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Abstract. A new procedure is described to derive homaations (Chaboyer, Demarque and Sarajedini 1996, and Richer
geneousrelative ages from the Color-Magnitude Diagramet al. 1996).
(CMDs) of Galactic globular clusters (GGCs). The distribution of the cluster ages with varying metallicity

Itis based on the use of a new observal®;’-°>  namely and galactocentric distance are briefly discussed: (a) there is no
the difference in magnitude between an arbitrary point on thé&ect indication for any evident age-metallicity relationship;
upper main sequence (.05 —the V magnitude of the MS- (b) there is some spread in age (still partially compatible with
ridge, 0.05 mag redder than the Main Sequence (MS) Turn—dffe errors), and the largest dispersion is found for intermediate
(TO)) and the horizontal branch (HB). metal-poor clusters; (c) older clusters populate both the inner

The observational error associatedd/%-%° is substan- and the outer regions of the Milky Way, while the younger glob-
tially smaller than that of previous age-indicators, keeping théars are present only in the outer regions, but the sample is far
property of being strictly independent of distance and redddf0 poor to yield conclusive evidences.
ing and of being based on theoretikahinositiegather than on
still uncertain theoreticabmperaturesAs an additional bonus, Key words: stars: evolution — stars: horizontal-branch — stars:
the theoretical models show that’%-% has a low dependencePopulation Il — globular clusters: general
on metallicity. Moreover, the estimates of theative age so
obtained are also sufficiently invariant (to within £1Gyr)
with varying adopted models and transformations.

Since the difference in the color differencA(B —
V)ro,rep (VandenBerg, Bolte and Stetson 1990 —VBS, Sargthe main reason to measure the ages of GGCs is their inti-
jedini and Demarque 1990 —SD) remains the most reliable te@hate connection to the knowledge of timescales and processes
nique to estimate relative cluster ages for clusters whetiedhe of Galaxy formation and early evolution. Leaving aside the
izontalpart of the HB is not adequately populated, we have usgficult issue of determining thabsoluteages (the most im-
the differential ages obtained via the "verticalV%-°> param- portant item concerning the cosmological impact, see Gratton
eter for a selected sample of clusters (with high quality CMDet al. (1997) and VandenBerg, Stetson and Bolte (1996) for a
well populated HBs, trustworthy calibrations) to perform agomplete review), there are several reasons to improve the reli-
empiricalcalibration of the "horizontal” observable in terms ofpbility of the derivedelativeages, at least.

[Fe/H] and age. First of all, if we start from the evidence (Zinn 1993, and

A direct comparison with the corresponding calibration deeferences therein) that the halo and disk populations display
rived from the theoretical models reveals the existence of cledistinctly different rotational properties (slowly rotating the for-
cut discrepancies, which call into question the model scalinger, rapidly rotating the latter) and we consider that GGCs at
with metallicity in the observational planes. different galactocentric distances appear to show similar, though

Starting from theglobal sample of considered clustersless significative, kinematical differences, it is fundamental to
we have thus evaluated, within a homogeneous procedugeow the actual age differences as they set the basic timescale
relative ages for 33 GGCs having different metallicity, HB-in the whole Galaxy formation process.
morphologies, and galactocentric distances. These new esti-Second, in recent years, a growing group of “young” GGCs
mates have also been compared with previous latest deternais been detected which (based on the Main Sequence TO
properties) seem to be 3 — 5Gyr younger than the bulk of
Send offprint requests t&®. Buonanno GGCs having similar metallicities (see for references Buonanno
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et al. 1994, Fusi Pecci et al. 1995). These clusters (Pal &&.) which present CMDs totally depopulated in tiogizontal
Ruprecht 106, Arp 2, Terzan 7, IC 44B8%re actually quite portion of the HB, making the estimate of the HB luminosity
small and appear located on great circles in the sky suggdwstrdly better than an educated guess. Moreover, even if the HB
ing possible connections to satellites of the Milky Way, like this populated, one should properly take into account the (gener-
Magellanic Clouds and the Sagittarius dwarf spheroidal (Sgity small) effects due to evolution off the Zero Age Horizontal
dSph), and it is thus under debate their possible peculiar orig@@ranch (ZAHB).
somehow related to interactions between these satellites andTo reduce the impact of these two effects, we propose here
the Galaxy (see for references and discussions Lin and Ricteeuse anew observableneasured on the CMD and to follow
1992, Buonanno et al. 1994, Ibata et al. 1994, Mateo et al. 19851ew semi-empirical approacto derive the relative ages of
Sarajedini and Layden 1995, Fusi Pecci et al. 1995). GGCs. In particular, this new approach passes through an em-
Thirdly, even by restricting the sample to more “classigpirical calibration in metallicity of the the second traditional
GGCs, itis very important to study how the differential ages vampethod for estimating clusteelative ages, i.e. the so-called
within the Milky Way with varying metallicity, galactocentric A(B — V))ro,rap-method (VBS, SD) which can yield accu-
distances, etc. as this is crucial to a complete description of tisée age comparisons only for clusters having strictly similar
chemical and dynamical history of the Galactic material. ~ metal content.
As recently reviewed for instance the Formation of the
Galactic Halo ...Inside and OuMorrison and Sarajedini, eds.2 A new observational age—parameter
1996; see also VandenBerg, Stetson and Bolte 1996), a massive
number of papers have dealt with the problem of GGC (relativé)L. Definitions

age determination using different methods. However, the Unceg; ercome the first of the two problems listed above, we sug-
tainties affecting the results are still too large to yield a truly Saé'est anew method, hereafter called vertical method, based on the

isfactory answer to most questions. In particular, for various rggg sy re and calibration of a new CMD observable (see Fig. 1):
sons discussed below (a) itis almost impossible to make Preci$f0.05 | the distance in magnitude between the HB at the color

differentialcomparisons of the ages of a wide GGC sample, bgr e TO (like in theAVL9 -method) and an arbitrary point

cause even well settled procedures cannot be applied to clusgr$,e upper main sequence, near the TO but where the main

having different color-magnitude diagrams (CMD) morpholQsejence has a non—vertical slope. For the precise location of

g@es, and (b) restricting the compari_son to clqster-pairs, Vahis arbitrary point, we choose for simplicity to follow VBS and
discrepant results are frequently obtained. For instance, the \b.0s, the well-defined point on the main sequence which
clusters NGC 288 and NGC 362, generally considered to be.g) o5 m’ag redder than the TO.

pair of clusters having differentagesby3 —7 Gyr (Bolte 1989, A simjjar approach to the same problem has been adopted by
Green & Norris 1990), have recently been re-analysed by Caigyapoyer et al. (1996). They defined the observablé BTO)
lan and de Freitas Pacheco (1994) pointing out the d|ff|cult|esa{g a point which is brighter than the TO and 0.05 mag redder

interpret the observed features just in terms of age-differenc&_%_ at the base of the Sub Giant Branch). On the other hand

Similar conclusions are obtained comparing this couple of cIL\% 05 i a point 0.05 mag redder than the TO but dimmer than

ter to NGC 2808 (Rood et al. 1993) and to NGC 1851 (Stetsgih 7o itself (see Fig. 1). The philosophy at the base of both ap-
etal. 1996), two clusters with clearly bimodal HB’s. proaches is the same, but we prefer to use an observable which is
The first traditional technique to estimate relative ages fggfined in a portion of the Color-Magnitude Diagram populated
cluster-pairs having the same metallicity, thé’;;; method py |ess evolved Main Sequence stars and, thus, presumably less
(Iben & Faulkner 1968), is in principle very robust essentiallyensitive to uncertainties in several parameters, like the mixing
because thelock i.e. the TO luminosity calibrated in terms ofiength, etc.
age by the theoretical models, is based on relatively "wellknown The age parametex V%% defined here presents two main
and properly checked" input physics (see Renzini & Fusi Peggiyantages:
1988, and references therein).
Nevertheless, when applied to the bulk of GGCs, the use It shares wittAVT9 the firm theoretical background and
of the observabl&A VY'Y —the magnitude difference between the independence of distance and reddening.
the TO-point and the horizontal branch (HB) at the correspon@- It offers an intrinsic higher accuracy in its practical measure
ing color— suffers of two major disadvantages: (1) the apparent from the observed CMDs.
magnitude of the TO can hardly be measured to better than
~ 0.1mag even from high quality CMDs, mainly because the On the other hand, we should recall that:
TO-region is almost vertical at the TO-point; (2) there are clus- ) ) )
ters (like M92, M13, NGC 6752, NGC 6397, 47 Tuc, NGC 6553 This new parameter cannotbe applied to clusters having only
blue HB stars, and the limitation discussed for thg¢ -

1 Another cluster has been recently found to be many Gyr younger Method at point (2) above is still present. This does not
than average, i.e. Pal 1 (Rosenberg et al. 1997). The large uncertaintiesllow us to apply theA1%-% -method to the whole set of
in the determination of its metallicity prevented us from including Pal well observed clusters, but we present at Seetprocedure
1 in the adopted sample to partially overcome the problem.
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e I I effi (1996—SC96), which are based on the recent input physics
--------- AT and opacities and on the traditional mixing length approach to
deal with convection, and those presented by D’Antona, Caloi
0.05 ' & Mazzitelli (1997-DCM97) who have used the Canuto and
N AV ! B Mazzitelli (1991, 1992) treatment for the convective layers.

/ For euristic purposes we adopted the same set of the Kurucz
. (1993-K93) transformations from the theoretical plane into the

— 4 T B observational one, in order to separate the effects of the models
| from those of the transformations. Fig. 2 reveals that the models
are substantially coincident in the TO region for the two metal-
L N i licities and ages considered, while they are progressively more
6 - A | discrepant going towards redder colors, both along the MS and
L N the base of the RGB. Note that the discrepancy in color for the
L AN 4 faint MS (My ~ +6) is of the order of 0.04 mag in the worst
L ] case, while the base of the giant branches differs by about 0.1
Y T T S T T mag for the two extreme cases (DCM97 and SC96).

