of nondegenerate ZAHB He cores). We have
veriÐed that the transition from the OPAL to the supple-
mentary EOS is smooth and without discontinuities.

Stellar models were evolved with a total metallicity of
Z\ 0.0002 and Z\ 0.0004, a scaled solar and an a-
enhanced metal distribution, and helium abundances
Y \ 0.23 and Y \ 0.24. These mixtures were chosen to
match the observed values for the clusters considered in this
investigation. For each given chemical composition, models
with masses ranging from 0.7 to 1 were evolved fromM

_the zero-age main sequence (ZAMS) up to the red giant
branch (RGB) to a luminosity of log We haveL /L

_
B 1.7.

chosen 0.7 as a lower mass limit for our models in orderM
_to have, at least for the evolution up to the turno† point

(TO), all the structure of our models covered by the OPAL
EOS (see also the discussion in In all models, aCK95).
mixing length of 1.6 (with the mixing-length formalism of

& Giuli was used ; we have chosen this value inCox 1968)
order to reproduce the observational data of Frogel,
Persson, & Cohen for the temperatures of the RGBs(1983)
of metal-poor clusters (following the procedure described
by Straniero, & Salaris Isochrones were con-Chie†i, 1995).
structed by interpolating among evolutionary tracks for
each selected chemical composition.

already have demonstrated the inÑuence of theCK95
new OPAL EOS on the TO luminosity. In order to
compare with their results and to show the inÑuence on the
ZAHB models, we have computed isochrones and ZAHB
models with the Straniero EOS as well. Concerning the TO,
the change to the OPAL EOS results in a decrease of the
TO luminosity that depends both on metallicity and age.
For ZB 10~4 it amounts to 0.03È0.1 mag (for ages of 16
and 12 Gyr). This compares well with (their Fig. 6,CK95
which, however, is for [Fe/H]\ [1.3) in the order of mag-
nitude, although the range is slightly narrower (0.04 mag at
10 Gyr to 0.08 mag at 20 Gyr), and the relation between age
and brightness decrease is the opposite.

The 0.8 models have been evolved up to the coreM
_helium Ñash to derive the mass of the helium core and the

envelope He abundance after the Ðrst dredge-up ; for this
mass, the stellar age at the He Ñash is of the order of 13 Gyr,
roughly representative of our derived age for metal-poor
globular clusters (see the following section). As for the
helium core masses at the helium Ñash we Ðnd quite a(MHe),good agreement between the values obtained by adopting
the OPAL and the Straniero EOS, for a Ðxed age.

We then constructed ZAHB models by employing the He
core mass and the envelope chemical composition at the
Ñash for the computation of a set of He-burning models
with di†erent masses of the H-rich envelopes. Following

Chieffi, & Pulone we took models alreadyCastellani, (1991),
evolved by 1 Myr, which should represent quite accurately
the theoretical counterparts of the lower luminosity bound-
aries of the observed HBs.

To investigate the inÑuence of the new EOS on the
ZAHB models, we computed theoretical ZAHB models for
metallicities ranging from Z\ 0.0001 up to Z\ 0.004 and
Ðxed helium content of Y \ 0.23. Over all this range of Z,
we Ðnd that the ZAHB luminosities determined with
models computed by adopting the OPAL EOS are brighter
by about 0.05 mag with respect to models computed by
means of the Straniero EOS. This is due to a higher effi-
ciency of the hydrogen shell. We checked this last statement
by comparing two ZAHB models, one with the OPAL
equation of state (except for the very central region

not covered by the OPAL tables) and theM
r
/M \ 0.1,

other with the EOS in the whole heliumStraniero (1988)
core and OPAL EOS elsewhere, in particu-(M

r
/M \ 0.65)

lar in the H-shell region ; all the other parameters and physi-
cal inputs were kept Ðxed. We found that the di†erences in
luminosity and e†ective temperature between the two
models are negligible such that the luminosity di†erence
relative to models constructed completely with the old EOS
results from the use of the new EOS in the H-shell region.

In we summarize isochrone ages compared toTable 1,
For two metallicities and typical values for *(V ), weCK95.

computed ages (for the OPAL EOS) according toCK95
their equation (4) and determined our values from our iso-
chrones and ZAHB models directly. We note that [M/H]
stands for the total metallicity in both papers ; although

use the notation [Fe/H], their isochrones did includeCK95
a-enhancement as well. For the lower metallicity, our
method yields an age reduction of 0.5 Gyr ; for the higher
one, more than 1 Gyr.

