The age of the oldest globular clusters

M. Salaris, S. Degl’Innocenti and A. Weiss

Max-Planck-Institut für Astrophysik, Postfach 1523, 85740 Garching, Germany

ABSTRACT

The age of three of the oldest clusters – M15, M68, M92 – has been redetermined. We use the latest EOS and opacity data available for calculating both isochrones and zero age horizontal branches and employ the brightness difference between turn-off and horizontal branch to determine the cluster age. Our procedure and the uncertainties in obtaining absolute ages are discussed in detail. We find 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 differentially 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 1-2 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: Globular clusters: general — globular clusters: individual (M15, M68, M92) — cosmology: miscellaneous — stars: evolution

accepted for publication in the Astrophysical Journal, (vol. 479, April 1997)

– 2 –

1. Introduction

If the age of the universe is obtained from the cosmological expansion by determining the Hubble constant H_0, it turns out to be less than 15 Gyr for H_0 >∼ 50km/(s Mpc) for values of the density parameter Ω_0 >∼ 0.4. The most recent investigations into H_0 (for a review, see van den Bergh 1994) yield values between 50 and 80, which limit the age of the universe to less than 15 Gyr for any reasonable Ω_0, even if a cosmological constant is allowed. This number reduces to 10 Gyr, if H_0 ≈ 75 (from Cepheids or SNIa). Clearly, even if one stretches the limits, the universe appears to be younger than ≈ 15 Gyr.

On the other hand, the classical method of determining the age of the oldest known stellar objects, the isochrone fitting to metal-poor globular clusters, consistently yields ages above ≈ 14 Gyr for the bulk of metal-poor halo clusters, 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 first clusters. This “Conflict over the age of the Universe” has been brought to the point by Bolte & Hogan (1995) by the example of M92, probably the best observed very old cluster, whose age they give as 15.8 ± 2.1 Gyr (this range was used by Kennicutt, Freedman & Mould (1995) to illustrate the relation – and conflict – with H_0).

It therefore is necessary to reconsider age determinations of globular clusters and to investigate the errors more carefully. In this paper we report about new age determinations for three of the oldest clusters, including M92, using standard approaches, but latest equation of state and opacities for the stellar models.

Cluster ages were determined by using the difference in visual magnitude between main-sequence turn-off (TO) and horizontal branch (HB), Δ(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 Chaboyer, Sarajedini & Demarque (1992) or Stetson, VandenBerg & Bolte (1996). To yield reliable results, the Δ(V )-method requires consistent photometry of both the turn-off region and the horizontal branch; the latter one should be well populated to allow a precise definition of the luminosity, and should have a large number of RR Lyrae variables, which are crucial for the distance determination. A review of the literature reveals that actually very few clusters fulfill these conditions; in our group of clusters, these are only M15 and M68. For many clusters Δ(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 α-elements. The opacity and EOS data should reflect this. A calculation of horizontal branch models with the same program is required as well.

Our work is similar to Chaboyer & Kim (1995; CK95), who used the same method and already found an average reduction of about 7% (or 1.2 Gyr for the oldest clusters) for the ages of 40 clusters due to the use of equations of state including non-ideal effects such as Coulomb-screening in the calculation of main-sequence and turn-off stars. However, they had determined Δ(V ) from the difference between the theoretical turn-off luminosity V_{T O} and an empirical horizontal branch brightness V_{HB} (based on 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, comparing them with an empirical relation for the mean (and not the ZAHB) RR Lyrae luminosity; this results in smaller Δ(V )-values and ages (Chaboyer, Demarque & Sarajedini 1996). Nevertheless, the effect of a systematic age reduction due to the improved EOS is real. In the present paper, we derive the absolute age of a cluster by comparing the observed Δ(V ) with calculated theoretical brightness differences. We therefore do not have the freedom to choose one of the many published M_v(RR) − [F e/H] relations.

– 3 –

Thus, our approach is completely self-consistent. Since we calculate theoretical ZAHBs as well and fit both isochrones and ZAHB to the observations, the influence of the new input physics is taken into account twice.

In the next section we will describe all steps of our procedure to determine cluster ages in detail; Sect. 3 contains the age determination for the globular clusters M68, M15 and M92, where for the latter one we used a differential 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. Chieffi & Straniero 1989). We have adopted the OPAL opacity tables (Rogers & Iglesias 1992; Iglesias & Rogers 1996; Rogers 1995, private communication; Rogers & Iglesias 1995) combined with the molecular opacities by Alexander & Ferguson (1994). More precisely, two sets of opacity tables (Alexander and Iglesias & Rogers, private communications) were used, one for a scaled solar metal mixture (Grevesse & Noels 1993) and one for the same heavy element fraction Z, but with the α-elements being enhanced relative to the iron within the metal group. In particular, oxygen is enhanced by [O/Fe] = 0.5, and the other α-elements by similar, but slightly varying amounts, according to the observed values in low metallicity stars (see e.g. Wheeler, Sneden & Truran 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 consistently stellar models with the same total metallicity but with different 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 by Itoh et al. (1983).