0 0.2 0.4 0.6 0.8 1 In Fig. 3 (panels a, b) we compare, from the theoretical

B—-V point of view, the behaviour of y/y5 and Vo as a function of

Fig. 1. Definition of the new CMD observable proposed as ag«{nhggglrztyfor;grigrzr\:\g:gr\;ﬁgilggsthe isochrone-sets, butadopting
parameter (see Sect. 2.1) - . )

What matters in Fig. 3 is the dependence of the two observ-
ables, \§.o5 and Vo , on the adopted model. Inspection of the
2. Since the measure of the observable for the MS is not exagilgts reveals that while ¥, is substantially stable under this

the TO but rather a point shifted in color along the MSaspect, different models produces differences ipavthat can
actually onecontaminateshe observable Yo, whichinthe reach 0.2 mag for the extreme cases. In other words, the cali-
models depends only on luminosities (and, in turn, on "safération of \, o5 in terms of age presents an indetermination of
nuclear burning), with a "horizontal component” (due to thebout 2 Gyr due to disagreements of the theoretical models. This
shift in color by 0.05 mag), which in the models depends agltawback however, disappointing as it may be, is only a piece
more uncertain quantities, like the mixing length, the col@f a more general picture of indeterminacies which affect the
transformations, etc. calibration of many observables, including-¥ , as one passes
from the theoretical to the observational CMD (see Sect. 2.2.2)

2.2. Dependence on the MS morphology
2.2.2. Properties of y/y5 with varying the adopted

Since the reference point on the main sequenggysYhas been transformations

selected using the T@olor, we must study its dependence on

the adopted theoretical isochrones. Together with the discussletining to the comparison of the same isochrone-set (SC96)
presented in the following paragraph on the HB, this analysidigt using different transformations, we examined three sets of
necessary to achieve a proper calibration in terms of age of transformations from the theoretical to the observational plane:

adopted observable as well as of any other "vertical” observalfl@3, Buser and Kurucz (1992-BK92) and VandenBerg (1992—
(like Avgg ) used so far. VDB92). The normalization has been achieved, imposing that
My -=4.82 for all the three trasformations.

The effect of adopting different theoretical-to—
observational plane transformations is displayed in fig. 4.
Although it is commonly accepted that the most widely—uséde isochrones by SC96 transformed following K93, BK92
theoretical isochrones for Pop Il stars produce substantially #yed VDB92 are plotted for two ages and two metallicities.
same TO luminosity, it is nevertheless well known that they agizeable variations of the colors, the color-differencies, and
tually differ when compared in detail, especially after applyinglso of the luminosities are clearly evident.
transformations into the observational plane. Fig. 4 shows that this choice actually matters. In fact, the ef-

Leaving out a complete comparison which is beyond thect of changing color-transformations is almost more important
present purposes, in order to understand how these subtle @i&n the use of different original isochrones. In particular, all the
ferences may play &le in the estimate of relative ages, wéanels of Fig. 4 show a clear difference in the color zero—point,
report in Fig. 2 the comparison of three of the latest theoretid#t also a more evident discrepancy in the color—differential
isochrone sets kindly made available to us in machine-readatlentities A%%‘BV_)TO , for example).
form by the authors. Moreover, alsointhe V—-magnitudes scale, the three transfor-

In particular, we have compared the latest models commations give different values forp, and ) o5. This disturbing
puted by VandenBerg (1996—VdB96) and by Straniero and Ckividence is further confirmed by the plots shownin Fig. 5, where

2.2.1. Properties of y/y5 with varying the adopted models
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- Fig. 2. Three recent sets of isochrones (Straniero and
6 — Chieffi 1996—SC96, D’Antona et al. 1997-DCM97,
—_— SZ%%S and VandenBerg 1996-VDB96) are compared for
r— *g 97 two values of age and metallicity. The transforma-
L ?Ilnl Ll LS tions to the observational plane by Kurucz (1993)

are used in all the cases. The relevant features of
the CMD show very similar luminosities while the
colors differ noticeably

the values obtained for s and Vo from the SC96 models Demarque & Sarajedini 1996), the slope can vary from about
are compared with varying metallicity, after applying the thre& 15 (the standard theoretical models) up to 0.35 (Sandage 1982,
different transformations,e. K93, BK92 and VDB92. 1993). Moreover, the zero-point is uncertain atthe 0.2 mag level,

In particular, it is disappointing to note that with changin§ut since we are mostly interested in tetativeages, this item
transformations, the trend of both;\ and Vj o5 tends to di- IS not so important here.

verge at th_e m_etal poor end, which, a_ls_well_known, has_the major In order to show the size of the effects due to significantly
cosmological impact. Furthermore, itis evident f_rom I_:lg..5 thagsrarent choices, we have reported in Fig. 6 (panel a) the
the effect of the adoption of different trasformations is shghtl)wjzg vs. [Fe/H] relationship recently obtained by SC96, by

greater on V.p; than on Vo . As said in Sect. 1, the adoptiony, o197 and by VdB96 transformed to the observational plane
of an observable different from the “pure’7% can have sig- 4 4qting K93 as already done for the corresponding MS. As can

nificant advantages from an observational point of view, butif, seen the three theoretical loci are quite different. The mean
presents some drawbacks in terms of theoretical cahbratlon,slope goes from 0.18 to 0.26 for SC96 and DCM97, respec-

tively, and covers almost the whole range of the observational
2.3. Dependence on the HB properties estimates quoted above.

Since the calibration oA VTQ and AV rests on the theo- On the other hand, also the use of different color transfor-

retical models, the main point is to use sets of models as horﬁ@t'ons makes a difference, as noted for the MS. As can be seen

geneous as possible to avoid spurious differential effects intf2M Fig- 6b, where the ZAHB tracks computed by SC96 have

duced by variations in the input physics and in the treatmerlﬁ‘%en transformed using the quoted relationships, the differences

adopted in the computations. This means that itis better to adBp!Minosities are quite sizeable. This reinforces the note that

MS and HB models computed by the same authors, if availab'i@e use of different models and even of different transformations
and to apply the same set of color transformations, from the theoretical to the observational plane strongly affects

N . . .
However, it is also well known that for the specific case (%X;(Eggbratlon of differential age observables [’ and

the HB, there is still room for a residual discrepancy between

the models and the observational data concerning the preciseln synthesis, we can conclude that in the definition of the
dependence of the absolute magnitude of the HB/XZ —, on "constant-age loci” in the planAVZY or AV0-% vs[Fe/H] ,
metallicity, —[Fe/H] . In particular, if we assume alinear relatiorthe choice of the dependence of the HB luminosify’® on
ship between\/{#Z and [Fe/H] (see for references Chaboyethe metal-content [Fe/H] plays a cruciale.
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have also reported the observed values for a sample of Galactic
globular clusters for which accurate photometry is available.

From the analysis of the theoretical calibrations, one can
draw some general considerations:

4.5

1. although the calibrations clearly change with varying ingre-
dients, itis evident that the overall behaviour is substantially
the same. The variation of the observatl#?-%> with the
age is quite largei.e. the sensitivity to age variations is
high), and the dependence on metallicity is small. This en-
sures that errors in metallicity (still as large as 0.2 dex) have
negligible impact on the estimated ages

. by interpolating in any plot in Fig. 7, 8, and 9, it is possi-
ble to estimate age differencea#y— for any cluster with
known AV-% (or AVEY ) and [Fe/H] relative to an arbi-
trary isochrone taken as the reference zero-point

e 3. since this parameter differential the problematic effects

925 5 15 1 05 induced by the use of different transformations are reduced.
[Fe/H] In fact, as we see in Fig. 8, a compensating r_nechanl_sm is at
work which in practice makes almost neglegible the impact

Fig. 3a and b.The luminosity of the MS—TO point (pana) and of the of this specific item. This represents of course one of the

MS—point 0.05 mag redder than (B-¥) (panelb) as derived from major advantages of differential methods

the three isochrone-sets, are compared as a function of metallicdy. while the adoption of different slopes in trM{,{B VS

The apparent better agreement ford/is mainly due to a zero—point  [Fe/H] calibration (or in any sub-interval of the whole metal-

difference in \b.os licity range) modifies the shapes of the isochrones, a sim-

ple shift in the zero-point of the same relationships would

correspondly shift the whole pattern, without affecting the
The effect of choosing one of the very different slopes shown re|ative ages

in Fig. 6a seems to induce insurmountable difficulties in the

use of such a calibration (which is indeed present in any age- |n conclusion, despite several differences do exist between

calibration somehow resting on the HBs). However, there aigiferent calibrations and transformations, it is possible to select

two important items to consider: a region of theAV% (or AVFS ) vs[Fe/H] plane where to
locate clusters coeval within a given age interval, independent of

1. The recent determinations of the sloge M{/®/ A the chosen calibration. In particular, in the following sections,
[Fe/H] from various methods (RR-Lyrae pulsational propetve will show that it isactually possible to extract a sub-set
ties, Baade—Wesselink studies of individuul RR—Lyrae staksf, clusters which can be considered todabstantiallycoeval
HB studies of the M31 globular clusters with HST, etc.)i.e. within aconservativestimate of the errors) independently
seem to converge towards a mean value of about 0.200f1the adopted calibrations. This sample of "coeval” clusters
smaller (see for references Chaboyer, Demarque & Sawdh allow us to make some interesting checks on the internal
jedini 1996), which is very close to the mean slope of theonsistency of the models themselves.
standard theoretical HB models.

2. Since we aim here at studying just thedative ages, we
propose alifferentialuse of theA 1 %9 parameter (which
is, by the way, already a differential quantity, so as to yielth have a better insight on the properties of this new parame-
a double differential method). This choice eliminates ther, we report the results of several specific tests we originally
problem of the inaccurate knowledge of the zero-point @hrried out using the former isochrones computed by Straniero

5.5

VO.O5
(o))
L L I B B B IR

Q
< |

3.5

vTO
N
T 17T ‘ T T T ‘

L sc96
45 77 Vabos == g
Lo dem97 ~

coc b by |
N

2.5. Additional useful remarks on theg ) parameter

the M{/? vs[Fe/H] relationship. & Chieffi (1991 —SC91) and the ZAHB models of Castellani,
Chieffi & Pulone (1991). These theoretical models have the ad-
2.4. TheAV% vs, age calibrations vantage to have adopted homogeneous input physics with no "a

priori” variations of the helium content Y and of the mixing—
Once that a self-consistent set of isochrones has been adogtedjth parametet, nor of the alpha-elements (O, Ca, Si, etc.) as
the choice of thé/{ B vs[Fe/H] relationships allows us to drawa function of [Fe/H] . They represent thus a "classic, standard”
plots of the resulting isochrones in thg/°-%° vs[Fe/H] plane. reference grid.
Since there are various possible calibrations depending on Within this framework, one may wonder whether the present
the actual choices, we have reported the various constant—ageertainties in the treatment of convection and in the assumed
loci in different panels of Fig. 7, 8, and 9. On the same plots veenstancy of the mixing—length parameter for stars of different