To summarize, the introduction of the new EOS is
expected to yield an increase in *(V ) of 0.08È0.15 mag,
which corresponds to an age reduction of B1 Gyr up to 2
Gyr with the relative contributions from the TO and ZAHB
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TABLE 1

AGE DIFFERENCE BETWEEN THIS WORK AND &CHABOYER

KIM FOR FIXED METALLICITY AND *(V )(1995)

Age : CK95 Age : This Work
[M/H] *(V ) (Gyr) (Gyr)

[2.00 . . . . . . 3.45 14.0 13.6
3.50 14.8 14.3
3.55 15.5 15.0

[1.70 . . . . . . 3.45 13.8 12.7
3.50 14.5 13.3
3.55 15.3 14.0

depending on the absolute value of the age ; in we will° 3.1,
determine the age of M68 with the two sets of EOS tables to
quantify the e†ect for one example. Relative to weCK95,
expect a reduction between a few 108 and 1 Gyr.

As a comment, we add that we conÐrm a result obtained
by Chieffi, & Straniero comparing the a-Salaris, (1993) :
enhanced isochrones and ZAHBs with the scaled solar ones
for the same total metallicity, we Ðnd that the a-enhanced
models are well reproduced by scaled solar ones. In contrast
to et al. we had access to opacity tables reÑec-Salaris (1993),
ting the a-enhancement for all temperatures. Note that this
equivalence holds for low metallicities only Peletier,(Weiss,
& Matteucci 1994).

2.2. Color T ransformations
The color transformations and bolometric corrections

used to transform theoretical temperatures and luminosities
into magnitudes in the UBV system come from Buser &
Kurucz hereafter and We(1978, 1992, BK78 BK92).
adopted the transformations for T ¹ 6000 K and theBK92

at higher temperatures (up to T \ 10,000 K) accord-BK78
ing to the suggestions of For each metallicity, theBK92.
two sets have two temperatures in common (5500 and 6000
K, respectively), and we have shifted the B[V values of

in order to match the corresponding ones of atBK92 BK78
these two temperatures. This set of transformations, as dis-
cussed by is highly homogenous and covers all theBK92,
evolutionary stages displayed in the color-magnitude dia-
grams (CMDs) of the studied clusters.

provided another set of transformationsKurucz (1992)
derived from model atmosphere calculations performed by
using updated input physics, covering homogeneously the
complete range of e†ective temperatures and gravities from
the MS to the HB evolutionary phase and beyond. There is
some concern about the Kurucz relation, espe-(B[V )ÈTeffcially for metal-poor RGB stars (see, e.g., Paltoglou, &Bell,
Tripicco et al. Carretta, &1994 ; McQuitty 1994 ; Gratton,
Castelli & Mazzitelli et al.1996 ; DÏAntona 1996 ; Alexander

but nevertheless we have consideredÈas a test for the1996),
inÑuence of the color transformations and bolometric cor-
rections on the age determination of the clustersÈthe di†er-
ence in visual magnitude between the observational ZAHB
in the region of the RR Lyrae stars and the TO of the
cluster, obtaining an age reduced by B0.5 Gyr with respect
to the value obtained adopting the trans-BK78]BK92
formations (see the next section). Note that this reduction is
well below the other uncertainties in the age determination
of the clusters.

2.3. HB L uminosity and Distance Modulus
As has already been remarked, we determine absolute

cluster ages by comparing the theoretical with the observed

*(V ). We have therefore used theoretical ZAHB models for
Ðxing the moduli of the clustersÏ distance. This is the main
di†erence between our approach and that of andCK95

et al. who obtain the distance by compar-Chaboyer (1996)
ing an empirical relation for the absolute mean magnitude
of RR Lyrae stars as a function of cluster metallicity with
the apparent luminosity of the cluster RR Lyrae stars. The
distance modulus is a crucial quantity for the cluster ages ; it
is well known (see, e.g., et al. that a variation ofSalaris 1993)
0.1 mag in the distance modulus results in an age variation
of B1.2È1.7 Gyr (where the exact value depends on the
absolute age value). It is therefore necessary to discuss the
uncertainties related to both methods ; we begin with the
empirical HB luminosity determination.

The absolute magnitude of RR Lyrae stars is represented
by empirical relations of the form

M
v
(RR)\ a[Fe/H]] b . (1)

