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Abstract. Theoretical relative ages of galactic globular clusteen observed CMD. The differences with respect to related wo
have recently been challenged by a semi-empirical relationate (i) that they use the very latest (canonical) input physi
was used to point out that tested sets of isochrones were (if-that alsoa-element enhancement in the GC composition
able to reproduce the relation and yield internally inconsisteiaken into account (e.g. in the opacity tables) and (iii) that th
relative ages. We find that differential cluster ages derived witleterminedabsoluteages only for the very few clusters wher
the isochrones by Salaris & Weiss (1998) are reliable and imeth CMD morphology and available data guarantee an accur,
ternally consistent. We also show that this consistency depeddsing. The brightness difference between Turn-Off (TO) a
on using the lower absolute ages determined by SW98, whigaro-Age Horizontal Branch (ZAHBYA VAL, was used as the
therefore receive more empirical support. Moreover, we disciassolute age indicator. The imposed constraints resultin arat
the effect of the clusters absolute age on the evaluation of theinall sample of 7 clusters of all metallicities (including disk G
differential ages, and its connection with the question of their SW98) suitable for the determination of absolute ages (s
age dispersion. SW97 and SW98 for details). All other ages in their samp
of 31 GC have been determined differentially with respect

Key words: stars: evolution — population Il — galaxy: evolutiorthese template clusters by using the (theoretical) dependenc
— globular clusters: general A (B - V)RSB on age. For minimizing the errors arising fro
uncertainties in the adopted colour transformations and the m
ing length calibration, SW97 and SW98 evaluated the relati
ages only within metallicity groups. Whether the relative ag
would also be valid across metallicity group boundaries, SW
The determination of galactic globular cluster (GC) ages halsecked in only one case. This and other checks (e.g. av
recently come into a state of flux, first due to updated stellability of two clusters with an absolute age determination i
physics and lately due to the HIPPARCOS results. Theoretithé same metallicity group, comparison of the template clu
isochrones were challenged by Buonanno et al. (1998, hereatiées distances obtained from the theoretical ZAHB models wi
BCP), who have presented a self-consistent method for the Ain-sequence fitting distances using HIPPARCOS subdwa
termination of relative cluster ages, which as much as possibdgulted in the confirmation of the internal consistency of t
makes use of observational properties and tries to minimize ®%/97 and SW98 ages and of the reliability of their theoretic
input from theoretical isochrones. They argue that three testedchrones.
sets of isochrones fail to reproduce the empirical relation be- We now recall briefly the BCP method for determining ho
tweenA(B — V)RGEB (the (B-V) difference between the TOmogeneous relative ages for GC. The first step is to defin
and the base of the RGB) and [Fe/H] at a given age. Furtheample of coeval clusters in a wide range of metallicities. Th
more, relative ages based on brightness or colour differengeguires age determinations, which at least must be able to
are inconsistent in all cases. In thistterwe will confront the fine correctly what s “coeval”. To this scope, BCP used a varial
isochrones by Salaris & Weiss (1997, 1998; hereafter SW8fthe vertical method used by SW97, employing a point on t
& SW98) with the observational results and show that this sefain-sequence 0.05 mag redder than the TO. The sensitivit
passes the test to a great extent. this new absolute age indicatak§{°-°%) and its reliability have
SW97 have determined GC ages by means of the traditiobakn investigated in great detail in BCP. In total, a sample of
theoretical approach of comparing theoretical isochrones wilusters coveringfFe/H] = —2.2-- - — 0.5 was defined, whose
absolute ages agreed withirl Gyr. While the absolute age of
this group depended on the set of isochrones used (D’Ant

1. Two opponent views of relative cluster ages
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et al. 1997; VandenBerg 1996, private communication to BCP; +-°
Straniero & Chieffi 1996, p.c. to BCP), membership within the
group was basically invariant. From this, the empirical relation 4 4
of A(B — V)RSEB vs. [Fe/H] (at the common age of the group
of clusters) is obtained (Fig. 11 of BCP), which in turn can be
compared to the predicted one. Here, BCP noted that none oft?
the adopted isochrone sets agreed with the empirical relatié%n.
It was also demonstrated that the discrepancy is independent of;
the colour-transformations employed and thus the inconsistency
could arise from the theoretical models themselves.