510 R. Buonanno et al.: On the relative ages of galactic globular clusters

T T N T T N T T N T ',‘A T T
| t,=16 z=0.0003 /; b
2 - / _|
4 - _|
> | 4
6 - _|
| K93 |
. __ BK92 |
I VDB92 |
- l - l - l - l -
LI N T T N N T
5 " t,=16 z=0.001 b
4 - _|
> | 4
6 — —  Fig. 4. The effect of adopting different theoretical—
- 7%}9%2 1 to—observational plane transformations. The
T 7VDB92 7 isochrones by SC96 transformed following K93,
o ] BK92 and VDB92 are plotted for two ages and two
02 04 06 08 metallicities. Sizeable variations of the colors, the
’ color-differencies, and also of the luminosities are
B-V clearly evident
7‘ T T T ‘ T T T T T T T T T T T T ‘ T T ‘7 02 T T T T T T T T T T T T T T T T ‘ T T T
as b S b); C b) ]
o L ] [ ]
e r b m r b
- _ jand — —
>o 5 i i = 0.6 B ]
L —— Bkoe 1 0.8 - 7
5.5 [~ VBD92 ] - ]
T T T S N S N OB [ B
g5 T A B B e B e e e B B o ANy
L ) L _ a) |
o 4r B o L ]
= r 1 = 0.6 - B
f K93 ] L ]
4.5 " BKoz 18 0.8 ———- bko2 —
L. VBD92 i T vdbo2 ]
\\\\‘\\\\‘\\\\‘\\\\‘\\\7 17“““““““““‘“‘7
—-2.5 -2 -1.5 -1 -0.5

[Fe/H] [Fe/H]

Fig.6a and b. The luminosity of the HB at the RR—Lyrae color as
unction of metallicity:a SC96, DCM97 and VDB96 model&

96 models (transformed with K93, BK92 and VDB92). The slope
of the M vs [Fe/H] function varies with the models, the zero—point
changes also with the adopted transformations

Fig. 5aand b.The TO (paned) and the \§.o5 (paneb) luminosities de-
rived from the SC96 isochrones, converted into the observational pl?
using three different temperatute—color and luminosity—magnitu
transformations compared as a function of metallicity, [Fe/H]

metal abundance may undermine the quasi—independence of
AV9-95 from the metallicity. To check this point we computedor Z=0.001 and t=16 GyrAV°-% varies from 4.960, to 4.980
specific models using the same code as SC91 and obtained &éinaltto 5.013 mag, with varying from 2.0,to 1.6 and 1.0, respec-
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Fig. 7a—c.AV%% for 24 clusters superimposed to a theoretical calFig. 8a—c. The effect of different color—transformations on the theo-
bration grid derived frona SC96,b DCM97 andc VDB96. The trans- retical calibrations ofAV %% derived from SC96. The position and
formations are those by K93. The clusters have been selected accorthiegshape of the calibration—grid show some variations, but it is always
to the requirement of having a well-populated horizontal portion of tlssible to select the same sample of 14 clusters, included within a 2
HB. The bulk of the clusters turn out to be confined in a quite narro@yr strip

age range, with only a few clusters clearly younger than the average.

Note the 14 clusters (marked as full dots) located with2 Gyr strip ]
in all the calibrations the sample to clusters having a well populated HB at the TO

color to avoid any contamination due to uncertain extrapolation
of the actual HB luminosity level. Such an assumption strongly

tively. In turn, having fixed all the other quantities, taegest IéiP?witates the extension of the sample, but it is useful to make

expected difference in age due to mixing-length variations is = whole procedure as straightforward as possible.

only 0.5 Gyr. : :
. As horizontal age—parameter we will use here
Asregards the effect a1V ?-%% of possible enhancements of , (5 the differegncep between: 1) the color of the

thea—elements, from the models of Salaris, Chieffi & Stranier@ BGB—-TO "'~ *~ : .
(1993), one gets a maximum variation-of—0.7 Gyr with an G.B a.t a luminosity level 2.5 mag brighter than the MS point
overabundance of +0.3 dex in theelements at the low metaI—WhICh is 0.05 mag redder than the TO; 2) the color of the

licity tail ([Fe/H] ~ -2.3), and the difference decreases progregp p;)omt. Such 3 Faramert]erlcatn b? (rjead odn t?le CfMtE agg
sively with increasing metallicity. can be measured for each cluster, independently of the

Varitions of the primordial helium content eve an mpoff SR S S Bl e o
tant effect on theAV%-%° parameter as well as oAV . Y, y y

In fact, changing Y one gets sizeable differences jpgvbut ftin g(')f:]ir:rn;.'r?l f?r:;nez;]'?n:tgsrc:?m;ne;?glcgy bg)ri??es deduced
small variations of \ g5, and thereforeAV -9 varies signif- Ing : various quantit u

icantly. By theoretical isochrones computed at different Y, vJéom the CMI?)sOSand '”(Vgl"ve)d n t[he dgfmmon.of the age-
have obtained\ V2% / A Y ~ 2. Hence AY ~ 0.05 mimics a Parametera\V>™> andA ., 5 *1, With their associated errors,

difference in age of about 1 Gyr. However, since the availadlé§ @re in presence of different situations:
estimates of Y in GGCs indicate a constant primordial helium

for all the GGCs withinAY < 0.03 (Buzzoni et al. 1983), then L. Clu_sters for Wh.iCh the photometric data of the CMD are
the dependence @f1°% on Y should be actually negligible. available to us in machine-readable form. These clusters

have been marked with the label CMD in tls®urce” col-

umn of Table 1.

3. The data For them, a statistical analysis of the distribution of the
stars in the various CMD sequences allows a quantitative
determination of the observational uncertainties associated
For a practical application of this method we have selected from to the measured quantities {5 ,Vo.05,(B-V) o and (B-

the literature the GGCs for which high precision CMDs existfor V) gg ). The associated errors have been calculated follow-
both the TCandthe HB regions. In particular, we have restricted ing the procedure described by VBS (see their Sect. Il and

3.1. The cluster sample
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38 ; 17 Following the above authors, we have considered a correction
= 36 = 15 4 AV[{g’L = 0.07mag to the values of the observed; ¥ for the
A 13 4 clusters with [Fe/H}> —1, as a compromise.
>5 3.4 % = Most of the adopted metallicities come from the compilation
< 3.2 o) VDB96 — by Zinn & West (1984), superseded and supplemented by Ar-
3 ; Fy } F } Fy } Fy } e ; mandr_o_ﬁ_& Zinn_(1988). For the young clusters_ we adopted the
~3.8 — metallicities derived from the CMDs; therefore in Table 1 are re-
T 36 L 15 4 ported: for Ruprecht 106 the estimate of Buonanno et al. (1993),
é 94 F E ﬁ E for Arp 2 that of Buonanno et al. (1995b), for Terzan 7 the esti-
~ Tk . mate of Buonanno et al. (1995a), and for IC 4499 that of Ferraro
< 3.2 b DCM97 et al. (1995). The helium abundance Y has been assumed as
3 ] } I } b } b } N constant at ¥= 0.23 for all the clusters, according to Buzzoni
~ 3.8 = et al. (1983).
EagE 16 3
34 12 4 inal caveat:
<1 3.2 Fa Sco6 — We are aware that thieue errors in the measured observ-
3 T e ables can be significantly larger, at least for some clusters.
_25 _92 15 -1 ~05 However, since our basic aim here is to present a proce-
[Fe/H]] dure which can be improved with progressively improving
the quality of the data-base, this would not undermine the
Fig. 9a—c.The observed\V}'9 of the 14 clusters selected in Fig. 7  overall approach.
and Fig. 8 superimposed to the calibratiomd¥;/ 5 derived fromthe — The same consideration can be applied to the adopted metal-
SC96 and DCM97 models. Though there is some dispersion (possibly licity scale. In fact, it is well known that the scale of Zinn and

due to observational difficulties in deriVil’@VHB ), yet 11 out of West (1984) was at the state of the art at that time and de-

the 14 clusters selected with the procedure described at Sect. 3.2 (andyayeg revisiting as for instance stated by Carretta and Grat-

Fig. 7,8) can still be considered "coeval” within the uncertainties ton (1997). However, as noted by Rutledge et al. (1997), itis
still unclear which scale could approximate the true [Fe/H]

Table 1ll) as we already did in previous papers (Buonanno scale more closely. Therefore, we will use the scgle qf Zinn
et al. 1993 and Buonanno et al. 1995). Shortly, the errors and West (1984) allover the paper, and the possible impact
have been estimated from the scatter of the stars with re- Of & different adoption has to be evaluated subsequently.

zggﬁtetr?céze parabolic arc best fitting the considered CMA) summary of the adopted observables s listed in Table 1 which
2. Clusters for which the photometric quantities have been re%%qtams;

on the published mean-ridge—-lines. These clusters are idan-the cluster identification;

tified by a label MRL in column 7 of Table 1. 2. the adopted metallicity;

For these clusters, it is impossible to give a quantitativg, the apparent V magnitude of the HB z¥% — at the TO
measure of the errors, so we are forced to adopt just educatedcolor;

estimates. To this aim, we based our estimates mainly an the reference point s ;

the similarity of the CMDs to clusters for which a machine. the magnitude differenc&170-% ;

readable data-base is available. 6. the color difference\(”.,"). | between thr RGB and the
: : - TO;
The errors inAV*% have been obtained by combining7 he source type of the data (machine-readable or mean—
the estimated errors in g and Vo . Theformal errors in ridge—line):

A%BG’BV_)TO for the clusters with CMDs in machine—readableg. the reference(s) to the adopted CMD(s).
form turned out to be always less than 0.01 mag. Thus we
adopted an error of 0.01 mag for all tszeﬁfG_B‘QTo entries
in Table 1.

Before proceeding, some further notes must be added for
the metal rich GGCs ([Fe/H} —1): it is well known that for The observed\1°-% values for the 24 clusters with appropri-
the most metal rich GGCs the HB collapses to a red clump ate HB reported in Table 1 have been plotted in Fig. 7 a, b, ¢
stars which is slightly brighter (by a quantiyV’;;’s" ~ 0.06 —  superimposed on the calibrationa# % in terms of the SC96
0.10mag) than the average luminosity of the RR Lyrae variablasd DCM97 and VDB96 models. These values result restricted
located at the center of the instability strip and used to measinmea quite narrow range for the bulk of the clusters, indepen-
AV0-05 (see Sarajedini et al. 1995, Ajhar et al. 1996, Catelaiently of metallicity, with only 4-5 clusters showing clearly
and de Freitas Pacheco 1996, for discussion and referendesg—than—average values.

