Update on globular cluster ages
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Abstroct. We opdate globuolar chester age ssbimates and discoss their onplicas
tions in the conbect of present knowledge in cosmology. On the basis of the best
information now aadlable, the ages of the aldest globular chsters are estimated at
130415 Gyr. If this result, whaose main uncertainty is primarily in the distance
srale, contimm= to bold, the ng standing diserepaney between the stellar evalntion
timmseale and the miversal ecpansion timescade will have been resolved.

Keywords: globalar clusters, stellar ages

1. Imtroduction

(Globular clusters hold a special place in studies of stellar chronology,
because they contain the oldest known stars in the Galaxy. As such, the
agea of the oldest globular clusters sot a lower limit to the age of the
Universe. Equally important, the distribution of the ages of globular
clusters throws light on the formation process, evolution and chronology
of the (Galactic bulge and halo.

Already fifty years ago, we knew, and gained comfort from, the fact
that the ages derived for the oldest star clusters were of the same order
of magnitude as the Hubble time derived from the expansion of the
Universe. However the uncertainties in observations of globular clusters
and in stellar evolution caleulations remained very large, and estimates
of the Hubble constant Hy oscillated between 50 and 1M km/a/Mpe.
The problem was seen as a competition between the stellar evolution
timescale and the expansion timescale derived from the value of Hy in
a universe with A = (). And until recently, the large ages derived for
globular clusters from color-magnitude diagrams (CMD) and stellar
evolution caleulations have been difficult to reconcile with the usually
shorter expansion age derived for the Universe. At the Symposinm on
{bservational Tests of Cosmological Inflation held ten years ago in
Durham (Shanks ef al. 1991), the age for the oldest globular clusters
was quoted in the range 13-15+3 Gyr by Renzini (1991), while De-
marque et al. (1991) estimated their minimum age at 14 Gyr (1991).
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The situation had not much changed only five years ago, when on the
hagis of & Monte Carlo study of the ages of the oldest globular clusters
(Chaboyer ef al. 1996), the conclusion was reached that to the best
of our knowledge, the mean age of the oldest globular clusters is 14.6
CGive, with a i% probability that it is below 12.1 Gyr or above 17.1 Gyr
{ Demargue 1997).

In this paper, we survey briefly the progrese made in the last few
years. Better globular cluster observations are available. The physice
of stellar evolution has improved. The Hipparcos satellite has forced &
revigion of the accepted distance scale. The combination of all these
factore has resulted in a reduction in the age estimate for the oldest
globular clusters to about 13.0+£1.5 Gyr. At the same time, the HST
key project has led to a concensus on the value of Hy, with Hy = 72
+8 km s /Mpc (Freedman ef al. 2001).

The most surprising result has been the evidence for a non-zero
cosmaological constant (in the vicinity of (1.7), on the basis of distances
based on SMla observations. And from these observations, two indepen-
dent groupe have derived a dynamical age for the Universe of 14.2£1.7
Gyr (Riess ef al. 1998), and 14.94+1.4 — LI{063/K) Gyr (Perlmut-
ter et al. 1999}, respectively. The particular role of the cosmological
congtant A, given a value of Hy, is to increase the age estimate of
the Universe. Consistency with a globular age of 14 Gyr would re-
quire that Hy must be less than 45 km/s/Mpe in a Universe with
(= 1L0,A = 00}, and Hy < 58 km/fs/Mpc in a Universe with
(=02 A = 040). On the other hand, with a cosmological constant
A = (L7, a maximum globular cluster age as high as 14 Gyr is marginally
compatible with Hg =~ 70 kmfs/Mpc.

One of the consequences of these developments is that although
many uncertainties remain, for the first time, there 2 no apparent

inconsisfency befween the ages derived for the oldesi globular clusiers
and the age of the Universe

2. Adwvances in globular cluster research

In the last ten years, the quality and quantity of globular cluster CMIDs
has made rapid strides, thanks to COCD detectors and to the HST.
Chemical abundances are also better known within globular clusters
and among field halo stars. In particular, more evidence has been gath-
ered concerning variations in |ofFe| for stars of different [Fe/H| in the
(ialactic halo and elsewhere. {Carney 1996G).