In the second step 6 clusters of definitely lower age than that -8
of the calibrating group have been used to determine the change
in A(B — V)RSB with age at giver[Fe/H]. The ages of the [ . . . .
young clusters relative to the calibrating ones were obtained by ~20 _15 10
means of theAV?-%> method. Again, theoretical models have [Fe/H]

to be_used for this step; only theoretical predlct!on_s for th.e St%-g. 1. AV?-% for the 12 coeval clusters compared to the theoretical
lar brightness, but not for colours, are used. This finally yielde .

. . . - . alues by SW98 for several ages (in Gyr)
an empirical expression relating age differences with two ob-
servational quantities, namely(B — V)}SE and metallicity
(Eg. 3 and Fig. 16 of BCP). This relationship is then applied
for deriving relative ages for GC whose ZAHB level cannot be

roperly defined (blue or scarcely populated HB). For all othe Adopting this data set we have selected a sample of coeval
Elusptergin the BCP sample the gvzrgge of 416005 and the Elusters, on the base of the observatf -9 values and their

RGE . ) errors, and the absolute ages as determined from the SW98
A(B - V)ig" relative ages is used. . ; .
isochrones. The largest possible sample of coeval clusters is

Considering that the BCP relationship depends itself on th(ﬁﬁerent from BCP and it is shown in Fig. 1 (see also data in

_oretlcal isochrones Wh'.ch were demonstrated to be incon S'.SF‘IJ’QE)IeEl); individual ages range from 10 to 12 Gyr and overlap
in at least one respect, it is worthwhile to question the reliabilit

of the BCP-relation, which can be valid only if the theoretica ithin the errors, providing an average age of 10.9 Gyr. The

isochrones do not suffer from systematic errors in the definiti(‘g’ﬁlmpIe spans the metallicity range -2.0Fe/H] <-1.0, typi-

of the coeval clusters. Second, since SW97 and SW98 claim ! aélc;;(teh:nbutl)l; tor:ehswlgs?%e?;:ld'oC(;)rné:SgtIZrtsovatcr:wp['Flt d5| oqeg not
internal consistency of their results, both in terms of absol y P o

. . is is in agreement with the results by SW97 and SW98 who
and relative ages, one could ask whether this result depend§ on
und that the most metal poor GC are on average older than
the smaller sample of clusters selected by SW97 and SW98,,In
i . ) ; -the other GC.

the following we will therefore re-derive the BCP relationship .

using the SW98 isochrones where theoretical inputis necessar The resu_lt that t_he coeval_ clusters are notthe sameasin BCP
¥t odds with their conclusion that the membership to the co-
eval group does not depend on the isochrones considered. The
main reason for this occurrence is the lower absolute age found

2. Data set and coeval sample for the individual GC with the SW98 isochrones. As previously

described, the average age of the coeval GC is 10.9 Gyr, while

The reference GC data set is that of BCP with the addition 8tp considered an average age of 15 Gyr. As itis evident from
NGC 6171 (a metal-rich halo GC included in SW97) and theqs 7 and 8 in BCP, the shape of the theoretical relation be-
exclusion of the three disk GC 47 Tuc, M 71 and NGC 6352. Ag.een A1V0-%5 and [Fe/H] depends on the absolute age of the

; i H RGB
exten5|v§]I3y discussed in Alonso et al. (1992(5 — V)15~  jsochrones. For example, at ages around 12 Gy, the derivative
andAVr55 yield significantly different ages for these cIustersaAVo.os/d(age) at low metallicities is quite different from the

ifthe typical GC helium contenti(24) is assumed. The problem.4¢e of 14 or 16 Gyr, independently of the set of colour trans-
can be resolved with a nearly solar val0e2(; SW98) for the ¢4 mations and bolometric corrections used.

disk clusters, but this would add an unwanted additional degree |t \,e would have shifted bye +0.2 mag the\ V905 values

offreedom fprthe semi-empirical relationship inve;tigated helgihe isochrones used in BCP (see their Fig. 8) in such away that
Moreover, given the strong dependence of the horizontal-brangh ,erage age of the coeval clusters is around 11 Gyr, we would
luminosity on the He abundance, the inclusion of these clustglg,e excluded the most metal poor ones from the coeval sample,
would affect the present comparison with the models becaygfs recovering the result obtained with the SW98 isochrones.
it would affect the selection of the sample of coeval clusters. another effect of the lower absolute age of the GC is that

The reader should be well aware of this difference betwegp,, we find included in the coeval sample two clusters, Pal 5
BCP and the present paper, because at the metal-rich end o Arp 2, considered as young by BCP.