As for the equation of state (EOS), the updated OPAL EOS (Rogers 1994; Rogers, Swenson & Iglesias 1996) has been used, upon which the OPAL opacities also rest. In regions where the OPAL EOS is not available, we supplemented it by the EOS described by Chieffi & Straniero (1989; for T < 5000 K) and Straniero (1988; for degenerate He cores and the central regions of non-degenerate ZAHB He cores). We have verified that the transition from the OPAL to the supplementary 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 α-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 Mfi were evolved from the Zero Age Main Sequence (ZAMS) up to the Red Giant Branch (RGB) until a luminosity of Log L/Lfi ≈ 1.7. We have chosen 0.7 Mfi as a lower mass limit for our models in order to have, at least for the evolution up to the turn-off point (TO), all the structure of our models covered by the OPAL EOS (see also the discussion in CK95). In all models a mixing length of 1.6 (with the mixing length formalism by Cox & Giuli 1968) was used; we have chosen this value in order to reproduce the observational data by Frogel et al. (1983) for the temperatures of the RGBs of metal poor clusters (following the procedure described by Chieffi, Straniero & Salaris 1995). Isochrones were constructed by interpolating among evolutionary tracks for each selected chemical composition.

– 4 –

CK95 already have demonstrated the influence of the new OPAL EOS on the TO-luminosity. To compare with their results and to show the influence 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 Z ≈ 10�^4 it amounts to 0.03 to 0.1 magnitudes (for ages of 16 and 12 Gyr). This compares well with CK95 (their Fig. 6, which, however is for [Fe/H] = −1.3) in the order of magnitude, 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 opposite.

The 0.8 Mfi models have been evolved until the core helium flash to derive the mass of the helium core and the envelope He abundance after the first dredge-up; for this mass the stellar age at the He–flash 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 flash (M_{He}), we find a quite good agreement between the values obtained by adopting the OPAL and the Straniero EOS, for a fixed age.

We then constructed ZAHB models by employing the He core mass and the envelope chemical composition at the flash for the computation of a set of He-burning models with different masses of the H-rich envelopes. Following Castellani, Chieffi & Pulone (1991), we took models already evolved by 1 Myr, which should represent quite accurately the theoretical counterparts of the lower luminosity boundaries of the observed HBs.

To investigate the influence 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 fixed helium content of Y = 0.23. Over all this range of Z we find 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 efficiency 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 M_r/M < 0.1, not covered by the OPAL tables) and the other with the Straniero (1988) EOS in the whole helium core (M_r/M < 0.65) and OPAL EOS elsewhere, in particular in the H-shell region; all the other parameters and physical inputs are kept fixed. We found that the differences in luminosity and effective temperature between the two models are negligible such that the luminosity difference relative to models constructed completely with the old EOS results from the use of the new EOS in the H-shell region.

In Tab. 1 we summarize isochrone ages compared to CK95. For two metallicities and typical values for Δ(V ), we computed CK95-ages (for the OPAL EOS) according to their Eq. 4 and determined our values from our isochrones and ZAHB models directly. We note that [M/H] stands for the total metallicity in both papers; although CK95 use the notation [Fe/H], their isochrones did include α-enhancement as well. For the lower metallicity, our method yields an age reduction of 0.5 Gyr; for the higher one, of more than 1 Gyr.

To summarize, the introduction of the new EOS is expected to yield an increase in Δ(V ) of 0.08 – 0.15 mag, corresponding to an age reduction of ≈ 1 Gyr up to 2 Gyr with the relative contributions from the TO and ZAHB depending on the absolute value of the age; in Sect. 4 we will determine the age of M68 with the two sets of EOS tables to quantify the effect for one example. Relative to CK95 we expect a reduction between a few 10^8 and 1 Gyr.

As a comment, we add that we confirm a result obtained by Salaris, Chieffi & Straniero (1993): comparing the α-enhanced isochrones and ZAHBs with the scaled solar ones for the same total metallicity, we find that the α-enhanced models are well reproduced by scaled solar ones. In contrast to Salaris et al. (1993) we had access to opacity tables reflecting the α-enhancement for all temperatures. Note that this

– 5 –

Table 1: Age difference between this work and Chaboyer & Kim (1995) for fixed metallicity and Δ(V ).

[M/H] Δ(V ) Age CK95(Gyr) Age this work(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

equivalence holds for low metallicities only (Weiss, Peletier & Matteucci 1994).

2.2. Color transformations

The color transformations and bolometric corrections used to transform theoretical temperatures and luminosities into magnitudes in the UBV system come from Buser & Kurucz (1978 & 1992, hereinafter BK78 & BK92). We adopted the BK92 transformations for T ≤ 6000 K, and the BK78 at higher temperatures (up to T = 10000 K) according to the suggestions by BK92. For each metallicity, the two sets have two temperatures in common (5500 and 6000 K, resp.), and we have shifted the B − V values by BK92 in order to match the corresponding ones by BK78 at these two temperatures. This set of transformations, as discussed by BK92, is highly homogeneus, and covers all the evolutionary stages displayed in the Color Magnitude Diagrams (CMDs) of the studied clusters.

