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Abstract. Very deep images of the Galactic globular cluster M4 (NGC 6121) through the F606W and F814W filters were
taken in 2001 with th&/FPC2 on board the HST. A firglublished analysis of this data set (Richer et al. 2002) produced the
result that the age of M4 is 12+ 0.7 Gyr (Hansen et al. 2002), thus setting a robust lower limit to the age of the universe.

In view of the great astronomical importance of getting this number right, we have subjected the same data set to the simplest
possible photometric analysis that completely avoids uncertain assumptions about the origin of the detected sources. This
analysis clearly reveals both a thin main sequence, from which can be deduced the deepest statistically complete mass function
yet determined for a globular cluster, and a white dwarf (WD) sequence extending all the way down todhtebtion limit

atl ~ 27. The WD sequence is abruptly terminated at exactly this limit as expected by detection statistics. Using our most
recent theoretical WD models (Prada Moroni & Straniero 2002) to obtain the expected WD sequenfferfemtdiges in the
observed bandpasses, we find that the data so far obtained do not reach the peak of the WD luminosity function, thus only
allowing one to set a lower limit to the age of M 4 08 Gyr. Thus, the problem of determining the absolute age of a globular
cluster and, therefore, the onset of GC formation with cosmologically significant accuracy remains completely open. Only
observations several magnitudes deeper than the limit obtained so far would allow one to approach this objective.

Key words. globular clusters: individual: M4 — stars: white dwarfs — stars: low-mass, brown dwarfs —
stars: luminosity function, mass function — cosmology: cosmological parameters

1. Introduction Taken at face value, this number compares favourably with the

. expansion age of the Universe implied by WMAP (Bennett
Stars in the metal-poor globular clusters (GCs) of our Galaxys . 2003) and by the most recét and geometry measure-

halo are currently the oldest objects known whose age Ca”n?@nts (13: 3Gyr; Lahav 2001) as well as with the results of

determined by present means, thereby setting a firm lower limifyigactive dating of a very metal-poor star &2 3.0 Gyr:
on the age of the Universe and allowing independent confirn@éyrel et al. 2001).

tion by other means of the age recently obtained with WMAP . _

(Bennett et al. 2003). The best measurements so far based orf* comparison between the measured expansion age of the
main sequence (MS) fitting yield a value of the age of the ol§nIverse and the GC limit will also shed light on the presently
est GCs of 15 Gyr with a 95% confidence range obZyr uncertain and controversial issue of the time of formation of
(Krauss 2001; Gratton et al. 2003), with the largest contributiée oldest halo GCs (Gnedin et al. 2001). Current estimates of

to the measurement error coming from the distance uncertairﬁk}ﬁ? epoch of formation of these objects range from a minimum
of 10-100 Myr, if they were formed at the epoch of recombina-

Send gprint requests toG. De Marchi, tion, to a maximgr_n_ of 5 Gyr, if they_were formed as the result
e-mail: gdemarchi@rssd. esa. int of thermal instabilities in the Galactic halo (Fall & Rees 1985).
* Based on observations with the NA%A Hubble Space Th|S enormous range can be Signiﬁcantly reduced W|th a pre-