3.2. The sub-sample of clusters "coeval” within the
uncertainties
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Table 1.Observables of 36 selected clusters

Cluster [Fe/H] Vun V.i0.05 AV0:05 AE%BG_BV_)TO Source CMDs References

104 -0.71 14.140.06 18.45-0.02 4.31#0.06 0.291 MRL Hesser et al. 1987

288 1400 s 0.250 MRL Bolte 1992

362 -1.27 15.430.07 19.79-0.02 4.36:0.07 0.263 MRL Harris 1982, Bolte 1987, VBS

1261 -1.29 16.7€0.06 21.040.04 4.3#0.07 0.261 MRL Bolte & Marleau 1989

1851 -1.36 16.1%0.06 20.35-0.03 4.26:0.07 0.274 MRL Walker 1992

1904 168 s i e 0.248 CMD Ferraro et al. 1992

2298 181 s 0.219 MRL Janes & Heasley 1988

2808 -1.37 16.190.07 20.480.03 4.29-0.08 0.270 CMD Ferraro et al. 1990

3201 -1.56 14.740.08 19.020.04 4.28-0.09 0.243 MRL Brewer et al. 1993

4147 -1.80 16.950.09 21.34-0.04 4.39%£0.10 0.230 MRL Friel et al.1987

4590 -2.24 15.640.08 20.03-0.02 4.39:0.08 0.224 MRL McClure et al. 1987 , Brocato et al. 1994
5053 -2.20 16.7€0.08 21.130.02 4.410.08 0.223 MRL Fahiman et al. 1991

5272 -1.66 15.6%#0.06 20.0&:0.02 4.33:0.06 0.249 CMD Buonanno et al. 1994

5904 -1.40 15.140.06 19.44-0.03 4.33:0.07 0.250 CMD Buonanno et al. 1981

6101 -1.81 16.460.08 20.8&0.02 4.31#0.08 0.239 MRL Sarajedini & Da Costa 1991

6121 -1.36 13.560.07 17.930.03 4.43:0.08 0.248 CMD Marconi et al. 1997, in preparation
6205 165 s e 0.250 MRL Richer at al. 1986

6218 161 s e 0.250 MRL Sato et al. 1989

6254 160 e e 0.244 MRL Hurley at al. 1989

6341 224 s e e 0.218 MRL Stetson & Harris 1988

6352 -0.51 15.270.06 19.52:0.02 4.25:0.06 0.285 CMD Buonanno et al. 1997 in preparation
6362 -1.08 15.340.06 19.56:0.03 4.34t0.07 0.264 CMD Buonanno et al. 1997 in preparation
6397 S1.91 0 s s e 0.220 CMD Alcaino et al 1987, Buonannno et al. 1989
6584 -1.54 16.550.07 20.0&:0.04 4.35:0.08 0.248 MRL Sarajedini & Forrester 1995

6752 154 s s 0.250 CMD Buonanno et al 1986

6809 182 s e i 0.225 MRL Schade et al. 1988

6838 -0.58 14.520.08 18.750.04 4.25:0.09 0.293 MRL Cudworth 1985, Hodder et al. 1992
7078 -2.15 15.860.05 20.2A40.02 4.410.05 0.212 MRL Durrel & Harris 1993

7099 213 s e e 0.217 MRL Richer et al. 1988

7492 151 s s 0.241 CMD Buonanno et al. 1987

Pal5 -1.47 17.4€0.07 21.640.03 4.240.08 0.266 MRL Smith et al. 1986

Pal 12 -1.14 17.140.08 21.21#0.03 4.11%#0.09 0.319 MRL Stetson et al. 1989

Rup106  -1.90 17.980.07 21.850.03 3.95-0.08 0.261 CMD Buonanno et al. 1993

Ter 7 -1.00 17.830.07 21.76:0.03 3.93:0.08 0.348 CMD Buonanno et al. 1995a

Arp 2 -1.84 18.3¢:0.07 22.530.03 4.22-0.08 0.248 CMD Buonanno et al. 1995b

1C4499 -1.75 17.630.05 21.6A40.03 4.04-0.06 0.241 CMD Ferraro et al. 1995
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We intend to use the clusters in Table 1 and Fig. 7 in a@erarbitrary confidence limit we adopted for the selection of "bona
select a subsample of clusters to be considered "coeval” withiide” coevalclusters.
the uncertainties, and then to derive differential ages for allthe - Following the above criterion, we selected as "coeval” the

clusters in the sample

ticular, considering thed. error in AV%-% reported in Table 1

following clusters: NGC 104 (47 Tuc), NGC 362, NGC 1261,

As a selection criterion we consider as coeval all the cludGC 4147, NGC 4590 (M68), NGC 5053, NGC 5272 (M3),
ters which have the observablel’%-%> contained within the NGC 5904 (M5), NGC 6121, NGC 6352, NGC 6362, NGC

strip defined by the 14 and 16 Gyr isochrones in Fig. 7a. In p£584, NGC 6838 and NGC 7078 (M15).

Now the question isis this sub-sample of claimed coeval

and Fig. 7, we selected the clusters which have ages includfgsters robust enough to survive as "truly” coeval with chang-

between 14-16 Gyr with probability > 50%.

In other words, by adopting as "reference clock” the calibré@nsformations)?

ing the reference clock (i.e. the theoretical models and/or the

tion of AV0-95 obtained by using the SC96 models for both MS A quick look at Fig. 7panel b,agives already a first answer:

and HB with the K93 transformations, we pick up the clustethe use of the isochrones computed by DCM97 and VDB96
in Fig. 7a which have a mean (absolute) age of 15 Gyr withveould lead to the selection of the same sub-sample of "coeval”
"clock read—out—noise” of 1 Gyr. Note that the quantity 1 Gyelusters, the only difference being a systematic shift in the ab-
is not the error in the estimate of the (absolute) age, but only thalute age.
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The three panels shown in Fig. 8 allow also to check tiable 2. Relative ages
degree of compatibility of our selected sub-sample of 14 "co-

eval” clusters (based on SC96 models and the K93 transformayy, srer  [Fe/H] Ato(v)  Ato(h)  Ato R,

tions) with alternative calibrations, where the transformations -

of VDB92 and BK92 are instead used. As already noted, bot04 -0.71 0.%1.2 -l10£20 -03:16 81
-140 ... 0.420 0420 121

shape and position of the isochrones change with changing t362 17 0613 0420 -02417 99
color-transformations, but we can still claim that the 14 se: o DG '

. - : -1.29 0.21.3 -0.3:20 -0.k17 183
lected clusters can be considered coeval within the uncertainge 136 2712 20020 -24:16 165
ties, though the mean absolute age (the reference zero—point)igy, 168 ... 0.6£20 -0.6£20 195
shifted. 2298 181 ... 2.0:20 2.0t20 162

From the above analysis, discussion and checks report&t$08 -1.37 -1.31.3 -1.6:2.0 -1.5t1.7 116
in Sect. 2.2-2.5, we are confident that the sub-sample of 13201 -1.56 -1413 0520 -05:1.7 95
clusters we have chosen can safely considered to be "coevafi47 -1.80 0815 0820 04£18 199
(as measured by thAV-%5 age-indicator) within the intrin- 4290 209 -0.310 0220 0k16 101

sic "read-out-noise” ot:1Gyr, independently of the assumed 22?3 iég 062;11-00 8&38 (())%:2 gg
theoretical clock. L 0810 -0.6:20 -0.A&1 .

5904 -1.40 -0.#1.2 0420 -0.116 6.6

6101 -1.81 -1.3#1.1  -0.2£2.0 -0.6:1.6 116

3.2.1. A further check 6121 -1.36 1.41.3 0.8t2.0 0.9t1.7 6.4
6205 165 ... -0.742.0 -0.A2.0 8.9

We have also verified how these 14 clusters behave, using t§&13 -161 ... -0.4£2.0 -0.5£2.0 5.0
classic vertical parameteAVE9 . The AVEQ values (es- 6254 160 ... 0220 02:20 53
timated from the CMDs in Table 1) for these clusters are2341 2.24 ... 0220 02:20 938
3.36 + 0.09,3.42 + 0.10,3.45 + 0.08,3.60 + 0.14,3.41 + 22> :‘i:g; 8:5:}1 8;3:8 gii:g g:g
0.10,3.42+0.10,3.43+0.08,3.46 +:0.08,3.45£0.08,3.46 + 50" 1o 1420 1420 69
0.08,4.46 & 0.08,3.45 & 0.10,3.45 & 0.10,3.54 & 0.10 for  gegq 154 0812 -00L20 -02:16 69
NGC104, NGC 362, NGC 1261, NGC 4147. NGC 4590, NGCg755 a1sa T 02420 0220 5.9
5053, NGC 5272, NGC 5904, NGC 6121, NGC 6352, NGCgs09 182 ... 1.3:2.0 1.3:20 47
6362, NGC 6584, NGC 6838 and NCG 7078, respectively. 6838 -0.58 -0.21.6 -0.742.0 -0.4:18 7.4
Fig. 9 shows the calibration ak V1§ obtained using the 7078 -2.15 0209 1320 0AlS5 104
SC96 panel §, DCMI7 (panel B, and VDB96 panel g mod- 7099 213 0.820 08:20 7.2
els, with the observed values &fV,T9 for the 14 clusters se- ;i?é 1‘51% el 2'&2‘% 2'%’3% 12';
lected above superimposed to the grids. Pall2  -114  -4816 -59:20 -4918 16.0
It is readily evident that not all the selected "coeval” clus-ryp106  -1.90 3510 -2.9-20 -3.2-1.6 235
ters pass thexvgg — test. In fact only 11 out of 14 clusters Ter7 -1.00 67212 -8.4:2.0 -7.6:1.7 28.4
still lie in the same "two-Gyr-strip”, independently of the as- Arp 2 -1.84 -2.6:1.0 -1.3:2.0 -1.6:1.6 20.4

sumed model. The other 3 (NGC 104, NGC 4147, and NGQC4499  -1.75 -3.41.0 -0.H2.0 -1.816 14.9
7078) shows a spread in age as large as 4-5 Gyr as seen bythe
AVESQ observable.
While it is expected that data-points are more spread out in
the plane of Fig. 9 than in tha V%% vs[Fe/H| plane because AV}9 —test, being at the same time aware of the uncertainties
of the greater measurement errors associated with Msuch a emerged till now.
large difference can hardly be accounted for given the adopted
error bars. In our view there are only two possible explanatio
a) there are systematic errors in e/ 79 measures of the

three “anomalous” clusters, &) the errors have been largelywe can select above a sample of clusters of different metallic-
underestimated. Itis very difficult to discriminate betweenthegg, which arecoeval within+1Gyr. The relative ages finally
different possibilities: both casesandb cannot be easily ex- adopted for the GGCs listed in Table 1 (and having a measured
cluded since the sources of the photometry are necessarily v&ily0-05 ) gre reported in Table 2, column 3. They have been
hetherogeneous and a really exaustive check is impossible. determined by using as reference the isochrone grid presented
However, since the main purpose of this paper is to defiimeFig. 7 panel aand by computing (at the [Fe/H] value adopted
a procedure to establish a general scale for the relative—agéoothe cluster) the residual with respect to the 15 Gyrisochrone,
galactic globulars and to explore all the possible problems cdaken as "0—age” reference line. The errors reported in Table 2
nected with the definition of such a scale in general, independbate been determined transforming th&°-% error bars into
of the adopted method, it seems useful to proceed for a furtldes using the procedure described above, with no allowance for
step in our route using just the 11 clusters which survived teerors in [Fe/H] .

r55.2.2. The basis for a temptative relative—age scale
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I | [Fe/H]
L __ NGC 6397 i
M92 Fig.11. The observed horizontal parametAt(RBG*B‘QTo as a func-
RO |- e . tion of [Fe/H] for the 14 clusters selected as "coeval” on the basis
- R of AV%% (see Sect.3.2). A linear best fit is also reportied (ine).