As was shown in several papers (see, e.g., Storm,Carney,
& Jones et al. there1992 ; Chaboyer 1995 ; Chaboyer 1996),
are several independent observational methods to deter-
mine the absolute magnitude of RR Lyrae stars. Depending
on the method, the slope a can vary from 0.08 et al.(Ajhar

to 0.30 and the zero point b from 1.061996) (Layden,
Hanson, & Hawley as quoted by et al.1994 Chaboyer 1996)
to 0.73 Even if the extremes do not seem to(Walker 1992).
be acceptable (see, e.g., et al. & DeCarney 1992 ; Caputo
Santis et al. and the discrepancy between1992 ; Bono 1995)
the zero points could be reduced to B0.15 (Chaboyer 1995 ;

et al. these di†erences in the coefficientsChaboyer 1996),
still result in very di†erent cluster ages. This is clearly
shown in the paper of et al. where for eachChaboyer (1996),
considered cluster, they compare the age obtained using
di†erent coefficients for for M68, for example,equation (1) ;
their ages range from 12.9 to 17.3 Gyr. et al.Chaboyer

decided to adopt and(1996) M
v
(RR)\ 0.20[Fe/H] ] 0.98

ignored the uncertainty in a and b ; took 0.94 for theCK95
zero point. This choice already Ðxes the range of ages one
can obtain from the theoretical TO brightness.

A second source of error has recently been mentioned by
Brocato, & Piersimoni Using both theo-Castellani, (1996).

retical ZAHB and TO luminosities at the same time, the
choice of available color transformations does not inÑuence
*(V ) signiÐcantly. This is not the case, however, if one
adopts an empirical evaluation of the HB luminosity to
determine the distance modulus. et al.Castellani (1996)
noted that between the Buser & Kurucz and(1978, 1992)
the transformations, there is a di†erence inKurucz (1992)
the TO magnitude of B0.1 mag, which, if the HB brightness
is taken from an empirical RR Lyrae luminosity relation,
results in a di†erence in age of B2 Gyr ; we checked and we
conÐrm their results, adding that if we compare the Kurucz

with the & Bell transformations,(1992) VandenBerg (1985)
the di†erence in the TO luminosity is almost twice as large
(B0.18 mag). While *(V ) is preserved in the case of theoreti-
cal HB luminosities, we Ðnd that the shape of the isochrones
in the TO region changes for the transform-Kurucz (1992)
ations, such that an age determined by a global Ðt to the
CMD might still be inÑuenced.

Regarding the method that we used, the uncertainties
related to the theoretical models of horizontal-branch stars
are of concern. It is clear that we do not understand HB
morphologies in detail. However, this concerns mainly the
distribution of stars along the horizontal direction. For the
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*(V ) method, the luminosity, and in our case that of the
ZAHB, is the important quantity, and this seems to be
much better deÐned. HB luminosities depend primarily on

which is a very stable quantityÈwhen consideringMHe,canonical evolutionary modelsÈthat agrees very well
between various investigations & Fusi Pecci(Renzini 1988 ;

in spite of di†erent numerical methods andSweigart 1994)
physical input data. In particular, & ChieffiStraniero (1991)
have used the same evolutionary code that we have
employed in this investigation, and their results for areMHein good agreement with independent computations by

& Gross and The onlySweigart (1978) VandenBerg (1992).
very discrepant result in the literature is that of Mazzitelli

see also DÏAntona, & Caloi who(1989; Mazzitelli, 1995)
Ðnd sensibly larger values by B0.01 which, however,M

_
,

are questioned by, e.g., Sweigart (1994).
The mass of the He core could be di†erent in the presence

of noncanonical e†ects such as fast core rotation. However,
this seems to be excluded by synthetic HB models com-
pared to the observations (see, e.g., et al.Caputo 1993 ;

& De Santis Demarque, & ZinnCaputo 1992 ; Lee, 1990).
HB luminosities also depend on the envelope helium

content. Although there is undoubtedly an additional
mixing mechanism operating in globular cluster red giants
that leads to observed CNO-isotope anomalies, the addi-
tional mixing does not change the helium content because it
does not extend deep enough into the hydrogen shell

& Weiss Possible uncertainties in the(Denissenkov 1996).
treatment of (semi)convection of the convective He core do
not inÑuence ZAHB model luminosities or temperatures,
but only HB lifetimes.

To determine the age of a cluster using the *(V ) method
with theoretical ZAHB luminosities, we need to determine
the observational equivalent. If the mean luminosity of the
clusterÏs RR Lyrae stars is provided, the observational
ZAHB brightness at the RR Lyrae instability strip has been
determined by adopting relation (4) from et al.Carney

This relation (also used by et al. is(1992). Chaboyer 1996)
based on the data taken from the analysis by Sandage

of the vertical extent of the observed and well-(1990)
populated HBs of a sample of globular clusters, for which
the ZAHB level could be unambiguously determined as the
sharp lower envelope of the star distribution. It is an empiri-
cal relation that provides the ZAHB visual magnitude at
the RR Lyrae region as a function of [Fe/H] and of the RR
Lyrae average magnitude and it is given by(SVRRT),