Kurucz (1992) provided another set of transformations derived from model atmospheres calculations performed by using updated input physics, covering homogeneously all the range of effective temperatures and gravities from the MS to the HB evolutionary phase and beyond. There is some concern about the Kurucz (B − V )-T_{eff} relation, especially for metal-poor RGB stars (see e.g. Bell, Paltoglou & Tripicco 1994; McQuitty et al. 1994; Gratton, Carretta & Castelli 1996; D’Antona & Mazzitelli 1996; Alexander et al. 1996), but nevertheless we have considered - as a test for the influence of the color transformations and bolometric corrections on the clusters age determination - the difference 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 ≈ 0.5 Gyr with respect to the value obtained adopting the BK78 + BK92 transformations (see next section). Note that this reduction is well below the other uncertainties in the age determination of the clusters.

2.3. HB luminosity and distance modulus

As already remarked, we determine absolute cluster ages by comparing the theoretical with the observed Δ(V ). We have therefore used theoretical ZAHB models for fixing the clusters distance moduli. This is the main difference of our approach to CK95 and Chaboyer et al. (1996) who obtain the distance by comparing 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

– 6 –

quantity for the cluster ages; it is well known (see e.g. Salaris et al. 1993) that a variation of 0.1 mag in the distance modulus results in an age variation of ≈ 1.2 - 1.7 Gyr (the exact value depending 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[F e/H] + b. (1)

As was shown in several papers (see e.g. Carney, Storm & Jones 1992, Chaboyer 1995, Chaboyer et al. 1996), there are several independent observational methods to determine the absolute magnitude of RR Lyrae stars. Depending on the method the slope a can vary from 0.08 (Ajhar et al. 1996) to 0.30 and the zero point b from 1.06 (Layden, Hanson & Hawley 1994 as quoted by Chaboyer et al. 1996) to 0.73 (Walker 1992). Even if the extremes do not seem to be acceptable (see, e.g., Carney et al. 1992, Caputo & De Santis 1992, Bono et al. 1995) and the discrepancy between the zero points could be reduced to ≈ 0.15 (Chaboyer 1995, Chaboyer et al. 1996) these differences in the coefficients still result in very different cluster ages. This is clearly shown in the paper of Chaboyer et al. (1996), where for each considered cluster they compare the age obtained using different coefficients for Eq. 1; for M68, for example, their ages range from 12.9 to 17.3 Gyr. Chaboyer et al. (1996) decided to adopt M_v(RR) = 0.20[Fe/H] + 0.98 and ignored the uncertainty in α and β; CK95 took 0.94 for the zero point. This choice already fixes the range of ages one can obtain from the theoretical TO brightness.

A second source of error has recently be mentioned by Castellani, Brocato & Piersimoni (1996). Using both theoretical ZAHB and TO luminosities at the same time, the choice of available color transformations does not influence Δ(V ) significantly. This is not the case, however, if one adopts an empirical evaluation of the HB luminosity to determine the distance modulus. Castellani et al. (1996) noted that between the Buser & Kurucz (1978, 1992) and the Kurucz (1992) transformations there is a difference in the TO magnitude of ≈ 0.1 mag, which, if the HB brightness is taken from an empirical RR Lyr luminosity relation results in a difference in age of ≈ 2 Gyr; we checked and we confirm their results adding that if we compare the Kurucz (1992) with the VandenBerg & Bell (1985) transformations the difference in the TO luminosity is almost twice as large (≈ 0.18 mag). While Δ(V ) is preserved in the case of theoretical HB luminosities, we find that the shape of the isochrones in the TO region changes for the Kurucz (1992) transformations, such that an age determined by a global fit to the CMD might still be influenced.

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 Δ(V ) method, the luminosity, and in our case that of the ZAHB, is the important quantity, and this seems to be much better defined. HB luminosities depend primarily on M_{He}, which is a very stable quantity - when considering canonical evolutionary models - that agrees very well between various investigations (Renzini & Fusi Pecci 1988, Sweigart 1994) in spite of different numerical methods and physical input data. In particular, Straniero & Chieffi (1991) have used the same evolutionary code that we have employed in this investigation, and their results for M_{He} are in good agreement with independent computations by Sweigart & Gross (1978) and VandenBerg (1992). The only very discrepant result in the literature is that by Mazzitelli (1989; also Mazzitelli, D’Antona & Caloi 1995) who find sensibly larger values by ≈ 0.01Mfi, which, however, are questioned by, e.g., Sweigart (1994).

The mass of the He core could be different in the presence of non-canonical effects such as fast core

– 7 –

rotation. This however seems to be excluded by synthetic HBs models compared to the observations (e.g., Caputo et al. 1993; Caputo & De Santis 1992; Lee, Demarque & Zinn 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 additional mixing does not change the helium content, because it does not extend deep enough into the hydrogen shell (Denissenkov & Weiss 1996). Possible uncertainties in the treatment of (semi-)convection of the convective He-core do not influence ZAHB model luminosities or temperatures, but only HB lifetimes.