‘ T The cross at the bottom-right shows the typical error for the two ob-
0 0.5 1 servables

B-V
Fig. 10.Comparison of M92 fiducial ridge lines for the main sequence ) )
(Stetson & Harris 1988) and horizontal branch (Buonanno et al. 1983§cCi 1989). The ridge lines of the two clusters have been reg-
with the corresponding ones of NGC 6397 (Buonanno et al. 1988tered following the procedure of VBS (in their Figpénel g.
Alcaino et al. 1987). The latter were registered to the former by addifigparticular, NGC 6397 has been shifted by +2.17 magin V and
to the observed magnitudes and colars” = +2.17magandA(B— -0.168 mag in B-V. As can easily be seen from Fig. 10, while
V) = —0.168 mag. The abscissa and ordinate zero-points correspaing MS, the TO and the SGB of M92 and NGC 6397 are fully
to the M92 turnoff color (B-V)©=0.388 and ¥.0s =19.64. Even if overlapping, the two HBs show a clear displacement. Hence,
the overall coincidence of the two fiducial main sequences seemsi@ conclusion drawn for instance by VBS that the two clusters

indicate a similar age, it appears a clear vertical displacement betw‘a‘?gcoeval within 0.5 Gyr based on the identity of the parameter
the HBs. This can be interpreted as due to age differences (see Sect. 4d9_v) . .
Ay ap_ 7o is hardly supported at this level of accuracy by the

comparison of the whole CMDs.

Since we now "know” that these clusters turn outto be coeval |n our view, an alternative interpretation of this inconsis-
based on the vertical method, we can use them as referepgRy is that, since M92 and NGC 6397 are different enough in
grid to calibrate the horizontal method, overcoming so (at leagktallicity ([Fe/H] =-2.24-0.15 and [Fe/H] =-1.9%0.15, Zinn
partially) some of its major drawbacks. 1985), then the coincidence of thé”. ")  parameters would
actually imply an age difference ef 1.5 Gyr, as indicated also
by the HB luminosity displacement. Such a conclusion is more-
over strengthened by its independence of the adopted theoretical
4.1. Problematic aspects of the "horizontal” method models.

It is therefore evident that without a procedure able to cali-

4. An empirical calibration of AEfG_BV_)TO vs [Fe/H]

The main advantage of the age parame\ _V_) (VBS, _ T
SD, SC91) is that it can be applied to any c%%?erThoaving a goptfte the dependence At(RBGBV—)TOlon metallicity, it is almost
photometry in the TO region, irrespective of its HB morpholog)'mposs'ble to build up a self-consistent and reliablativeage
Nevertheless, this method presents some disadvantages,sfl?ée'
most important being a large dependence on metallicity of the
colors of the two reference points (located at the main sequencg The new calibration
TO and onthe RGB) and, inturn, of their diﬁeremgBG_B@To . o
This intrinsic weakness of the method has been widely rd@-0rder to overcome the above limitations, we suggest to use
ognized, and even its proposers (VBS, SD) recommended mﬁsu_b-_sar_nple of clusters we found to be "coeval” based on the
. . . 0.05 _
only to apply this procedure to study justativeages, but also metgl(l;cny independenn V™™ -method (and that passed the
to restrict the direct comparisons to clusters having same AV g -test; see sec. 3.2.1), to calibrate the actual dependence
metallicity (within the current measuring errors-£0.2dex in  of Abe; 5, on metallicity. If reliable, such a “direct” calibra-
[Fe/H] ). In particular, VBS grouped the GGCs into “metalliction (note that the ages are now assumed tkrimevnindepen-
ity boxes”, but often the CMDs are hardly comparable and tigently) will allow (a) to know experimentally the dependence
claimed age differences could also be interpreted as due tofdhe parameteA%BG_B@TO on metallicity, (b) to determine
difference in metallicity. age differences for clusters of any metallicity using the same
An example of this problem is shown in Fig. 10, where wealibrated scale, once the metallicity is ascertained. Moreover,
report the fiducial sequences of M92 (Stetson & Harris 1988)ich a procedure links in a self-consistent approach the two
compared with those of NGC 6397 (Buonanno, Corsi & Fusiaditional "vertical” and "horizontal” methods for GGC dating
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(AV0-05 andA;BG}@TO ). The main step in this procedure is1. The clusters we have adopted to be "bona-fide” age calibra-
the selection of the “known calibrating” clusters discussed in tors (based on the vertical, differential methods) are actually
Sect. 3.2 above. non-coeval (i.e. they differ in age by more than 2 Gyr), and,
In Fig. 11 it is reported a plot of the individual consequently, the linearlocus traced in Fig. 11 —15is notan
AB=V) parameterss[Fe/H] for the 11 calibrating clusters. ~ e€mpiricalisochrone. If this is the case, one has to admit that

RGB-TO .
A linear best fit to the data of the adopted calibrating clusters the measurement errors of the vertical age parameters are,

(thefull line in Fig. 11) yields: on average, greater than assumed, or that the calibrations of
the same parameters are in error by a similar amount.
A;BG_BV_)TO = 0.040(+0.005)[Fe/H] + 0.310(£0.008) (1) 2. Ifthe adopted calibrating clusters are actually coeval within
2 Gyrs, then the theoretical models are somehow wrong,
and in particular the scaling of the tracks in the observational
plane with varying metallicity would be called into question.

Although the number of calibrating objects is small and the cov-
erage of the metallicity range still poor, it is reassuring that the
quality of the fitis good enough to define a clear-cut correlation,
whose quality will be easily improved by further data of clusters . .
with independent relative age estimates, or by the availabil'gy dAtruIy safe choice between the t,WO, alternatl'ves can hgrdly

of more accurate measures for the same objects. e done at this stage, as the uncertainties affecting the estimates

The knowledge of the value of the slope estimated in Eq. (‘i (tjhe relative ag*? “S'lf‘t? tthe ve(;tlcal rgethct)rc]i S t?]re titl" Iatr_gel
immediately allows one to estimate the errors involved in t . moreover, their calibrations depend on the the theoretica

determination of relative ages witkZ=".. . due to the obser models. However, it is important to note that, while the vertical
vational uncertainties in tr?e metalﬁgig/_[{:%yHa typical error method rests only on model luminositieg(on nuclear burn-

) . . T ing), the horizontal parameters obtained from the theoretical
in [Fe/H] of £0.2 dex reflects into an indetermination of abo 9) b

- (B_V) . i ut"acks depend on various uncertain quantities, like the mixing
i(l).(t)_os mag inA ;1o and, inturn, about: 1 Gyrin the o041k the color-temperature transformations, etc. and itis con-
relative age.

ceivable that errors (varying in size with varying metallicity)
can still affect the final horizontal scaling of the tracks in the
4.3. Comparison with the theoretical models: there is a observational plane.

discrepancy On the other hand, the existence of such a difficulty to com-

. . : pare horizontal parameters measured from the CMD of clus-
Supposing that theelative ages adopted dsown calibrators . . .
o ters having largely different [Fe/H] was clearly pointed out
for the coeval sub—sample are correct, it is useful to compare U N .
theempiricalisochrone defined by the coeval sub—samplein t [So by the proposers of the "horizontal” method. For instance,
P y P B note that "it seems unlikely that the predicted variation of

(B-V) : : :
éé{gh?aggsvs' [Fe/H] plane with the corresponditigzoretical AEZY) with metallicity can be quantitatively correct. Con-

Fig. 12 displays the "constant-age” loci as derived from tl’}seequently, we recommend that our procedure be applied only

models @lashed linescomputed by SC96 (panel a) VDB9EP clusters that have the same [m/H] values to within current
(panel b) and DCM97 (panel c), all based on K93 transforca>unng err_ors, namely -£0.2dex". i i
In conclusion, unless the ages estimated from the vertical

mations. This figure shows hothe isochrones are generally

different either in the zero—point (absolute age), either in t{@€thod for the 11 calibrating clusters are grossly in error, it
dependence on metal contefihe discrepancy is even moreS€ems evident that the compansgné)f the observational data in
evident looking at Fig. 13, 14 and 15, where the calibratioffe Planef\ Vo> vs. [Fe/H] and\jye ' vs. [Fe/H] with the
obtained from the models of SC96, DCM97 and VDB96 tranfleoretical isochrones leads to a disagreement, worth of further
formed following K93, BK92 and VDB92 are compared to th@nalysis.
empirical isochrone and the GGC data. As can be seen, the This fact carries further support to our approach: given the
transformations have a very strong impact on the compariséiny problems and uncertainties associated with the theoretical
In particular, the 11 calibrating clusters could be "coeval” anodeling oftheA%Bng@To vsmetallicity relation, an empirical
even differentin age (up to 5 Gyr) depending on the adopted satibration based on the most robust “vertical methods” can
of models+transformations. ultimately prove to be very fruitful, in perspective, to derive
In fact, there is no combination of models and/or transfoa reliable relative—age scale encompassing the whole Galactic
mations ableto yield&%%jg‘QTo values truly consistent with the globular cluster system. At the same time this procedure can be
previous conclusion that the 11 calibrating clusters are coeuakful in constraining the models themselves.
within the quoted uncertainties. One could also note (see Fig. . In order to show how such a calibration can be obtained and
12 — 15) that in many cases the obserﬁe%‘BV_)To values do usedtoderive an age scale, we complete the proposed pipelinein
notmatchthe theoretical grids, i.e. observations and theoretidale following sections. Before proceeding, we note that, though
predictions strongly disagree also in an absolute sense. based on only 11 clusters and affected by several possible un-
Why do the empirical and theoretical calibrations behave smrtainties (discussed above), our method will yield a scale for
differently? the relative ages very similar to those recently obtained by us-
In our view there are essentially only two possible answeiag the “vertical-method” (CDS96) or the “horizontal-method”
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Fig. 12a—c. The "empirical isochrone” in the planésg%BG;V_)To , Fig.13a-c. The effect of varying the temperature—color and