VZAHB\ SVRRT ] 0.05[Fe/H]] 0.20 (2)

and will be used in the following section.
A possible test for the reliability of our ZAHB models is a

direct comparison with empirical rela-M
v
(RR) [ [Fe/H]

tions. From our models, we derive

M
v
(ZAHB)\ 0.21[Fe/H]] 0.91 (3)

when taking into account [a/Fe]B 0.3. This is in very good
agreement with whose result for the meanWalker (1992),
RR Lyrae luminosity, after using equation (2), translates
into A second test isM

v
(ZAHB)\ 0.20[Fe/H]] 0.93.

shown in where we compare one of the mostFigure 1,
recent observational results concerning the absolute lumi-
nosity of Ðeld and globular cluster RR Lyrae stars versus
metallicity et al. and our theoretical pre-(Clementini 1995)
dictions for the ZAHB luminosity in the RR Lyrae region.
The Clementini et al. results are based on new spectro-

FIG. 1.ÈAbsolute luminosity of supposedly unevolved Ðeld and cluster
RR Lyrae stars et al. compared to our theoretically(Clementini 1995)
predicted ZAHB luminosities (large Ðlled circles) for various metallicities.
The data are for a conversion factor p \ 1.38 between observed and true
pulsation velocity (see for details).Fernley 1994

scopical determinations of metallicity and on Baade-
Wesselink estimates of the absolute magnitude of the
variables. In only observational data for sup-Figure 1,
posedly unevolved RR Lyrae stars have been considered ;
these data provide a good estimate for the observed ZAHB
luminosities in the RR Lyrae region (G. Clementini 1996,
private communication). We have derived the global metal-
licity [M/H] for the stars in the sample of Clementini et al.
by using the [Fe/H] and [a/Fe] values given in their paper ;
the errors of the observational determination of metallicity
and luminosity are also from the quoted paper. The data in
the Ðgure refer to one particular prescription for the conver-
sion factor p (see between observed and trueFernley 1994)
pulsation velocities, which is needed for an estimate of the
absolute luminosity of the RR Lyrae sample (see Clementini
et al. for more details and their Table 21, col. [6], for1995
the data for p \ 1.38). One sees that our theoretical models
are compatible with the observational data, although there
is some o†set between our relation and that of Clementini et
al. To quantify the comparison, the relation of etClementini
al. is(1995)

M
v
(RR)\ (0.19^ 0.03)[Fe/H]] (0.96^ 0.04) (4)

(eq. [10b] of Clementini et al.), if only the most evolved
objects of their sample are excluded. Slope and zero points
become, respecitvely 0.17 and 0.91 (same errors ; eq. [10d]),
if all possibly evolved objects are excluded as well.

We thus have shown that our theoretical ZAHB lumi-
nosities compare well to the results of andWalker (1992)

et al. This makes them as trustworthy asClementini (1995).
any of the empirical relations. It also implies that our
derived cluster ages could prove to be wrong once a deÐnite
answer to the problem of the has beenM

v
(RR)[ [Fe/H]

found.

3. CLUSTER FITS

The a-enhanced isochrones described in the previous
section have been used for determining the ages of metal-
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poor Galactic globular clusters. We have selected M68
(NGC 4590), M15 (NGC 7078), and M92 (NGC 6341) as
representative of the old metal-poor globular cluster popu-
lation. These three clusters have been extensively studied in
the past, and according to various authors (see, e.g.,

Bolte, & Stetson & ChieffiVandenBerg, 1990 ; Straniero
et al. et al. they are1991 ; Chaboyer 1992 ; Salaris 1993),

among the oldest clusters in the Galaxy ; therefore, their age
places strong constraints on the age of the universe and on
the Hubble constant.

Their metallicities are generally considered to be very
similar (see, e.g., & Shawl et al.Hesser 1985 ; VandenBerg

with an average value of [Fe/H]B [2.15. If we con-1990),
sider an a enhancement of [a/Fe]B 0.3 as observed in
globular cluster stars, the global metallicity will be
ZB 0.0002.

The ages derived in the past years, adopting di†erent
theoretical isochrones and di†erent age indicators [such as
the *(V ) and the *(B[V ) ; see the discussion in et al.Salaris

range between 15 and 20 Gyr for M15 and M92 and1993],
between 13 and 19 Gyr for M68 (see, e.g., &Straniero
Chieffi et al. et al. Very1991 ; Carney 1992 ; Chaboyer 1992).
recently, by using the OPAL EOS in computing the theo-
retical evolutionary models, et al. but seeMazzitelli (1995 ;
also et al. for an erratum) found an age ofCanuto 1996
around 13È14 Gyr for M68, while obtained, respec-CK95
tively, 15.9, 14.1, and 12.4 Gyr for M92, M15, and M68. All
these authors have used the *(V ) age indicator in order to
derive the ages. When using the *(B[V ) method to derive
the relative ages of these three clusters, they appear to be
coeval, while age di†erences (as found by areCK95)
obtained when using the *(V ) technique. The reason for this
discrepancy will be discussed below; in our analysis, the
*(V ) method will be used in order to determine the absolute
ages of this group of clusters by applying it to the cluster
with the best deÐned CMD (M68) ; the relative ages between
M15, M92, and M68 will be derived using the *(B[V )
technique. To perform this analysis, we have adopted the
recent CCD photometries published by andWalker (1994)
by & Harris for M68 and M15, respectively ;Durrell (1993)
in the case of M92, the photometry by & HarrisStetson

has been considered.(1988)