relationshipA (B — V)RSBys[Fe/H] BCP found the largest
discrepancies between observations and models.
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Table 1. Data for the coeval GC sample 0.30 E
r 1 —
Cluster AVOOS A(B—V)ESE  [FelH] . 1 =
NGC 362 4.36:0.07 0.2630.01 —-1.27
NGC 1261 4.3#0.07 0.2610.01 —-1.29 0.28
NGC 3201 4.280.09 0.2430.01 —1.56
NGC5272(M3) 4.330.06 0.249-0.01 —1.66
NGC 5904 (M5) 4.330.07 0.25@-0.01 —1.40
NGC 6101 4.3%0.08 0.239:-0.01 —-1.81 =
NGC 6121 (M4) 4.430.08 0.2480.01 —1.36 éo.zs
NGC 6171 4.3#0.08 0.26a8-0.01 —1.00 <
NGC 6362 4.340.07 0.264-0.01 —1.08
NGC 6584 4.350.08 0.2480.01 —-1.54
Pal 5 4.270.08 0.266-0.01 —1.47
Arp 2 4.22+0.08 0.2480.01 —-1.84 0.24
3. Differential ages
022 ‘ L ‘ L ‘ L
The first step to evaluate GC relative ages following the tech- -=.0 -1.5 -1.0
nique by BCP is the calibration of a relation betwe&fB — [Fe/H]

V)%SB and metallicity for the subset of coeval clusters. A linFig. 2. Predictions of the SW98 isochrones (dashed linesy¥oB —
ear fit to the data (taking into account thé B — V)RSE error  v)RSP as a function of [Fe/H], compared with Eq. (1) (solid). Filled
given in Tablédl and a typical error 6f0.15 dex in metallicity) circles correspond to the observational points for the coeval cluste
provides A typical error bar is shown as well)

A(B —V)RSB = (0.028 £ 0.013)[Fe/H]
+(0.294 4 0.020) 1) the corresponding values obtained by BCP were (-107.5, 4

33.3).
The next step is the evaluation of the rafiAty, where

§ is the difference between the observadB — V)RSE and _ _
the oneexpectedn the basis of Eq. (1), antlt, is the relative 4- Discussion

from AV, We determined this ratio for the four youngegyetical isochrones by comparing the empirical relation Eq. (
clusters NGC 1851, Pal 12, Rup 106 and Ter 7, (see BCP {gfh them. In Figl2 we show the same comparison and,
a discussion), then averaged these four values (having chegkgfconsidered range of metallicity, we did not find the sa
that they are not significantly correlated with metallicity) a”SrobIem: the empirical relation crosses a 2-Gyr range in t
get. isochrones, between 10 and 12 Gyr, which is identical to t
§/Atg = —0.0158 + 0.0057 mag/Gyr (2) Vvariation of ages determined frofal’*-% (Fig[1). Itis also ev-
ident that the spread of the observational points and the err
This quantift)_/ i_s, smaller than that of BCP (-0.0093), implying 8ssociated to them (see Table 1) is large enough to make
larger sensitivity of\(B — V) G" to age and therefore smaller; 1 Gyr isochrone fully compatible with the empirical relation.
age differences for an observed B — V)iG". By combining 1o further substantiate our claim that the SW98 isochron
Eq. (1) and Eq. (2) we obtain the final relation betweeB —  _ and therefore the semi-empirical relation derived in the pre
V)EG", [Fe/H] andAty: ous section — are trustworthy, we show in Flg. 3 the comparis
Aty = (—0.0158 £ 0.0057) " - [(A(B — V)%SB tt)gthen_ttrr]\ebdti;fererlgaldagfes t(r\:vitglreslpetct to.t:10.9 Gyr)(f[)
ained with both methods for the 21 clusters in common
—(0.028 4 0.013)[Fe/H] — (0.204 £ 0.020)]  (3a) coeval GC with the exception of NGC6121 and NGC6362, t
This equation allows the proper calculation of the errafAity 4 young ones and the blue HB clusters NGC288, NGC190
by standard error propagation. Taking into account the errordNIGC2298, NGC6254, NGC6397, NGC6752 and NGC749:
A(B —V)RSE and [Fe/H] as well, one gets errors of the ordesith —2.0 < [Fe/H] < —1.0 on the Zinn & West (1984) metal-
of +2.0 Gyr in the derived values dftq (see the vertical error licity scale, as adopted in the data set. Before doing so, we
bars in Fig[B). Without the errors Eq. (3a) can be simplified tto correct the ages found by SW98 for the different metallici
RGB scale they have used, namely the Carretta & Gratton (1997) o
Aty = —63.3A(B — V)15~ + 1.8[Fe/H] + 18.6 G5 This new metallicity scale lowers the absolute ages:By8 Gyr
The coefficients depend of course on the absolute age of teen used instead of the Zinn & West (1984) one (SW98
coeval sample; for the sake of comparison we recall here tfAdterefore, we have increased by this amount the ages give



o
Ll
=
—
L
-

L80 L. Pulone et al.: Theoretical vs. semi-empirical relative ages of globular clusters