[Fe/H] of Fig. 11 compared to the theoretical calibration grids derivddminosity—magnitude transformations on the theoretical calibration
from three different isochrone—sets, all transformed to V, B-V usirgf AVZS . The SC96 models transformed following K93, BK92 and
K93. As can be seen, the overall agreement between the empirical ¥BB96 are used to build the calibration grids reported in the three pan-
the theoretical calibrations @k V7S is poor in any case elsdashed linesAs expected both position and shape of the theoretical
isochrones are strongly affected by the choice of the transformation.
t, in no case there is a satisfactory agreement with the "empirical

Y
(Richer et al.1996) (see Sects. 4.6 and 4.7). In our view, sYch-nrone”

an agreement shows that:

1. The present method already gives performances not worse (B=V) _
than the “traditional” ones, and the semi-empirical calibr&uess” for the dependence 6(A ;5 1o ) vs Aage in the
tion on which is based can be improved also without hamgngV_)To — [Fe/H] plane.
ing a corresponding significantimprovement in the detailed Before proceeding, we have also to note that the sample of
models. young calibrating clusters cannot include IC 4499 as the avail-
2. One can hardly assume that any of the relative-age scalbe CMD (Ferraro et al. 1994) presents an intrinsic inconsis-
available in the literature so far can actually yield ages tency between the two age parameters. In fact, the cluster turns

better than- 2 Gyr allover the full metallicity range. Infact, out to be~ 4 Gyr younger than the average usitg’r9 , and

only age differences between couples of clusters sharing m?arly coeval to the average USiné{BGiBV)TO . No simple ex-

same metal content can be obtained at a higher precisiignation seems to be viable at this stage, further observations
level (1 Gyr), but they cannot then been grouped togetherdgs yrged.

yield a homogeneous scale. Adopting for the 6 remaining young clusters the differen-

tial age obtained through the vertical parameter, we computed
4.4. A possible extension of the calibration: just an examplefor each cluster the rati®/ Aty, wheres indicates the algebri-
al residual between the observed paramét%%’BV_)To and
e "coeval expected” one computed by inserting the relevant
e/H] in Eq. (1). By averaging over the six considered clusters
3 derive the slope:

As noticed at the end of Sect. 3.2, from the analysis
AV0-95 only a few clusters are significantly younger than th
bulk, namely Pal 5, Pal 12, Ru 106, Terzan 7, Arp 2, NG
1851 and IC 4499. This sample of young clusters, though wéf
distributed in metallicity, is admittely too scanty to perform an
accurateempirical calibrationof the A%-Y).  parameter in 0/Ato = —0.0093 £ 0.0028 mag/Gyr 2
terms of age.

However, it is worth checking whether the two indicatorsThe numerical value of the empirical slope in Eq. 2 is very
AV/0.05 andAngJB‘QTo , give consistent indications on the relclose to the figures derived by VBS and SC91 from their mod-
ative age of the objects considered in Table 1 and not includelg. However, we have now obtaineddaect, observational
in the group of the 11 coeval calibrating clusters. To this aifgpnstraint which allows one to adopt a given set of mod-

we use the "young” clusters in order to derive an "empiricals+transformations. So doing&S%BG_BV_)TO can be fruitfully
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0.3 = E In Fig. 16 theAg%%jg@To of all the clusters in Table 1 have
= 025 F ) B been reported on a "differential-age” grid constructed with the
X E : ] empirical "0—age” isochroneof Fig. 11 ull line) and the+2
= 02 F 3 Gyr isochrones obtained from the eq (#péhed lines The
o 3 bulk of the clusters sample is confined in the stipGyr, with
001% T only a few clusters turning out to be younger than the average.
T E b) * ] Itis noticeable the existence of a spread out of the data, perhaps
’>‘\ 0.25 & / = greater than in Fig. 7, where tiV/ %% parameter is adopted.
@ F oo o l--zzzii 3 This dispersion can be ascribed to two main reasons: the errors
< 02 b B E in the measure of the two adopted observables (note that 1—
0.15 i%g‘ » ‘::"""/‘ L ‘BI‘<92 ‘f errors are alway_s reported _in any figure), or the existence of a
0.3 ;‘a)‘ L L B LY [ "true” difference in the relative ages (note also that the sample
— F 12 e e ] of clusters in Fig. 16 is about 30% richer than in Fig. 7).
= 025 ?%g - - Given the global uncertainties, it is difficult to choose for
5<ﬂ 0o 18 = each individual cluster which might be the dominating factor
E 3 that causes the observed deviation fromeiimpiricalisochrone.
0.15 = — However, combining Egs. (1) and (2) we obtain the final
-2.5 calibration:
At = —107.54% )
= SAGaR o +4.3[Fe/H] +33.3 (3)

Fig. 14a—cThe DCM97 models are used to derive the calibration grids
reported aslashed linesn the three panels for different temperatureThis Eq. (3) yieldselative ages for all the clusters with known
color transformations. Asin Fig. 12 and Fig. 13, the agreement betw‘?ﬁ@tallicity [Fe/H] and color—differencA(B_V)

as cali-
. .. . . ¥ RGB-TO !
?deoﬁigriﬂgi::nd the empirical isochrones is poor, independent OfBrSted using the whole procedure described so far. The relative

ages determined for all the clusters in Table 1 using Eqg. (3) are
reported in column 4 of Table 2. Given the actual uncertainties

1T T T T T 1 T T 1 1T T 1 T
0.3 - | >{ in the whole procedure, we estimated that the relative ages so
’>‘\ x ] obtained can be calculated with an accuracy not better-t#an
a 0.25 — — Gyr
= 02 ; VDB%; We want to stress here that, in deriving Eq. (3), the theo-
I AU IR R retical models have been used to define the properties of the
03 B luminosity—difference parametéxV%-% | to select a subsam-
= ] ple of coeval clusters, and to derive the relative ages of 6 well-
4 0.25 A known young clusters. Therefortde whole procedure leading
= ] to Eq. (3) rests on the reliability of the TO luminosities as pre-
0.2 = dicted by the model3 he uncertainties in the temperatures and
- colors typical of the isochrones do not affect the above conclu-
03 F - sions and the reliability of the coefficients in the equations above
’>f ] can be improved by increasing the accuracy in the determina-
a 025 E tion of the three involved observablesy 0%, AP-Y) | “and
< ] [Fe/H] .
0.2 .
—2.5 : 4.5. A consistency check

Itis possible to carry out consistency checks of the above proce-
Fig. 15a—c.The case of thé\ V7S calibration using the VDB96 mod- dure by simply comparing the relative ages obtained using both
els converted into the observational plane with different trasformatioeensidered CMD age—parameters.

is presented in the three panels. The agreement with the empirical cal-In Fig. 17, the relative ages obtained through the vertical
ibration is still not satisfactory as in the previous plots parameten\1?-%5 are plotted against the relative ages obtained

one to yield a direct check for clusters which are simmetricalitier.
used as a differential age parameter (provided that a proper &ihce old clusters predominantly display Blue HBs (and thus cannot be
ibration of its dependence on metallicity has been obtairfed! safely dated using the vertical paramete¥ ¢ os), it is likely that this
lack of data will will not be recovered in the future. Therefore in the
2 In fact, the slope in Eq. (2) has been verified only for clustefsllowing discussion we assume that the slope empirically found for
youngetthan the bulk of the others. Existing data, however, do not allothie younger clusters is also valid for the simmetrically older clusters.
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Fig.16.The observedk%BG*B‘QTo for all the clusters in Table 1 as a —10 -5 0

function of [Fe/H] . Thdull line (labeled "0") is the best fit to the coeval Atg(v)

clustersfull dotsand thedotted linesare therelative—ageisochrones,

empirically calibrated with theA17%-%% of the young clusters. This Fig.17. The relative ages obtained using two different CMD ob-

represent thempiricalcalibration for the relative ages we adopt. Usin@eg/ames (the magnitude differend %> and the color difference

this locus for each cluster with knowh'Z;,, and [Fe/H] , itis Akes ro ) are consistent within- 1.5 Gyr. The RMS deviation of

possible to derive a differential age with respect to the adopted zero—Hife24 points from the 1—to—1 line reported in the figure is 1.1 Gyr. The

reference line three exception IC 4499, Palomar 12 and Terzan 7 are discussed in the
text (Sect. 4.5)

using the horizontal parametAr(RBGjB‘i)To . Of course, the clus-

ters with just blue HB, for which we estimated the age only vi'gxS already argued by VBS, who carefully compared the CMDs
the color—difference, are not reported. The relative ages, eval

- . (B=V) .
ated using the two methods are in agreement withih5 Gyr p%'these two clusters using the,, ;o Method, a difference
o in [Fe/H] slightly larger than adopted ([Fe/H] =-1.27 for NGC
for the vast majority of the clusters, and most of the youngse, 4 [Fe/H] =-1.40 for NGC 288, Zinn 1985) could be (at
clusters are confirmed to be so by both methods. ' '

. least partiall ible for the 0.015 diff [
There are only three clusters for which the two age detee—?g,‘e?r lally) responsible for mag diference in

minations differ by (slightly) more than 2 Gyr: the first is ICTRGB-TO - ] ) )

4499 already discussed above, the remainig two are the youn The relative ages we finally adopted are listed in column 5 of

metal—poor clusters Palomar 12 and Terzan 7. Table 2. In particular, we decided to adopt the age resulting from
The discrepancy resulting for Palomar 12 and Terzan 7 m's:19 (3) for the blue—HB clusters and the average of the "vertical”

be originated by the poorly-sampled linear approximation ¢¥to (columnZ2ofTable 2)and the "horizontaKt (column 3 of

the Aty Vs 6 relationship described via Eq. (2). For instancéljable 2) forthe red—HB clusters. The errors adopted in column 5
the differential age loci plotted atshed—line# Fig. 16 could of Table 3 are the combination of the errors in the two averaged

differ from straight lines, parallel to the zero—age locus. AltefStimates.

natively, the observed discrepancy could be due to an erroneous

estimate of [Fe/H] or to a peculiar distribution in the abundanegeg. Adopted ages and comparison with other recent age
ratios of the heavy elements, affecting the "horizontal” age de- geterminations

termination.