Telescopgobtained at the Space Telescope Science Institute, whigise measurement of a GC age which, in turn, might help us to
is operated by AURA for NASA under contract NAS5-26555. determine, for example, whether the Galactic halo formed from
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the accretion of dwarf galaxies or from proto-galactic cloud
collapse (Mould 1998). What is really needed is a GC age mea-
surement in the range £Q5 Gyr with a 2o- uncertainty of 10% 18
or less, comparable to the current precisiorHgn L
Since the main obstacle by far to a more precise determi-
nation of GC ages lies in the uncertainty on their distance, the
situation is unlikely to change significantly until well after the
launch of GAIA and SIM in the next decade. In this regard, 20
WDs could play an importanbté both as distance indicators
and as cosmo-chronometers and allow measurements more ac-
curate than the MS turnfbmethod. As recognised early on by
Mestel (1952), the decrease of the WD brightness with time
is the result of a cooling process so that the luminosity of a 22
WD indicates its age. Unlike the turffage—luminosity rela- L
tionship, the cooling timescale is independent of the origina&
chemical composition of the progenitor star. Cooling is geneg-
ally rather fast, except during the crystallisation of the core that
lasts for several Gyr. Thus, a pile up of WDs is expected in the 24
CMD of an old stellar system. In practice, the WD luminos- L
ity function (LF) should present a peak corresponding to the
portion of WDs close to the end of their crystallisation phase,
followed by a sharp cuté The luminosity of this peak is a
powerful age indicator that has been already used to date the26 -
Galactic disc (Leggett et al. 1998) as well as some open clus- |
ters (Von Hippel & Gilmore 2000; Richer et al. 1998). Owing
to the intrinsic faintness at which the WD LF peaks in very old
stellar systems, the extension of this method to most GCs has
remained thus far just a dream (see Fontaine et al. 2001 for a28 - ) ;
detailed discussion of the present state of the art). At least for | B . _
the nearest GCs, however, this goal is within the reach of the T A T
HST. Indeed, using deep observations of the WD cooling se-
quence of M 4 obtained with the WFPC2 camera, Hansen et al.
(2002) have reported a determination of the age of the clus- me "My,
ter M4 to be 12.7 Gyr to withir:0.7 Gyr at the 2r level, thus

attaining that accuracy needed to set meaningful constraints ¢h 1- Colour-magnitude diagram of the three WF chips. The dashed
the age of the universe, as well as concordance with it. lines indicate the & detection level, corresponding in practice to 50%

Obviously, reliable ages can be obtained only if an adequ cPempIeteness. The solid line next to the cluster MS corresponds to

librati f th umi it lati hip i ilabl € isochrone for an age of 10 Gyr and metal contentHM= -1
calibration of the age-luminosity relationship 1S availa ?B_ara‘fe etal. 1997). The coloured lines drawn through the WD region

This problem has been recently reviewed by Prada Morqjrespond to isochrones for ages of 8 Gyr (blue, dot-dashed), 10 Gyr
& Straniero (2002; hereafter PMS02). They showed that, %‘reen, dashed) and 12 Gyr (red, dotted).

though in principle cosmo-chronology based on WDs is a

promising tool, in practice the large discrepancies amongst the

recently published theoretical cooling sequences imply that a e have, therefore, subjected the same data used by Hanser
firm calibration of the age—luminosity relationship is not yegt al. (2002) to an independent scrutiny to verify at which level
available, especially for the range of ages suitable for GCs. T#lesignificance they allow one to accept or reject diedtent set
main reason for the quoted discrepancies is the large uncdWD cooling models, namely those of PMS02.