3.1. M68
We have determined the age of M68 by using our a-

enhanced isochrones for Y \ 0.23 and Z\ 0.0002. From
the data, we have derived a ridge line for MS,Walker (1994)
subgiant branch (SGB), and RGB that is almost coincident
with the Ðducial line provided by et al. ThisMcClure (1987).
is not surprising, since Walker also noted that the Ðducial
line provided by McClure et al. constitutes an excellent Ðt
to his CMD.

The distance modulus and the cluster reddening have
then been determined by shifting the ZAHB models and the
isochrones corresponding to ages between 11 and 15 Gyr
horizontally and vertically in order to match simulta-
neously the main-sequence (MS) ridge line and the obser-
vational ZAHB level at the RR Lyrae region. The
horizontal shift applied in order to match the MS corre-
sponds to the reddening E(B[V ), while the vertical shift
necessary for Ðtting the observational ZAHB provides the
apparent distance modulus (m[ M)

V
.

In M68, the RR Lyrae stars are a substantial fraction of
the HB population where is the(NRR/NHB+ 0.20, NRR

number of RR Lyrae stars and is the total number ofNHBHB stars), and it is statistically not possible to assume that
all the RR Lyrae stars are evolved o† the ZAHB (for a
discussion, see & Fusi Pecci therefore, theRenzini 1988) ;
sharp lower envelope of their distribution has to be a reli-
able estimate of the ZAHB level. For this reason, we have
applied in order to locate correctly the obser-equation (2)
vational ZAHB at the RR Lyrae region (B[V ) + 0.3È0.5.
An average RR Lyrae starÏs magnitude SVRRT \ 15.64
^ 0.01 (as provided by Walker) corresponds to VZAHB\
15.73. An apparent distance modulus (m[ M)

V
\ 15.26

^ 0.10 is derived from our models, where the error comes
from the error in and from the error introduced bySVRRTthe use of which is a Ðt to observational pointsequation (2),
with a dispersion of around 0.1 mag (see Fig. 4 in etCarney
al. By adopting this distance modulus, the lower1992).
envelope of the observed HB is well reproduced by our
ZAHB models (see The reddening derived by thisFig. 2).
procedure is E(B[V ) \ 0.06, in good agreement with
0.07^ 0.01 given by Walker.

With our derived distance modulus, the observed TO
luminosity is repro-(VTO \ 19.05 ^ 0.05 ; Walker 1994)
duced by our theoretical isochrones for an age of 12.2 Gyr,
with a formal error of around ^1.8 Gyr (obtained by com-
bining the uncertainties on the TO and ZAHB
luminosities). This age is only 0.2 Gyr lower than that of

(OPAL), but it is in agreement with the expectationsCK95
based on To illustrate the Ðt, the CMD of M68 isTable 1.
displayed in together with the theoretical ZAHBFigure 2,
and three isochrones corresponding to di†erent ages (11, 12,
and 13 Gyr), shifted according to the derived distance
modulus and reddening.

We have also tested the inÑuence of a slightly higher
original helium content (Y \ 0.24) and of an increase of the
metallicity by a factor of 2 (Z\ 0.0004, the metallicity used
for example by and also suggested by the spectro-CK95
scopical determination by & Ortolani InGratton 1989).
both cases, we obtained a slight reduction of the age, by
about 1 Gyr. However, the isochronesÏ shape is changed for

FIG. 2.ÈIsochrones for ages between 11 and 13 Gyr and ZAHB com-
pared to the CMD of M68 (data from Composition, dis-Walker 1994).
tance modulus, and reddening used for the Ðt are given in the upper
left-hand corner.
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the higher metallicity such that the Ðt appears to be worse,
especially in the subgiant region.

We note also that if we use for the Ðt to the CMD of M68
the same set of a-enhanced isochrones and ZAHB, but the

transformations, we obtain a formal ageKurucz (1992)
reduction of less than 0.5 Gyr when Ðtting the observed
*(V ), a reduction well within the observational uncer-
tainties.