Concerning this last possibility, as already noted by Armak-onfirming the continuous interest devoted to the determination
droff and Da Costa (1991) and Buonanno et al. (1995b), th&both the absolute age and the formation time—scale of the
is a significant disagreement between the metal abundanceMky Way, there have been a number of recent papers specifi-
rived from the spectroscopic determinations using the Ca-tripfelly analysing the current status of the issue (see Stetson, Van-
([Fe/H] ~ —0.5) and other estimates (for instance from cmslenBerg and Bolte 1996, for review and references). Therefore,
morphology, [Fe/H]~ —1) for the young metal-rich clustersit may useful to briefly compare our results with other age scale
Pal 12 and Terzan 7. If their metallicity is actually very highdeterminations.
the age discrepancy noticed in Fig. 17 could partially disappear. To this aim, we selected the very recent lists presented by

Another result emerging from the data in Table 2 and Fig. Thaboyer, Demarque & Sarajedini (1996; hereafter CDS96) and
concerns the classic "second-parameter couple” NGC 288 drigher etal. (1996), mainly because the firstis based on the "ver-
NGC 362. In fact, based on the present results, the ages of tHigad” parameter, while the second is based on the "horizontal”
two objects commonly presented as the typical example of th@rameter.
existence of a significant age spread among Galactic globularsSince we are interested in comparing only thiativeages,
(Bolte 1989, Green and Norris 1990, but see Catelan andaleormalization of the different age determinations is necessary
Freitas Pacheco 1994), would be quite similar (< 1 Gyr). before carrying out the comparisons.
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As described at Sects. 2.4 and 4.2, the zero—point of our S N
relative At values reported in Table 2 has been fixed by using the'
11 "coeval” clusters defined in Sect. 3.2. So as to allow a diret
comparison, we have thus averaged the age determinationslisied O
for the same 11 clusters by CDS96 and by Richer et al. (199@,
and have then computed theative age for each cluster as the ©
difference between the individual age and the average valge —9
adopted for each catalog, respectively. R
The results of the comparisons are shown in Fig. 18 (pansl
a and b) for the lists of CDS96 and Richer et al. (1996), respec-
tively. The different symbols represent the blue HB clustieds ( .
dot9 and the red HB clusterspen dots Q
Considering the different assumptions and methods used.in
the three compared studies and the uncertainties and diﬁicultiqés
involved in the whole age-determination, the overall agreem
of the various relative ages is fairly good. In particular, one can
add a few considerations. 2
First, the existence of a feywoungglobular clusters is def- ¢
initely confirmed by all the authors, and the dispersion of the' ~10
bulk of the considered objects around the "equal-age” locus is
comparable (with just a few exceptions) to the uncertainties in -0 -5 0
the individual age determinations. Aty (This Paper)

Second, the relatlvenges derived for the blue-HB clgst%rial 18aand b.Our adopted relative ages listed in Table 2 column 5 are
by CDS96 using thé\V}; ;' parameter are older than Obtamegompared to those deduced fraV,F S by CDS96 (paned) and from

from both our procedure and by Richer et al. (1996). In oy(5-v) by Richer et al. (1996) (pan#). The full dots represent
. . cop . RGB—-TO

view, this probably reflects the difficulty to estimate the HEe ciusters with blue HB(B-R)/(B+V+R)<+0.72)

luminosity when the HB parts adjacent to the instability strip

are not populated. This confirms our choice of avoiding theuse 5 1+

j\\\\‘\\\\‘\\\\

Cﬂj\\\\‘\\\\‘\\\\

of the AVES method for this kind of clusters. L 1
L N °s e O i
o . . . OF ® o.882@ o o0
4.7. Distributions of the adopted relative ages with metalhmt;gj N S Too00 ]
and Galactocentric distance < C o © ° ]
Although further significant improvements are surely urged, > B o ]
the combinedsemi-empiricakcalibration of AV?%-% (our pro- B 1
posed new observable) and?. ). | vs. [Fe/H] andt, here —10 b b b b
presented can allow us to estimate via a self-consistent global <5 =& ~l5 =1 =05
procedure age differences among globular clusters harigg [Fe/]ﬂ]

metallicity and HB morphology . . . .
Finally, one can briefly look at the distributions of our esl_:lg. 19. Our relative ages listed in Table 2 column 5 are plotted

. . . .. . . [Fe/H] . The red—HB clust ted dots, the blue—
timated relative ages as a function of metallicity (Fig. 19) a i, [Feml ere cliSters are reporiec as open do's, te bue

C . . as full dots. Leaving out Palomar 12 and Terzan 7 (see Sect. 4.5),
Galactocentric distance (Fig. 20) of the considered CIUSterS'any dependece of the age on metallicity seems hardly detectable on the

Since, in order to avoid any possible bias, we have use@ais of this sample of clusters
small sample of well-studied clusters, it is impossible to reach
any conclusions based on our sample.

However, some preliminary indications can be noted: presents the most evident signature of the so-called second
parameter effect.

1. leaving out the two young metal-rich globulars, Pal 12 an8. the oldest objects in our sample are not the most metal poor
Terzan 7, there is no compelling evidence for any clear-cut but, rather, they are found at the same metallicity ([Fe/H]
age-metallicity relationship among the clusters included in 1.8) where a large spread in age is observed. This result is
our sample (see Fig. 19). not really new, as it was nevertheless present in Fig. 7 of

2. in Fig. 19, there is some spread partially compatible with VBS which shows that the TO regions of NGC 2298 and of
the associated uncertainties, but could also be intrinsic. In M92 can be perfectly superimposed. Considering that these
particular, the largest spread in age is found for intermediate two clusters differ by 0.4 dex in [Fe/H] (see VBS), the age
metal-poor clusters, [Fe/H} —1.8, which as well known difference of about 2.5 Gyr we found, would simply be a
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S \ \ sets of transformations from the theoretical to the observational
plane has a quite low dependence on metallicity. Moreover, the
estimates of theelative age so obtained are also sufficiently
invariant (to within~ 2 Gyr) with varying adopted models and
transformations.

Since for clusters where thgorizontal part of the HB is
not populated (e.g. M13, NGC 6752, NGC 6397, 47 Tuc, etc.)
the uncertainty in the estimate of the HB luminosity g —
directly propagates into the estimated? -%° | the so-called
"horizontal"ASfG’B‘QTo -method (VBS, Sarajedini and Demar-
R gue 1990 —SD) based on color differences remains the most re-
liable technique to estimate relative cluster ages. However, to
Fig. 20. Our relative ages listed in Table 2 column 5 plotted vs. theeduce the impact of the still high uncertainties in the models,
Galacticocentric distancé®pen dotsrepresent the red—HB clustersjt requires a proper empirical calibration.
andfull dotsthe blue—HB ones. A slight trend with ages decreasing
at increasing distance seems to be present (at least for the red—H
subsample), but the main feature is the age dispersion resulting in
intermediate far halo (see Sect. 4.7)
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We have used the differential ages obtained via the "verti-
" AV9-95 parameter for a selected sample of clusters (11,
with high quality CMDs, well populated HBs, trustworthy cali-
brations) to perform aempiricalcalibration of the "horizontal”

fthe | AlFe/H| ~ 7 derived f observablﬁg%Bng‘/_)To in terms of [Fe/H] and age.
consequence of the sloget/A[Fe/H] ~ 7 derived from A direct comparison with the corresponding calibration de-

Eq. (3). . . . termined from the theoretical models reveals the existence of
4. a weak trend witlolder clusters populating the inner halo . . )
a clear-cut discrepancy with almost any kind of models plus

andold and youngeglobulars present in the outer region§ . : . . ; ;
. . rasformations. Such a disagreement, in general increasing with
of the Galaxy seems to be in our data. Apparently, this evi-

dence seems to be quite clear for the sub-sample of red_1greasing the cluster metallicity, calls into question the model

clusters, and uncertain or inexistent for the blue—HB objecfsc.allng with metallicity in the observafuonal planes.
However, especially for this analysis our available sample is B25€d on thelobalsample of considered clusters, we have

insufficient, and the the main feature emerging from Fig. P obtained, within an homegeneous procedieiafive ages

is the dispersion of the ages in the intermediate outer halg! 33 Galactic globulars having different metallicity, HB—

already noticed by several authors (see Stetson et al. 1§8@Phologies, and Galactocentric distances. These new esti-
for references). mates have also been compared with previous latest determina-

tions (CDS96, and Richer et al. 1996), and the detected differ-
ences have been schematically discussed.

Finally, though the available sample is still insufficient to
draw any firm conclusion (as both additional data for other clus-
After considering the various pros and cons of the tradition&rs and improvements in the calibrations are urged), we have
"vertical” and "horizontal” methods for age determination oélso briefly discussed the distribution of the cluster ages with
Galactic globular clusters (based &/} andAga%*BV_)TO vs Vvarying metallicity and Galactocentric distance. In summary,
age calibrations, respectively), we have defined a new glofa) there is no direct indication for any evident age-metallicity
procedure able to yield homogeneously thelativeages. relationship (see Fig. 19); (b) there is some spread in age (still

To this aim we have defined and used a new observadi@rtially compatible with the errors), and the largest dispersion
AV9-9 namely the difference in magnitude between an arty$ found for intermediate metal-poor clusters (signature of the
trary point on the upper main sequence (MS) and the horizorgarcalled second parameter effect?); (c) older clusters populate
branch (HB). Following VBS, we have adopted as refereng@th the inner and outer regions of the Milky Way (quite inde-
V_10.05 —the V magnitude of the MS-ridge that is 0.05 magendent of metallicity), while the younger globulars are present
redder than the MS Turn—off (TO). The observational error aéistinthe outer regions, butthe sample is too poor to yield statis-
sociated taA V%% is substantially smaller than that2o)/F9 . tically significant evidences. If further data would confirm this

This method shares with other differential techniques tfeliminary results, a natural conclusion is that the Galaxy col-
advantage of being strictly independent of distance and redd&psed with different timescales, very rapidly in the inner zones,
ing and with the "vertical’AV+S —technique (Iben & Faulkner, and on a much longer period outside. Moreover, accretion phe-
1968) the intrinsic advantage of being based on theordtieal Nomena and mergers of small fragments could have taken place
minositiesrather than on theoreticimperatureswhich are ata significant level.
extremely sensitive to the uncertainties in the treatment of con- We put forward severe warnings against the uncritical as-
vection and radiative opacity at low temperatures. sumption of a given global relative age-scale for globulars with