To determine the age of a cluster using the Δ(V) method with theoretical ZAHB luminosities, we need to determine the observational equivalent. If the mean luminosity of the clusters RR Lyrae stars is provided, the observational ZAHB brightness at the RR Lyrae instability strip has been determined by adopting relation (4) from Carney et al. (1992). This relation (also used by Chaboyer et al. 1996) is based on the data taken from the analysis by Sandage (1990) of the vertical extent of the observed and well 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 empirical 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 (⟨V_{RR}⟩), and it is given by:

V_{ZAHB} = ⟨V_{RR}⟩ + 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 M_v(RR) − [F e/H] relations. From our models, we derive

M_v(ZAHB) = 0.21[F e/H] + 0.91 (3)

when taking into account [α/F e] ≈ 0.3. This is in very good agreement with Walker (1992), whose result for the mean RR Lyrae luminosity, after using eq. 2, translates into M_v(ZAHB) = 0.20[F e/H] + 0.93. A second test is shown in Fig. 1, where we compare one of the most recent observational results concerning the absolute luminosity of field and globular cluster RR Lyrae stars versus metallicity (Clementini et al. 1995) and our theoretical predictions for the ZAHB luminosity in the RR Lyrae region. The Clementini et al. results are based on new spectroscopical determinations of metallicity and on Baade-Wesselink estimates of the absolute magnitude of the variables. In Fig. 1 only observational data for supposedly unevolved RR Lyrae stars have been considered; these data provide a good estimate for the observed ZAHB luminosities in the RR Lyrae region (Clementini 1996, private communication). We have derived the global metallicity [M/H] for the stars in the sample of Clementini et al. by using the [Fe/H] and [α/H] values given in their paper; the errors of the observational determination of metallicity and luminosity are from the quoted paper, too. The data in the figure refer to one particular prescription for the conversion factor p (cf. Fernley 1994) between observed and true pulsation velocities, which is needed for an estimate of the absolute luminosity of the RR Lyrae sample (see Clementini et al. 1995 for more details and their Tab. 21, column 6, for the data for p = 1.38) One sees that our theoretical models are compatible with the observational data, although there is some offset between our relation and that of Clementini et al. To quantify the comparison, the relation of Clementini et al. (1995) is

– 8 –

Fig. 1.— The absolute luminosity of supposedly unevolved field and cluster RR Lyrae stars (Clementini et al. 1995) compared to our theoretically predicted ZAHB luminosities (black solid dots) for various metallicities. The data are for a conversion factor p = 1.38 between observed and true pulsation velocity (see Fernley 1994 for details).

M_v(RR) = (0.19 ± 0.03)[F e/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 0.17 resp. 0.91 (same errors; eq. 10d), if all possibly evolved objects are excluded as well.

We thus have shown that our theoretical ZAHB luminosities compare well to the results of Walker (1992) and Clementini et al. (1995). This makes them as trustworthy as any of the empirical relations. It also implies that our derived cluster ages could prove to be wrong once a defininte answer to the problem of the M_v(RR) − [F e/H] has been found.

– 9 –

3. Cluster fits

The α-enhanced isochrones described in the previous section have been used for determining the ages of metal poor galactic globular clusters. We have selected M68 (NGC4590), M15 (NGC7078) and M92 (NGC6341) as representative of the old metal poor globular clusters population. These three clusters have been extensively studied in the past, and according to various authors (see e.g. VandenBerg, Bolte & Stetson 1990, Straniero & Chieffi 1991, Chaboyer et al. 1992, Salaris et al. 1993) they are among the oldest clusters in the Galaxy; therefore their age puts 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. Hesser & Shawl 1985, VandenBerg et al. 1990), with an average value of [Fe/H] ≈ −2.15. If we consider an α enhancement of [α/Fe] ≈ 0.3 as observed in globular clusters stars, the global metallicity will be Z ≈ 0.0002.

The ages derived in the past years, adopting different theoretical isochrones and different age indicators (as the Δ(V ) and the Δ(B − V ), see the discussion in Salaris et al. 1993), range between 15 and 20 Gyr for M15 and M92, and between 13 and 19 Gyr for M68 (see, e.g., Straniero & Chieffi 1991; Carney et al. 1992; Chaboyer et al. 1992). Very recently, by using the OPAL equation of state in computing the theoretical evolutionary models, Mazzitelli et al. (1995; but see also Canuto et al. 1996 for an erratum) found an age of around 13-14 Gyr for M68, while CK95 obtained respectively 15.9, 14.1 and 12.4 Gyr for M92, M15 and M68. All these authors have used the Δ(V ) age indicator in order to derive the ages. When using the Δ(B − V ) method to derive the relative ages of these three clusters, they appear to be coeval, while age differences (as found by CK95) are obtained when using the Δ(V ) technique. The reason for this discrepancy will be discussed below; in our analysis the Δ(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 defined CMD (M68); the relative ages between M15, M92 and M68 will be derived using the Δ(B − V ) technique. To perform this analysis we have adopted the recent CCD photometries published by Walker (1994) and by Durrell & Harris (1993) for M68 and M15 respectively; in the case of M92 the photometry by Stetson & Harris (1988) has been considered.