tainty in the input physics needed to model the WD structure

and its evolution. In particular, models depart progressiv The data

from one another at low luminosities (see Fig. 1 in PMS02),

where they are very sensitive to the details of the physics Tfie data used in this paper have been obtained with the WFPC2
WD interiors and, thus, provide ages that can vary by as muat board the HST as part of programme 8679 and are briefly
as 3Gyr at lod./L, = —-5.5. The key issue is that, since thelescribed in Richer et al. (2002). The target is a region lo-
cooling ages predicted byftirent models begin to depart coneated~5’ E of the nominal centre of M4 and has been imaged
siderably from one another for luminosities Ibfl, < —4.5, through the F606W filter (98 images of duration 1300 s each)
any hope to discriminate between competing theories by vanrd in the F814W filter (148 images each of duration 1300 s).
ifying the validity of their predictions rests on our ability ofDisplacements of a fraction of a pixel (dithering) have been
securing a statistically complete sample of WDs fainter thapplied between subsequent exposures in order to improve the
that luminosity. sampling of the point spread function (PSF) and to mitigate the
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effects of cosmetic defects (Hook & Fruchter 2000). We haydotometry routines used for the science frames. Because of
retrieved the complete dataset from the ESBGECF archive the conservative detection threshold adopted &bove the lo-
by making use of the recalibration on-the-fly and automated asd background), an artificial star is always recovered unless
sociation options (Micol & Durand 2002) to register and conit overlaps with a brighter feature, such as another star, an ex-
bine all images in the same bandpass in a fully automated wignded object, a spider ghost, a noise spike or other feature. The
The accuracy of the registration and combination proceduEsmpleteness is, therefore, set at any magnitude by the fraction
has been verified by comparing the properties of the PSFadharea which is free of brighter objects. The recovery fraction
the individual images and in the combined ones. We find thiatalways larger thar95% abovarngi4 = 24.5 and slowly de-
the full width at half maximum (FWHM) of stars in the framecreases t6-80% atmg;4 = 25.7 and to~50% atmg;4 = 26.8.
increases by about 15%, as is typical of any shift-and-add dhie diference between the input and recovery magnitudes is
eration conducted on under-sampled images. A known featamnsistent with the photometric errors quoted above.
of this automated processing is the incorrect subtraction of a
constant sky from the final image, which has_,, however, no %t.- The main sequence colour—magnitude diagram
fect on the accuracy of our measurements, since the latter hav%‘nd luminosity function
been carried out via aperture photometry with the background
estimated locally in an annulus surrounding each object.  From the photometry obtained as explained in the previous sec-
The equivalent exposure time of the final combined imag#en, we derive the colour-magnitude diagram (CMD) shown
(127400 s in F606W and 192400 s in F814W) is such that stamsFig. 1. The dashed lines mark, for both bands, the magni-
with colourmgps — Mg14 =~ 1 have similar signal-to-noise ratiotude limit at which the photometry reaches the 50% complete-
(SNR) in both bands. To make the detection of both blue andss level and happen to correspond, in this particular case,
red stars more robust, we have registered the final images withthose objects whose central PSF pixel rises above the lo-
one another and run the IRA#pphot.daofindoutine on the av- cal background level by 5 times the standard deviation of the
eraged frame. It is our practice to conservatively set the detéatter. This condition is, therefore, more stringent than that set
tion threshold at 5~ above the local average background levdly the 40 detection limit and suggests that we exclude from
to ensure that most noise spikes and PSF artefacts are autothat-analysis that follows the objects below the dashed lines,
ically rejected. In this case, however, since we had combingidce their statistical significance would be anyhow too uncer-
the final F606W and F814W frames, we decided to lower tit@in. The cluster MS is narrow and well defined in the range
limit to 4 o~ so as to avoid that very blue or very red stars woulti7.5 < mg14 < 23. At the bright end, the MS is truncated be-
be missed in the average image which could have otherwtsaise of saturation (which, at least for the central PSF pixel,
been detected at thevSlevel in at least one of the two individ- extends up tang;4 ~ 19.3), whilst belowmg;4 ~ 235 it be-
ual frames. We then carefully examined by eye each individemes practically indistinguishable from field stars (which, at
ual object detected by daofind and discarded saturated stathad magnitude, span rather uniformly the colour range 1
number of features even above-4PSF tendrils, noise spikes,mgos — Mg14 < 3 to the left of the MS), well before the onset of
etc.) that daofind had interpreted as stars, as well as severalaw significant appreciable photometric incompleteness.
tended objects (with FWHM larger than twice that typical of The solid line drawn next to the MS represents the theoret-
point sources). The number of well defined objects detecteddal isochrone for an age of 10 Gyr and metallicity of [N] =
this way amounts te-1730 in the three WF chips (we did not-1 as obtained by Bafie et al. (1997) in the specific band-
reduce the PC frame for it contains very few stars and woudsses used here for a distance modutus M)y = 1283 and
add minimally to the statistics). colour exces€(B — V) = 0.36 (Harris 1996), which in turn
Crowding not being severe, stellar fluxes were measuratply (m - M), = 12.25. As already noticed by Bedin et al.
by using the standardigiphot.apphotRAF aperture photom- (2001), who analysed shallower exposures of the same area
etry routine, following the prescription of the “core aperturef M 4 collected with the WFPC2 in the F555W and F814W fil-
photometry” technique described in De Marchi et al. (1993grs, the match between the observed and predicted MS is rather
In particular, we adopted an aperture radius of 2 pixel apador. They attribute this discrepancy to the inadequate treat-
a background annulus extending from 3 to 5 pixel in radiusient of the atmospheric opacity in teband (F555W) com-
Aperture corrections were calculated for an infinite apertupared to redder colours, yet we find that the situation does
and the instrumental magnitudes calibrated in the HST magnét improve even when the redder F606W band is used in-
tude system (VEGAMAG) by adopting the zero points listestead of the F555W one. By shortening the distance modulus
in the January 2002 edition of the HST Data HandboaK about~0.5 mag, one could better fit the lower portion of
(Mobasher et al. 2002). The photometric uncertainty rangém® MS, but the isochrone would then fail to reproduce the ob-
from <0.01 mag atmgos ~ 19, mg14 =~ 18 to ~0.35 mag at servations at the bright end, where models are known to be ac-
Meos =~ 28.5 and~0.25 mag aimgy4 ~ 27. The photometric un- curate. Adopting a diierent set of theoretical models (Cassisi
certainties in each band, combined in quadrature, provide teal. 2000; Montalban et al. 2000) does not improve the fit.
error on the colour. Certainly, a trustworthy isochrone drawn in the plane of the
To assess in a statistical way the completeness of our pbbserved colours would facilitate the selection of true MS stars
tometry, we have run artificial star tests by adding, in repeateden at faint magnitudes, belaw;4 ~ 23, where the MS ridge
trials, several fake stars of known brightness and subjectilige becomes increasingly uncertain. Sophisticated techniques
each artificial image to the same star finding and apertueist which use proper motion information from data collected
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Fig. 2. a) (left panel): the thick solid line cutting through the MS represents the ridge line obtained as explained in the text. To measure the
we have counted the number of stars inside the thin solid lines surrounding thedMSand) and subtracted those found in the adjacent bands
enclosed by the dashed lines (alse wide each)b) (right panel): same as (a) but showing only the stars with proper motion less’tan 0
(i.e. 03 WF pixel) between the two epochs.