We have also shown that tiel %-9% yvsage calibration ob- the formal uncertainties derived by propagating observational
tained by using the available theoretical models and differesrors since we have shown that the undeterminacies and the

5. Conclusions
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unconsistencies associated with the satoek (i.e. models + Ferraro, F. R., Clementini, G., Fusi Pecci, F., Sortino, R., & Buonanno
transformations) on which they are based can be significantly R. 1992, MNRAS 256, 391

more important than any crude measurement error. Fahiman, G. G., Richer, H. B. & Nemec, J. 1991, ApJ, 380, 124
Ferraro, ., Ferraro, F. R., Fusi Pecci, F., Corsi, C. E. & Buonanno, R.
AcknowledgementsThe financial support of thilinistero della Uni- 1995, MNRAS, 275, 1057

versifi e della Ricerca Scientifica e TecnologifdURST), of the Friel, E. D., Heasley, J. N. & Christian, C. A, 1987, PASP, 99, 1248
Agenzia Spaziale ItaliangASI), and of theGruppo Nazionale di As- Fusi Pecci, F., Bellazzini, M., Cacciari, C. & Ferraro, F. R. 1995, AJ,
tronomia(GNA-CNR) is gratefully acknowledged. Many thanks are 110, 1164

due to A. Chieffi who made kindly available the tables to pass from ti@ratton, R. G. & Ortolani, S. 1988, A&A S, 73, 137
theoretical into the observational plane. Green, E. M. & Norris, J. E. 1990, ApJ, 352, L17

Green, E. M., Demarque, P. & King, C. R. 198he Revised Yale
Isochrones and Luminosity Functigri¥ale Univ. Obs., New Haven
References Ibata, R. A., Gilmore, G., Irwin, M. J. 1994, Nature, 370, 174

. . . Iben & Faulkner 1968, AJ, 153, 101
Ajhar, E. A., Grillmair, C. J., Lauer, T. R., Baum, W. A, Faber, S. MJanes, K. A. & Heasley, J. N., 1988, AJ 95, 762

Holtzman, J. A., Lynds, C. R. & O'Neil, E. J. Jr. 1996, AJ, 111Hgrris, W, E. 1982, ApJSuppl 50, 573

111 Hesser, J. E., Harris, W. E., VandenBerg, D. A., Allwright, J. W. B.,
Alcaino, G., Buonanno, R., Caloi, V., Castellani, V., Corsi, C. E., 1an-  ghott, P. & Stetson, P. B. 1987, PASP, 99, 739
nicola, G. & Liller, W. 1987, AJ, 94, 917 Hodder, P. C., Nemec, J. M., Richer, H. B. & Fahiman, G. G. 1992, AJ,
Armandroff, T. E. & Zinn, R. J. 1988, AJ, 96, 92 103, 460
Armandroff, T. E.& Da Costa, G. S. 1991, AJ, 101, 1329 Hurley, D. J. C., Richer, H. B. & Fahlman, G. G. 1989, AJ, 98,
Bergbush, P. A. & VandenBergh, D. A. 1992, ApJS, 81, 163 2124
Bolte, M. 1987, ApJ, 315, 469 Kurucz, R. L. 1993, CDROM 13 and CDROM 18 K93
Bolte, M. 1989, AJ, 97, 1688 Lin, D. N. C. & Richer, H. B. 1992, ApJ, 388, L51
Bolte, M. 1992, ApJS, 82, 145 Mateo, M., Udalski, A., Szymanski, M., Kaluzny, J., Kubiak, M. &
Bolte, M. & Marleau, F. 1989, PASP, 101, 1088 Krzeminski, W. 1995, ApJ, 109, 588
Brewer, J. P., Fahlman, G. G., Richer, H. B., Searle L. & ThompsonNicClure, R. D., VandenBerg, D. A., Bell, R. A., Hesser, J. E. & Stetson,
1993, AJ 105, 2158 P.B. 1987, AJ, 93, 1144
Brocato, E., Castellani, V. & Ripepi, V. 1994, AJ, 107, 622 Renzini, A. 1983, Mem. SAlt, 54, 335
Buonanno, R., Caloi, V., Castellani, V., Corsi C., Fusi Pecci, F. Benzini, A. 1986, irbtellar Populationseds. C. A. Norman, A. Renzini
Gratton R. 1986, A&A S, 66, 79 & M. Tosi, Cambridge Univ. Press, 73

Buonanno, R., Corsi, C. E. & Fusi Pecci, F. 1987, A&A, 67,327  Richer, H. B. & Fahlman, G. G. 1986, AJ, 304, 273

Buonanno, R., Buscema, G., Fusi Pecci, F., Richer, H. B. & Fahim&igher, H. B., Fahiman, G. G. & VandenBerg, D. A. 1988, ApJ, 329,
G. G. 1990, AJ, 100, 1811 187

Buonanno, R., Corsi, C. E. & Fusi Pecci, F. 1989, A&A, 216, 80, BCRicher, H. B., Harris, W. E., Fahlman, G.,Bell, R. A., Bond, H. E.,

Buonanno, R., Corsi, C. E., Fusi Pecci, F., Richer, H. B. & Fahlman, Hesser, J. E., Holland, S.,Pryor, C., Stetson, P. B., VandenBerg, D.

G. G. 1993, AJ, 105, 184 A. & Van den Bergh, S. 1996, ApJ, 463, 602
Buonanno, R., Corsi, C. E., Fusi Pecci, F., Richer, H. B. & Fahiman 8&nzini, A. & Fusi Pecci, F. 1988, ARA&A, 26,199

G. 1994, ApJ, 430, L121 Rosenberg, A., Saviane, |., Piotto, G., Aparicio, A., Zaggia, S.R., 1997,
Buonanno, R., Corsi, C. E., Pulone, L., Fusi Pecci, ., Richer, H. B. & Preprint )

Fahiman G. G. 1995a. AJ. 109 663 Salaris, M., Chieffi, A. & Straniero, O. 1993, ApJ, 414, 580

Buonanno, R., Corsi, C. E., Fusi Pecci, F., Richer, H. B. & Fahlman gndage, A. 1982, ApJ, 252, 553
andage, A. 1993, AJ, 106, 703 S3
G. 1995b, AJ, 109, 650 o
Sarajedini, A. & DaCosta, G. S., 1991, AJ 102, 628
Buser, R. & Kurucz, R. L. 1992, A&A, 264, 5 BK92 SO
. . . . Sarajedini, A. & Demarque, P. 1990, ApJ, 365, 219, SD
Buzzoni, A., Fusi Pecci, F., Buonanno, R. & Corsi, C. E. 1983, A&ASarajedini A & Forrester W.L. 1995 AJ 109. 1112
128,94 e o . y
’ L Sarajedin, A. & Layden, A. C. 1995, AJ, 109, 269
Canuto, V. M. & Mazzitelli, 1. 1991, ApJ, 370, 295 Sato, T, Richer, H. B. & Fahlman, G. G. 1989, AJ, 98, 1335

Canuto, V. M. & Mazzitelli, |. 1992, ApJ, 389, 724 Schade, D., VandemBerg, D. A. & Hartwick, F. D. A. 1988, AJ, 96,

Castellani, V. 1983, Mem. SAlt, 54, 141 1632
Castellani, V., Chieffi, A. & Pulone, L. 1991, ApJS, 76, 911 Smith, G. H., McClure, R. D., Stetson, P. B., Hesser, J. E., & Bell, R.
Catelan, M. & de Freitas Pacheco, J. A. 1994, A&A, 289, 384 A.1986. AJ. 91. 842

Chaboyer, B., Demarque, P. & Sarajedini, A. 1996, ApJ, 459, 558 Stetson, P. B. & Harris, W. E. 1988, AJ, 96, 909
Chaboyer, B., Demarque, P., Kernan, P.J., Krauss, L.M., Sarajedini,&etson' P. B., VandenBerg, D. A., Bolte, M. 1996, PASP, 108, 560

1996, MNRAS, 283, 683 Stetson, P. B., VandenBerg, D. A., Bolte, M., Hesser, J. E. & Smith, G.
Cudworth, K. M. 1985, AJ, 90, 65 H. 1989, AJ, 97, 1360
D’Antona, F., Caloi, V. & Mazzitelli, I. 1997, ApJ, 477, 519, DCM97 Straniero, O. & Chieffi, A. 1991, ApJS, 76, 525, SC91
Durrell, P. R. & Harris, W. E. 1993, AJ 105, 1420 Straniero, O. & Chieffi, A. 1996, private communication, SC96
Ferraro, I., Ferraro, F. R., Fusi Pecci, F., CORSI, C. E. & Buonanry¢andenBerg, D. A. & Bell 1985, ApJS, 58, 561

R. 1995, MNRAS, 275, 1057 VandenBerg, D. A. & Stetson, P. B. 1991, AJ, 102, 1043

Ferraro, F. R., Clementini G., Fusi Pecci, F., Buonanno, R. & AlcaindandenBerg, D. A., Bolte, M. & Stetson, P. B. 1990, AJ, 100, 445,
G, 1990, A&A S 84, 59 VBS



R. Buonanno et al.: On the relative ages of galactic globular clusters 523

VandenBerg, D. A. 1996, private communication, VdB96

VandenBerg, D. A., Stetson, P. B. & Bolte, M. 1996, ARA&A, 34, 461

Walker, A. R. 1992, PASP 104, 1063

Zinn, R. & West, M. J. 1984, ApJ Suppl., 55, 45

Zinn, R. J. 1993, iMhe Globular Cluster-Galaxy Connectiads. G.
H.Smith & J. P. Brodie, ASP Conference Series, 48, p. 38



	Introduction
	A new observational age--parameter
	Definitions 
	Dependence on the MS morphology
	Properties of V$_{0.05}$ with varying the adopted models
	Properties of V$_{0.05}$ with varying the adopted transformations

	Dependence on the HB properties
	The $Delta V^{0.05}$ {vs. }age calibrations
	Additional useful remarks on the V$_{0.05}$ parameter

	The data
	The cluster sample
	The sub-sample of clusters "coeval" within the uncertainties
	 A further check
	The basis for a temptative relative--age scale


	An empirical calibration of $Delta ^{(B-V)}_{RGB-TO}$ vs [Fe/H] 
	Problematic aspects of the "horizontal" method
	The new calibration
	Comparison with the theoretical models: there is a discrepancy
	A possible extension of the calibration: just an example
	A consistency check
	Adopted ages and comparison with other recent age determinations
	Distributions of the adopted relative ages with metallicity and Galactocentric distance

	Conclusions