Before closing the discussion about M68, we will brieÑy
analyze the inÑuence of the OPAL EOS on the age determi-
nation of M68:

1. First of all, we come back to the EOSStraniero (1988)
for our isochrones and ZAHB models, while all the other
physical inputs are as before. In this case, the luminosity of
the ZAHB level in the RR Lyrae region is B0.05 mag lower
than in OPAL EOS case and the TO is, for a Ðxed age of 12
Gyr, B0.09 mag more luminous than in the previous case.
The two e†ects together increase the age by about 1.4 Gyr ;
by Ðtting the cluster with the same method as before, we
Ðnd an age of 13.6 Gyr. This is again in close agreement
with the ““ standard age ÏÏ of (13.3 Gyr), but the net ageCK95
reduction is higher in our case.

2. To separate the e†ect of our new value for the ZAHB
luminosity from that of the updated luminosity at the TO of
our isochrones, we Ðtted the cluster again using the ZAHB
level calculated with the EOS and the iso-Straniero (1988)
chrones with the OPAL EOS, obtaining an age of 13.2 Gyr.

3.2. M15
In principle, it is possible to determine the absolute age of

M15 by adopting the same procedure as for M68 because
also in the case of M15, we have a homogenous CCD
diagram from the MS to the HB evolutionary phases ; the
RR Lyrae stars are again a substantial fraction of the HB
population and the lower envelope of(NRR/NHB+ 0.25),
their distribution therefore has to match the observational
ZAHB level. If we apply in order to locateequation (2)
correctly the observational ZAHB at the RR Lyrae region,

(as provided by & HarrisSVRRT \ 15.83 ^ 0.01 Durrell
corresponds to When using our a-1993) VZAHB\ 15.92.

enhanced isochrones for Y \ 0.23 and Z\ 0.0002, an
apparent distance modulus and a(m[ M)

V
\ 15.45^ 0.10

reddening of E(B[V ) \ 0.11 are derived.
The distance modulus and the reddening obtained with

our procedure are in good agreement with the results by
& Harris who foundDurrell (1993), (m[ M)

V
\ 15.38

^ 0.15 from Ðtting the local subdwarf sequence to the
cluster main sequence and E(B[V ) \ 0.10^ 0.01. With
this distance modulus, the observed TO luminosity (VTO +

19.4 according to Durrell & Harris) is reproduced by our
theoretical isochrones for an age of 14.5 Gyr. The problem
is that the exact value of the TO magnitude and the associ-
ated error are not given by & Harris In theirDurrell (1993).
paper, they state that the TO is around V \ 19.4 ; from the
Ðducial smoothed line presented in their Table 2 (corrected
for the typographical error noticed by it isWalker 1994),
easy to derive that between V \ 19.217 and V \ 19.420,
B[V varies by only 0.001 mag, which is well inside the
error associated with the determination of the Ðducial line.
Therefore, the exact TO luminosity could well be anywhere
between V B 19.2 and V B 19.4. This uncertainty of 0.2
mag in the TO magnitude corresponds to an age variation

of approximately 3 Gyr for ages around 14 Gyr. It is there-
fore evident that the age of 14.5 Gyr previously derived on
the basis that constitutes only an upper limit toVTO\ 19.4
the cluster age. This age appears to be larger than that of

(14.1 Gyr). However, as et al. haveCK95 Chaboyer (1996)
stated, et al. had confused observationallyChaboyer (1992)
determined HB with ZAHB luminosities. used theCK95
same values, too. M15 is one of the clusters a†ected. Instead
of *(V ) \ 3.54, they should have used the corrected value of
3.63. Consequently, the correct age would be about 15 Gyr
(for the OPAL EOS). Our ageÈas determined from the
formal location of the TOÈis therefore somewhat lower
owing to the use of the theoretical ZAHB models.

To illustrate the isochrone Ðt, the CMD of M15 is dis-
played in together with the theoretical ZAHB andFigure 3,
four isochrones corresponding to di†erent ages (between 12
and 15 Gyr), shifted according to the derived distance
modulus and reddening. From the Ðgure, it appears that the
14 Gyr isochrone misses the subgiant branch and that the
12 Gyr isochrone would Ðt better.

For an alternative determination of the age of M15, we
rely on the *(B[V ) method et al.(VandenBerg 1990 ;

et al. in order to derive the relative age of M15Stetson 1996)
with respect to M68. As et al. haveVandenBerg (1990)
shown (but see also & Straniero Stra-Chie†i 1989 ; Salaris,
niero, & Chieffi it is possible to derive with high1994),
accuracy the relative ages of clusters with approximately the
same metallicity (within a di†erence of about a factor of 2)
by considering the di†erence in B[V between the TO
(whose color is very well deÐned since the TO region is
vertical) and the base of the RGB; in this so-called horizon-
tal method, the color of the lower RGB of two clusters is
compared, following a horizontal shift to normalize the TO
colors, and a vertical one to force coincidence between the
two MS at a position 0.05 mag redder than the TO. Di†er-
ences in the RGB color (Ðxed, for example, at a point 2.5
mag more luminous than the MS reference point) then cor-
respond to age di†erences.