3.1. M68

We have determined the age of M68 by using our α-enhanced isochrones for Y=0.23 and Z=0.0002. From the Walker (1994) data we have derived a ridge line for MS, SGB and RGB that is almost coincident with the fiducial line provided by McClure et al. (1987). This is not surprising, since also Walker noted that the fiducial line provided by McClure et al. constitutes an excellent fit 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 simultaneously the Main Sequence (MS) ridge line and the observational ZAHB level at the RR Lyrae region. The horizontal shift applied in order to match the MS corresponds to the reddening (E(B − V )), while the vertical shift necessary for fitting 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 (N_{RR}/N_{HB} ∼= 0.20, where N_{RR} is the number of RR Lyrae stars and N_{HB} is the total number of HB stars), and it is statistically not possible to assume that all the RR Lyrae stars are evolved off the ZAHB (for a discussion see Renzini &

– 10 –

Fig. 2.— Isochrones for ages between 11 and 13 Gyr and ZAHB compared to the CMD of M68 (data from Walker 1994). Composition, distance modulus and reddening used for the fit are given in the upper left corner.

– 11 –

Fusi Pecci 1988); therefore the sharp lower envelope of their distribution has to be a reliable estimate of the ZAHB level. For this reason we have applied Eq. 2 in order to correctly locate the observational ZAHB at the RR Lyrae region ((B − V ) ∼= 0.3 ÷ 0.5). An average RR Lyrae star’s magnitude ⟨V_{RR}⟩ = 15.64 ± 0.01 (as provided by Walker) corresponds to V_{ZAHB}=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 ⟨V_{RR}⟩ and from the error introduced by the use of Eq. 2, which is a fit to observational points with a dispersion of around 0.1 mag (see Fig. 4 in Carney et al. 1992). By adopting this distance modulus the lower envelope of the observed HB is well reproduced by our ZAHB models (see Fig. 2). The reddening derived by this 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 (V_{TO} = 19.05 ± 0.05; Walker 1994) is reproduced by our theoretical isochrones for an age of 12.2 Gyr, with a formal error of around ±1.8 Gyr (obtained by combining the uncertainties on the TO and ZAHB luminosities). This age is only 0.2 Gyr lower than that of CK95 (OPAL), but is in agreement with the expectations based on Tab. 1. To illustrate the fit, the CMD of M68 is displayed in Fig. 2, together with the theoretical ZAHB and 3 isochrones corresponding to different ages (11, 12 and 13 Gyr), shifted according to the derived distance modulus and reddening.

We have also tested the influence 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 CK95 and also suggested by the spectroscopical determination by Gratton & Ortolani 1989). In both cases we obtained a slight reduction of the age, by about 1 Gyr. However, the isochrones’ shape is changed for the higher metallicity, such that the fit appears to be worse, especially in the subgiant region.

We note also that if we use for the fit to the CMD of M68 the same set of α-enhanced isochrones and ZAHB, but the Kurucz (1992) tranformations, we obtain a formal age reduction by less than 0.5 Gyr when fitting the observed Δ(V ), a reduction well within the observational uncertainties.

Before closing the discussion about M68, we will briefly analyse the influence of the OPAL EOS on the age determination of M68:

a) First of all we come back to the Straniero (1988) EOS 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 ≈ 0.05 mag lower than in OPAL EOS case and the TO is, for a fixed age of 12 Gyr, ≈ 0.09 mag more luminous than in the previous case. The two effects together increase the age by about 1.4 Gyr; by fitting the cluster with the same method as before we find an age of 13.6 Gyr. This is again in close agreement with the “standard age” of CK95 (13.3 Gyr), but the net age reduction is higher in our case.

b) To separate the effect of our new value for the ZAHB luminosity from that of the updated luminosity at the TO of our isochrones, we fitted again the cluster using the ZAHB level calculated with the Straniero (1988) EOS and the isochrones with the OPAL EOS, obtaining an age of 13.2 Gyr.

– 12 –

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 homogeneus CCD diagram from the MS to the HB evolutionary phases; the RR Lyrae stars are again a substantial fraction of the HB population (N_{RR}/N_{HB} ∼= 0.25), and the lower envelope of their distribution has therefore to match the observational ZAHB level. If we apply Eq. 2 in order to correctly locate the observational ZAHB at the RR Lyrae region, ⟨V_{RR}⟩ = 15.83 ± 0.01 (as provided by Durrell & Harris 1993) corresponds to V_{ZAHB}=15.92. When using our α-enhanced isochrones for Y=0.23 and Z=0.0002 an apparent distance modulus (m − M)_V = 15.45 ± 0.10 and a 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 Durrell & Harris (1993), who found (m − M)_V = 15.38 ± 0.15 from fitting 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 (V_{TO} ∼= 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 associated error are not given by Durrell & Harris (1993). In their paper they state that the TO is around V = 19.4; from the fiducial smoothed line presented in their Table 2 (corrected for the typographical error noticed by Walker 1994) it is 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 fiducial line. Therefore, the exact TO luminosity could well be anywhere between V ≈ 19.2 and V ≈ 19.4. This uncertainty of 0.2 mag in the TO magnitude corresponds to an age variation of approx. 3 Gyr for ages around 14 Gyr. It is therefore evident that the age of 14.5 Gyr previously derived on the basis that V_{TO} = 19.4 constitutes only an upper limit to the cluster age. This age appears to be larger than that of CK95 (14.1 Gyr). However, as Chaboyer et al. (1996) have stated, Chaboyer et al. (1992) had confused observationally determined HB with ZAHB luminosities. CK95 used the same values, too. M15 is one of the clusters affected. Instead of Δ(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 age – as determined from the formal location of the TO – is therefore somewhat lower due to the use of the theoretical ZAHB models.