{n the theoretical side, we have seen great advances in the micro-
scopic physics of stollar interiors and stellar evolution (for reforences,
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see the review by Demargue 1997). Most significant has been the re-
markable agreement between two independent sets of interior opacitios
using different physical approaches, 4.e. the opacities from the Opacity
Project (Seaton 1996), and those from the Livermore OPAL opacities
{ Rogers & Iglesias 1996). Low temperature opacities, which include the
effects of molecules, have also made impressive advances. This agree-
ment, and the suceesg of the new opacities in resolving several long
standing problems in pulsation theory lends much greater credibility in
the details of stellar models. The spectacular suceess of helioseismology
(Guenther & Demarque 1997 further stroengthen our confidence in the
available opacity tables, and in recent advances in the equation of state
of stellar matter relevant to globular cluster stars {Rogers, Swenson &
Iglesias 1946).

A3, The ¥Y isochrones

The ¥ {Yale-Yonsei) isochrones (Yi ef al. 2001) use the OPAL (Rogers
& Iglesias 1995) interior opacities, the low temperature opacities of
Alexander & Ferguson (1994). Particularly important are the improve-
ments in the equation of state of stellar matter {Rogers, Swenson &
Iglesias 1996). Helium diffusion (Thoul, Bahcall & Loeb 1994) and
convective core overshoot have also been taken into account. The en-
ergy generation rates are primarily taken from Baheall & Pinsonnoanlt
(1992), with some revisions. The chemical compositions used in the Y'Y
isochrones are: & = (LOOOOL, O.0001, (L0004, D001, DL00, 00007, L1,
(.02, 0.04, 0.08 and 0.1. {Zz = 0.0181), ¥ = 0.23 + 2Z and the ages
range from (L001 to 20 Gyr.

T'wo significant features of the Y'Y isochrones are (1) that the models
start their evolution from the pre-main sequence birthline {Palla &
Stahler 199} instead of the age-zero main sequence, and (2) the colar
transformation has been performed uging both the tables of Lojeune,
Cuisinier & Buser {19497, 1998), and an improved version of the Green,
Demarque & King (1987) table. Although there are differences, satis-
factory agreement has generally been found with the recent work of
Girardi et al. (2000). Several comparisons of the YY isochrones with
obeervational data can be found in Yi et al. (2001). Figures 1 shows
the metal-poor halo cluster MBE as an example.

It is noteworthy that the change in the derived ages of star clusters
caused by recent updates in stellar models alone is a sensitive function
of metallicity. Relative to RYI-based studies ((Green, Demarque & King
14987), the globular cluster ages are decreased by amounts varying from
15% (for Z=0.0004) to 11% (for Z=004). On the other hand the ages of
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Figure 1. Fit to halo cluster ME8. Photometry from Walker (18994). [FefH] and
reddening from Harris (1996), and [of Fe] = 0.3 adopted,

aolar metallicity clusters (£=0.02) are increased by about 10%. When
a gimple scaling for o-element enhancement similar to that wsed by
Chaboyer ef al. (1992) is taken into account as well, the reduction in
the ages of the most metal-poor globular clusters is approximately 20%.

4. Quantifying the main uncertainties in dating globular
clusters; a Monte Carlo approach
In addition to the uncertainties in the theoretical isochrones themselves,

the fitting of globular cluster CMD's involves many steps which are
aources of error in age determinations. Chaboyer et al. (1996, 1998)
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have tried to quantify the various source of uncertainties in the age de-
terminations due to the fitting procedure, as well as in the physics inpat
in the stellar models and the composition input parameters. Naturally,
the fitting procedure introduces uncertainties of its own. One example
is in using the AV technique, and assuming that the distance indicator
My{RE) depends uniquely on metallicity. Similarly, the errors in the
treatment. of convection were caleulated using a fixed mixing length
parameter along each evolutionary track. Thie last assumption, which
is gtandard in stellar evolution calculations, could introduce & bisas in
the AV technique.