By using this procedure for comparing M68 with M15

FIG. 3.ÈIsochrones for di†erent ages (given in Gyr in the Ðgure) Ðtted
to the CMD of M15 (data from & Harris Composition,Durrell 1993).
reddening, and distance modulus are displayed in the upper left-hand
corner.



No. 2, 1997 GLOBULAR CLUSTER AGES 671

(adopting the data of & HarrisDurrell 1993), Walker (1994)
found that the two RGBs (he used the Ðducial line by

et al. for M68 that, as already mentioned,McClure 1987
constitutes an excellent Ðt to his CMD) agree within
^0.005 mag in B[V , which corresponds (adopting our
isochrones) to a di†erence in age of less than ^0.5 Gyr. It is
worth noting that these relative ages are not modiÐed if the
clusters do not have the same metallicity, at least for di†er-
ences up to a factor of 2 in Z. (We recall that spectroscopic
analyses suggest a higher iron content for M68 as the one
we prefer to use ; & OrtolaniGratton 1989.)

In the *(B[V ) of M68 and M15 are com-Figure 4a,
pared, following the procedure previously described. The
dashed lines that run parallel to the RGB of M68 corre-
spond to an age di†erence of ^1 Gyr with respect to M68,
as derived from our theoretical isochrones. The Ðgure
clearly shows that the two clusters are virtually coeval, with
an absolute age of 12.2 Gyr as derived by means of the *(V )
method applied to M68. Assuming this age for M15 and the
distance modulus derived from our ZAHB models, the
observational TO luminosity has to be V + 19.27, compat-
ible with the range of values previously discussed.

3.3. M92
In the case of M92, no homogenous CCD photometry

with well-deÐned MS, TO, RGB, and a well-populated HB
is available ; in addition to this, M92 has a very blue HB,
and it is not possible to apply the *(V ) method safely in
order to determine its absolute age (see, e.g., etVandenBerg
al. 1990).

We have considered the photometry of & HarrisStetson
with a very poorly populated HB, and we rely on the(1988),

analysis by & Harris in order to determineDurrell (1993)
the relative age of M92 with respect to M15. By comparing
the ridge line provided by & Harris with theStetson (1988)
one obtained for M15, Durrell & Harris derived a di†erence
of 0.009 mag in *(B[V ) between the two clusters that cor-
responds to an age di†erence of less than 1 Gyr (with M92
appearing slightly younger). had determined anCK95

FIG. 4.ÈComparison of CMD ridge lines between pairs of clusters,
showing them to be coeval. Upper panel : M68 (line) and M15 (dots ; Ðducial
line by & Harris lower panel : M68 (dots) and M92 (line ;Durrell 1993) ;
ridge line by & Harris The dashed lines on both sides of theStetson 1988).
RGBs indicate isochrones of ^Gyr with respect to the age of M68.

absolute age of about 17 Gyr (15.94 in their paper, corrected
again for an erroneous HB luminosity) with the *(V )
method.

In the *(B[V ) values of M68 and M92 areFigure 4b,
directly compared. Also in this case, the two dashed lines
correspond to an age di†erence of 1 Gyr with respect to
M68. It is evident from the Ðgure that M92 is coeval with or
not more than 1 Gyr younger than M68; this conÐrms that
M92, M15, and M68 are extremely uniform in age (as exten-
sively discussed by et al. &VandenBerg 1990 ; Straniero
Chieffi with an absolute age of about 12 ^ 2 Gyr, as1991),
determined for M68 by using the *(V ) technique.

4. SUMMARY AND DISCUSSION

In this paper, we have reexamined the age of three of the
oldest globular clusters (M15, M68, M92). Changes with
respect to earlier work included the use of the latest OPAL
EOS and opacity tables, supplemented by low-temperature
opacity tables for exactly the same compositions. In partic-
ular, a-enhancement within the metals has been properly
taken into account. For appropriate chemical composi-
tions, both isochrones and ZAHB models were calculated
and cluster ages were derived from the *(V ) di†erence
between TO and ZAHB. Our theoretical prediction for the
brightness of RR Lyrae stars as a function of metallicity
agrees well with that of and the recent one byWalker (1992)

et al.Clementini (1995).
and et al. have already used theCK95 Mazzitelli (1995)

new OPAL EOS for cluster age determinations. While
show that the improved EOS leads to an ageCK95

reduction of about 7%, et al. argue thatMazzitelli (1995)
the lower ages they obtain result primarily from the use of
the new OPAL opacities and their convection theory. In
both papers, the *(V ) method has been used as well.