To illustrate the isochrone fit, the CMD of M15 is displayed in Fig. 3, together with the theoretical ZAHB and 4 isochrones corresponding to different ages (between 12 and 15 Gyr), shifted according to the derived distance modulus and reddening. From the figure it appears that the 14 Gyr isochrone misses the subgiant branch and that the 12 Gyr isochrone would fit better.

For an alternative determination of the age of M15, we rely on the Δ(B − V ) method (VandenBerg et al. 1990; Stetson et al. 1996) in order to derive the relative age of M15 with respect to M68. As VandenBerg et al. (1990) have shown (but see also Chieffi & Straniero 1989; Salaris et al. 1994), it is possible to derive with high accuracy the relative ages of clusters with approximately the same metallicity (within a difference of about a factor of 2) by considering the difference in (B − V ) between the TO (whose color is very well defined since the TO region is vertical) and the base of the RGB; in this so-called “horizontal” 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. Differences in the RGB color (fixed for example at a point 2.5 mag more luminous than the MS reference point) then correspond to age differences.

By using this procedure for comparing M68 with M15 (adopting the data by Durrell & Harris 1993), Walker (1994) found that the two RGBs (he used the fiducial line by McClure et al. 1987 for M68 that, as

– 13 –

Fig. 3.— Isochrones for different ages (given in Gyrs in the figure) fitted to the CMD of M15 (data from Durrell & Harris 1993). Composition, reddening and distance modulus are displayed in the upper left corner.

– 14 –

Fig. 4.— Comparison of CMD ridge lines between pairs of cluster, showing them to be coeval. Upper panel: M68 (line) and M15 (dots; fiducial line by Durrell & Harris 1993); lower panel: M68 (dots) and M92 (line; ridge line by Stetson & Harris 1988). The dashed lines on both sides of the RGBs indicate isochrones of ±1 Gyr with respect to the age of M68.

already mentioned, constitutes an excellent fit to his CMD) agree within ±0.005 mag in (B − V ), which corresponds (adopting our isochrones) to a difference in age off less than ±0.5 Gyr. It is worth noting that these relative ages are not modified if the clusters do not have the same metallicity, at least for differences 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; Gratton & Ortolani 1988.)

In Fig. 4 (panel a) the Δ(B − V ) of M68 and M15 are compared, following the procedure previously described. The dashed lines that run parallel to the RGB of M68 correspond to an age difference of ±1 Gyr with respect to M68, as derived from our theoretical isochrones. It results clearly from the figure that the two clusters are virtually coeval, with an absolute age of 12.2 Gyr as derived by means of the Δ(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, compatible with the range of values previously discussed.

– 15 –

3.3. M92

In the case of M92 no homogeneus CCD photometry with well defined 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 safely apply the Δ(V) method in order to determine its absolute age (see e.g. VandenBerg et al. 1990).

We have considered the photometry by Stetson & Harris (1988), with a very poorly populated HB, and we rely on the analysis by Durrell & Harris (1993) in order to determine the relative age of M92 with respect to M15. By comparing the ridge line provided by Stetson & Harris (1988) with the one obtained for M15, Durrell & Harris derived a difference of 0.009 mag in Δ(B − V) between the two clusters, that corresponds to an age difference of less than 1 Gyr (M92 appearing slightly younger). CK95 had determined an absolute age of about 17 Gyr (15.94 in their paper, corrected again for an erraneous HB luminosity) with the Δ(V ) method.

In panel b) of Fig. 4 the Δ(B − V ) values of M68 and M92 are directly compared. Also in this case the two dashed lines correspond to an age difference of 1 Gyr with respect to M68. It is evident from the figure that M92 results to be coeval or not more than 1 Gyr younger than M68; this confirms that M92, M15 and M68 are extremely uniform in age (as extensively discussed by VandenBerg et al. 1990, Straniero & Chieffi 1991), with an absolute age of about 12 ± 2 Gyr, as determined for M68 by using the Δ(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 particular, α-enhancement within the metals has been properly taken into account. For appropriate chemical compositions both isochrones and ZAHB models were calculated and cluster ages were derived from the Δ(V ) difference between TO and ZAHB. Our theoretical prediction for the brightness of RR Lyr stars as a function of metallicity agrees well with that of Walker (1992) and the recent one by Clementini et al. (1995).