With these provisos, the Monte Carle study by Chaboyer et al.
(1988) provides useful quantitative estimates of the relative impaortance
of the uncertainties in globular cluster dating. The paper contains
quantitative corrections that can be applied as input parameters im-
prove with time. As suspected, the dominant souree of error lies in the
distance estimate of the cluster {in this case the approprate value of
M (RR)). which in this study is responsible for a 16% uncertainty in
the derived ages. The quantity |o/Fe| is next by introducing a 7% age
uncertainty, followed by the treatment of convection (5%).

4.1. THE DISTANCE SCALE AND HIPPARCOS

As emphasized abowve, the distance scale remains the main question
mark in the dating of the glabular clusters. The Hipparcos mission has
led some authors to surprisingly large increases in distance estimates.
For illustration, the post-Hipparcos age estimate for the oldest globular
clustera derived by Chaboyer et al. (1998) is 3 Gyrs larger than the pre-
Hipparcos age derived on the basis of the same stellar models (Chaboyer
et al. 1898). This revision, which may have been too extreme, illustrates
how sensitive globular cluster ages depend on distances, all else being
equal.

The ¥Y isochrones agree with the position of subdwarts in the HR-
diagram observed by Hipparcos (Figure 2). Data from Reid (1998) were
used, following the criterion that [Fe/H] = —0.053, M, > 4.0, and
oy fm < (L7, The adopted chemical composition was [of/Fe| = +0.4
and +0.2 for [Fe/H] < —1.0 and [Fe/H] = —.4, respectively. The
Y% isochrones are also compatible with the theoretical synthetic HB
moddels of Demarque et al. (2000). This distance scale agrees with the
Walker {1942) and Freedman et al. LMC distance modulus of 18.5 =
(.15, It is therefore internally congistent with the derived cosmological
dynamical ages of the Universe quoted earlier. Future observations will
test whether these conclusions are correct.
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Figure 2. A test of the sohdward main sequence stars whose distance have been
determined by Hipparoos observations.

5. Summary and future prospects

To summarize, recent advances lead to an age estimate for the oldest
GGalactic globular clusters of 13.0£1.5 Gyr. Impaortant issues regarding
globular cluster ages will be resolved during the next foew years. A
more precise absolute age for the oldest clusters, will be derived with
improvements in the distance scale (first from the space mission FAME,
then from GAIA and SIM). Better abundances for main sequence stars
in globular clusters will soon be available from the l-meter class
ground-based telescopes. More realistic models of convection will im-
prove atmospheric models and surface boundary conditions of cool star
moddels (Kim & Chan 1998; Demarque, Guenther & Kim 1999). Much
work remains to be done on stellar atmospheres and on the conversion of
oheervable parameters to effective temperatures and surface gravities.
Beyond determining the ages of the oldest star clusters, refining age
determinations in globular clusters s also needed for improving the
chronology of the Galaxy and understanding its formation and evo-
lution. Answers to fundamental and still controversial questions such
as the chronology of halo, disk and bulge formation will guide us in
exploring how other galaxies form (Steteon, VandenBerg & Bolte 1996:
Sarajedini, Chaboyer & Demarque 1997: MeNamara 2001).
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Figure 1. Ewvalution in integrated color of metal-poor populations. Compared are
the observed integrated colors of Galactic globualar clusters with E{B — 1) < 1.0
The ¢loster data are from Harres {1996).

Finally, one should note the importance of extragalactic globular
clusters in the Local Group. Globular clusters in the LMO and other
Local Group galaxies now serve as stepping stones to the more distant
stellar populations in which individual stars cannot be resolved. It is
encouraging to note that when the post-RUB stages of evolution are
included, the ages of the globular clusters derived from integrated colors
are consistent with the isochrone fitting ages. This paint is illustrated
in Figure J.
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