4.0

_ . one under the assumption of no intrinsic age dispersion, and pro-
| e vides an estimate of the probability that the two distributions are
- T e {1 actually the same, taking into account the errors on the individ-
2.0 - ol | . T ual ages. If this test indicates that the sample is not coeval, the
‘ size of the true age dispersi@a,.. ) among the clusters can
be estimated according te.,, = (02, — 02,), Whereo,,
i Samil ando..p, are, respectively, thesldispersion in the observed age
3 ., 1 4 distribution and in the expected one. When considering the cal-
r o ] i ibration of the semi-empirical method given by our Egs. (3a-b),
; S we find that the complete sample of GC (with the exclusion of
| A1 1 | the clusters with [Fe/H-2.0, for which we could not calibrate
- . . the method) shows a read hge spread by 0.9 Gyr. Performing
i 7T 1 the same test with the calibration of the method given in BCP
—+0 - ,f/ . 7 forthe same sample of GC, one obtaingraspread by= 2 Gyr.
’ To conclude, we find that both the theoretical and the semi-
L . I |/ empirical approach yield the same relative ages for the cluster
-60 /.7 < sample of BCP when using the isochrones by SW98. In particu-
. | 1 lar,theA(B—V)ESB values as a function of age and metallicity
-6.0 —4.0 —20 0.0 2.0 40 predicted by these models are fully consistent with the obser-
At(sW98) vations. We also showed how the empirical method and results

Fig. 3. Comparison of the GC differential ages (in Gyr; with respe(qEducecj from it (e.g. the amount of the age spread among _GC)

to t=10.9) as obtained by SW98 and from Eq. (3a). The dashed I#gPend on the absolute age of the coeval sample and pointed

displays the 1:1 relation, the solid one the regression line of the poirféit that the definition of this sample also depends on the GC
absolute ages. The consistency of relative ages derived from the
isochrones (Figgl1 afitl 2) and the agreement with those from the

SW98, and we have computed their differential ages with rempirical relation is achieved only for the lower ages determined

spect to the zero-point of the semi-empirical relative ages, fixgdSW97 and SW98. This result therefore further substantiates

at10.9Gyr. the lower ages for GC as found recently in several papers.

The agreement between the two sets of differential ages

is excellent: there is just a zero point shift @ft & 0.5 Gyr, AcknowledgementsThe work of M.S. was carried out as part of the

well within the errors associated with the age determinatiordVIR programme financed by the EC.

This small zero point shift reflects basically the fact that for the

coeval clusters in common (10 out of 12), SW98 find an averag@ferences

age (after the correction for the different metallicity scale) of . ] ) )

10.6 Gyr instead of 10.9 Gyr. When considering only the 7 plfdonso A., Salaris M., Maihez-Roger C., Straniero O., Arribas S,

HB clusters, one finds a zero point shift @7 + 0.8 Gyr, in 1997, A&A 323, 374

d t with th Its f th let | Bu;ronanno R., CorsiC.E., Pulone L., FusiPecciF., Bellazzini M., 1998,
gooa agreement wi € results rrom the complete sample o A&A 333, 505, BCP

21 clusters. Carretta E., Gratton R.G. 1997, A&AS 121, 95
The dependence of Egs. (3a-b) on the absolute age of gipoyer B., Demarque P., Sarajedini A., 1996, ApJ 459, 558
GC affects also the derived age spread among the clustgfantona F., Caloi V., Mazzitelli I, 1997, ApJ 447, 519

To quantify whether a real intrinsic age dispersion exisigess W.H., Teukolsky S.A., Vetterling W.T., Flannery B.P. 1992, Nu-
among the clusters, over that due to the errors in the single agemerical Recipies (Cambridge Univ. Press)

determinations, we have performed the F-test (Press et al. 198@pris M., Weiss, A., 1997, A&A 327, 107, SW97

in the way described by Chaboyer et al. (1996) and SWdalaris M., Weiss, A., 1998, A&A 335, 943, SW98

It compares theobservedage distribution with theexpected Zinn R., WestM.J., 1984, ApJS 55, 45
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