CK95 and Mazzitelli et al. (1995) have already used the new OPAL EOS for cluster age determinations. While CK95 show that the improved EOS leads to an age reduction of about 7%, Mazzitelli et al. (1995) argue that the lower ages they obtain result primarily from the use of the new OPAL opacities and their convection theory. In both papers the Δ(V ) method has been used as well.

The main difference to CK95 is that we use purely theoretical models to determine Δ(V ), while CK95 employed an empirical relation between the absolute mean RR Lyr brightness and cluster metallicity. Also, the intention of both papers differs: while CK95 investigated the effect 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 clusters very accurately.

With this approach, we concluded that only M68 can be used with confidence for the Δ(V )-method. Our determined age for M68 is 12.2 ± 1.8 Gyr; simultaneously the fit shown in Fig. 2 is very good. While the CMD of M15 is very 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 2-3 Gyr. A differential or “horizontal” analysis with respect to M68 shows that both clusters are coeval within less than 0.5 Gyr. An isochrone of this age fits quite well with the TO within the observationally allowed range. Clearly, for this cluster a more accurately determined

– 16 –

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 photometric data of sufficient homogeneity are available. Again, M92 results to be 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 uncertaintes of age determination. Recently, Richer et al. (1996) came to a similar conclusion; in fact they concluded that 11 clusters with [Fe/H] < −1.8 are coeval. We also refer the reader to the independent work of D’Antona et al. (1997), who find a similar age for M68 and M30, another metal-poor cluster. This paper also contains an extensive discussion of M92 and the use of subdwarf fitting to obtain the distance modulus.

Compared to CK95, our results differ in several aspects. CK95 find a large age spread of up to 4.5 Gyr (after the 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 Δ(V )-method. However, for M68 – the cluster with the best data – our derived ages are virtually indistinguishable. Second, the dependence of the isochrone TO brightness on the EOS change appears to be different in detail, although similar in the overall effect. This point needs clarification, but the comparison has to be done with a more detailed grid of metallicities. While they find 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-effect amounting to one third. The TO-effect is therefore very similar to CK95 for this cluster.

The derived ages could further be reduced by the following means: a) the use of a higher helium content, justified by Big Bang Nucleosynthesis results on the best-fit predicted primordial helium content of 0.247 (Hata et al. 1996) or by observations including a large systematic error (Olive & Steigman 1995); b) the inclusion of diffusion (Chaboyer et al. 1992); both factors reduce the ages by another 0.5 Gyr at least, such that an age of the oldest globular clusters of less than 12 Gyr seems to be in reach; c) the possibility that our ZAHB fits are too conservative; in fact, inspection of Figs. 2 and 3 give the impression that the true ZAHB 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 luminosities are the correct ones, although they lie within the range of empirically determined relations. Further efforts 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 (10–12 Gyr) obtained by Hernanz et al. (1994) by means of the luminosity function of the white dwarfs in the solar neighbourood; this could imply that the Galactic Disk began to form without a substantial 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 Conflict” drastically.

We are grateful to Drs. Alexander and Rogers for providing us with their latest opacity tables prior to publication and for computing special tables for our purposes. It is a pleasure to thank V. Castellani for helpful discussions.