The main di†erence with is that we use purelyCK95
theoretical models to determine *(V ), while CK95
employed an empirical relation between the absolute mean
RR Lyrae brightness and cluster metallicity. Also, the inten-
tion of both papers di†ers : while investigated theCK95
e†ect of the new EOS on a large sample of clusters with
necessarily a wide range of metallicities, ages, and data
quality, we intended to determine the age of very old clus-
ters very accurately.

With this approach, we concluded that only M68 can be
used with conÐdence for the *(V )-method. Our determined
age for M68 is 12.2 ^ 1.8 Gyr ; simultaneously, the Ðt shown
in is very good. While the CMD of M15 is veryFigure 2
well suited for the direct age determination, we found that
the TO has not been determined accurately enough by the
observers. A straightforward determination yields 14.5 Gyr,
but we consider the real errors to be as large as 2È3 Gyr. A
di†erential or ““ horizontal ÏÏ analysis with respect to M68
shows that both clusters are coeval within less than 0.5 Gyr.
An isochrone of this age Ðts quite well with the TO within
the observationally allowed range. Clearly, for this cluster a
more accurately determined TO is highly required. Finally,
for M92, we used only the horizontal method, because this
cluster is not rich enough in red HB stars and no photo-
metric data of sufficient homogeneity are available. Again,
M92 results as being coeval with M68 within 1 Gyr. We
conclude that the age of the three clusters is about 12 ^ 2
Gyr and that all three can be considered as coeval within
the uncertainties of age determination. Recently, etRicher
al. came to a similar conclusion ; in fact, they con-(1996)
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cluded that 11 clusters with [Fe/H]\ [1.8 are coeval. We
also refer the reader to the independent work of DÏAntona,
Caloi, & Mazzitelli who Ðnd a similar age for M68(1997),
and M30, another metal-poor cluster. This paper also con-
tains an extensive discussion of M92 and the use of sub-
dwarf Ðtting to obtain the distance modulus.

Compared to our results di†er in several aspects.CK95,
Ðnd a large age spread of up to 4.5 Gyr (after theCK95

error in HB brightness for some cluster has been taken into
account) for the three clusters under consideration. This is
due to their straightforward use of the *(V )-method.
However, for M68Èthe cluster with the best dataÈour
derived ages are virtually indistinguishable. Second, the
dependence of the isochrone TO brightness on the EOS
change appears to be di†erent in detail, although similar in
the overall e†ect. This point needs clariÐcation, but the
comparison has to be done with a more detailed grid of
metallicities. While they Ðnd a rather constant age
reduction of 7%, the age reduction in our case depends both
on metallicity and age. For M68, it is 10% (relative to the
old EOS age) with the additional ZAHB e†ect amounting
to one-third. The TO e†ect is therefore very similar to

for this cluster.CK95
The derived ages could further be reduced by the following

means : (1) the use of a higher helium content, justiÐed by
big bang nucleosynthesis results on the best-Ðt predicted
primordial helium content of 0.247 et al. or by(Hata 1996)
observations including a large systematic error &(Olive
Steigman (2) the inclusion of di†usion et1995) ; (Chaboyer
al. both factors reduce the ages by another 0.5 Gyr at1992) ;

least, such that an age of the oldest globular clusters of less
than 12 Gyr seems to be in reach ; (3) the possibility that our
ZAHB Ðts are too conservative ; in fact, inspection of
Figures and gives the impression that the true ZAHB2 3
might be located even lower, assuming that the ZAHB is the
lower envelope of the observed objects. On the other hand,
there is no guarantee that our theoretical ZAHB lumi-
nosities are the correct ones, although they lie within the
range of empirically determined relations. Further e†orts
and improvements are needed to settle this question, which
is of basic importance for any age determination of clusters
but also for the extragalactic distance scale and thus for the
age of the universe itself.

Interestingly, the mean age obtained for the three clusters
is very similar to the age of the disk (10È12 Gyr) obtained
by et al. by means of the luminosity functionHernanz (1994)
of the white dwarfs in the solar neighborhood ; this could
imply that the Galactic disk began to form without a sub-
stantial time delay with respect to the halo.

In a forthcoming paper, we will present extended results
for a large sample of clusters. The bottom line of the present
paper is that with updated physics, the best age estimates
for the oldest globular clusters indicate that they are only 12
Gyr old. This reduces the ““ age conÑict ÏÏ drastically.

We are grateful to D. R. Alexander and F. J. Rogers for
providing us with their latest opacity tables prior to pub-
lication and for computing special tables for our purposes.
It is a pleasure to thank V. Castellani for helpful dis-
cussions.
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