– 17 –

REFERENCES

Ajhar, E.A., Grillmair, C.J., Lauer, T.R., Baum, W.A., Faber, S.M., Holtzmann, J.A., Lynds, C.R., O’Neil, E.J. Jr., 1996, AJ 111, 1110 Alexander, D.R., Ferguson, J.W., 1994, ApJ 437,879 Alexander, D.R., Brocato, E., Cassisi, S., Castellani, V., Ciacio, F., Degl’Innocenti, S., 1996, A&A, submitted Bell, R.A, Paltoglou, G., Tripicco, M.J., 1994, MNRAS 268, 771 Bolte, M., Hogan, C.J., 1995, Nature 376, 399 Bono, G., Caputo, F., Castellani, V., Marconi, M., 1995, ApJ 448, 115 Buser, R., Kurucz, R.L., 1978, A&A 70, 555 Buser, R., Kurucz, R.L., 1992, A&A 264, 557 Canuto, V., Caloi, V., D’Antona, F., Mazzitelli, I., 1996, preprint Caputo, F., De Santis, R. 1992, AJ 104, 253 Caputo, F., De Rinaldis, A., Mainteiga, M., Pulone, L., Quarta, M.L., 1993, A&A 276, 41 Carney, B.W., Storm, J., Jones, R.V., 1992, ApJ 386, 663 Castellani, V., Chieffi, S., Pulone, L., 1991, ApJS 76, 911 Castellani, V., Brocato, E., Piersimoni, A., 1996, PASP, submitted Chaboyer B., 1995, ApJ 444, 9 Chaboyer, B., Kim, Y.-C., 1995, ApJ 454, 767 Chaboyer, B., Sarajedini, A., Demarque, P., 1992, ApJ 394, 515 Chaboyer, B., Demarque, P., Sarajedini, A., 1996, ApJ 459, 558 Chieffi, A., Straniero., O., 1989, ApJS 71,47 Chieffi, A., Straniero., O., Salaris, M., 1995, ApJ 445, L39 Clementini, G., Carretta, E., Gratton, R., Merighi, R., Mould, J.R. & McCarthy, J.K., 1995, AJ 110, 2319 Cox, J.P., Giuli, R.T., 1968, in ”Principles of Stellar Structure” (Gordon & Breach, London) vol. II D’Antona, F., Mazzitelli, I., 1996, ApJ 456, 329 D’Antona, F., Caloi, V., Mazzitelli, I., 1997, ApJ, in press Denissenkov, P.A., Weiss, A., 1996, A&A 308, 773 Durrel, P.R., Harris, W.E., 1993, AJ 105, 1420 Fernley, J.A., 1994, A&A 284, L16 Frogel, J.A., Persson, S.E., Cohen, J.G., 1983, ApJS 53,713 Gratton, R., Ortolani, S., 1989, A&A 211, 41 Gratton, R., Carretta, F., Castelli, F., 1996, A&A submitted Grevesse N. & Noels A., 1993, in Prantzos, N., Vangioni-Flam, E., Casse, E.M. (eds.), “Origin and evolution of the elements”, Cambridge Univ. Press, Cambridge, p. 15 Hata, N., Scherrer, R.J., Steigman, G., Thomas, D., Walker, T.P., 1996, ApJ 458, 637 Hernanz, M., García-Berro, E., Isern, J., Mochkovitch, R., Segretain, L., Chabrier, G., 1994, ApJ 434, 652 Hesser, J.E., Shawl, S.J., 1985, PASP 97, 465 Iglesias, C.A., Rogers, F.J., 1996, ApJ 464, 943 Itoh, N., Mitake, S., Iyetomi, H., Ichimaru, S., 1983, ApJ 273,774 Kennicutt, R.C. Jr., Freedman, W.L., Mould, J.R., 1995, AJ 110, 1476 Kovàcs, G., Jurcsik, J., 1996, preprint astro-ph/9605098

– 18 –

Kurucz, R.L., 1992, in Barbuy, B., Renzini, A. (eds.), IAU Symp. n. 149, “The Stellar Populations of Galaxies”, Kluwer, Dordrecht, p. 225 Layden, A.C., Hanson, R.B., Hawley, S.L., 1994, BAAS 26, 911 Lee, Y.-W., Demarque, P., Zinn, R., 1990, ApJ 350, 155 Mazzitelli, I., 1989, ApJ 340, 249 Mazzitelli, I., D’Antona, F., Caloi, V., 1995, A&A 302, 382 McClure, R.D., VandenBerg D.A., Bell, R.A., Hesser, J.E., Stetson, P.B., 1987, AJ 93, 1144 McQuitty, R.G., Jaffe, T.R., Friel, E.D., Dalle Ore, C.M., 1994, AJ 107, 359 Olive, K.A., Steigman, G., 1995, ApJS 97, 49 Renzini, A., Fusi Pecci F., 1988, ARA&A 26, 199 Richer et al., 1996, ApJ 463, 602 Rogers, F.J., 1994, in IUA Colloq. 147, in Chabrier, G., Schatzman, E.L. (eds.), “The Equation of State in Astrophysics”, Cambridge University Press, Cambridge, p. 16 Rogers, F.J., Iglesias, C.A., 1992, ApJS 79, 507 Rogers, F.J., Iglesias, C.A., 1995, in Adelman, S.J., Wiesse, W.L.(eds.), “Astrophysical application of powerful new database” ASP Conference series, vol. 78, p. 31 Rogers, F.J., Swenson, F.J., Iglesias, C.A., 1996, ApJ 456, 902 Salaris, M., Chieffi, A., Straniero, O., 1993, ApJ 414, 580 Salaris, M., Straniero, O., Chieffi, A., 1994, MemSAIt 65, 693 Sandage, A, 1990, ApJ 350, 603 Stetson, P.B., Harris, W.E., 1988, AJ 96, 909 Stetson, P.B., VandenBerg, D.A., Bolte, M., 1996, preprint Straniero, O., 1988, A&AS 76, 157 Straniero, O., Chieffi, A., 1991, ApJS 76, 525 Sweigart, A.V., Gross, P.G., 1978, ApJS 36, 405 Sweigart, A.V., 1994, ApJ 426, 612 VandenBerg, D.A., Bolte, M., Stetson, P.B., 1990, AJ 100, 445 VandenBerg, D.A., Bell, R.A., 1985, ApJS 58, 561 VandenBerg, D.A., 1992, ApJ 391, 685 van den Bergh, S., 1994, PASP 106, 1113 Walker, A.R., 1992, ApJ 390 L81 Walker, A.R., 1994, AJ 108, 555 Wheeler, J.C., Sneden, C., Truran, J.W., 1989, ARA&A 252, 179 Weiss, A., Peletier, R., Matteucci, F., A&A 296, 73

This preprint was prepared with the AAS LATEX macros v4.0.