at different epochs to isolate bona-fide cluster objects from field 20 oo 814 o4 26
stars (see e.g. King et al. 1998; Richer et al. 2002 for the same T - T ]
dataset discussed here). As we show in the following, however, 201 ]
even with this technique the sparseness of the MS and the lackz ¥ 1
of knowledge of its colour hamper the characterisation of its

lower end.

We use the colour and magnitude information contained in
the CMD shown in Fig. 1 to measure the LF for MS stars.
We first determine the MS ridge line by searching for the
mode of the colour distribution as a function of the magni-
tude. We use magnitude bins whose size increases progres
sively from Q2 mag atmg;4 = 19 to Q4 mag atmgy;4 = 235 _ _
and a step along the magnitude axis equal to half the size of the= o[ 7 "™ Work, colour selection ]
bin. The size of the bins has been selected in this way so that [ ¢ This work, proper motion selection ]
the number of stars sampled is approximately constant, thus s 10 12 wu
minimising statistical fluctuations. An eye-ball fit through the M
ridge line points found in this way is shown in Fig. 2a (thick
solid line). To count the number of stars along the MS we dEig. 3. The data points show the LF of M4 as determined with dif-
fine a band, around the ridge line, whose width:ic (thin ferent methods and by fiiérent authors: squares, LF measured from
solid lines). Formgis > 21, we takeo to be the uncertainty Fig- 2a; diamonds, LF measured from Fig. 2b; crosses, LF as deter-
on themeos — Me14 colour, whereas at brighter magnitudes W@ined by B_edin et al. (2001) from shallower exposures of the same
takeo = 0.013, namely the colour uncertainty @bz = 21. _fleld; plus signs, LF from Kanatas et al. (1995_). Thg lines show var-
To account for field star contamination, the number of objec:'f)'f:usI Ivlllgz;‘glde? dtt:_r:ug?;te iame_Malésrﬂat'ons_h'g l(fr(:g B?a
found inside this band is reduced by the number of those dg;. dashegll “Sr?el pgv\%r_law Vv\citt;rbz_o 75, dCi’te(,l(lj line p%wfr—lgw
tected within the surrounding bands (dashed lines in Fig. 2@l o = —03. T '
each 4r in width.

The LF obtained in this way is plotted in Fig. 3 (squares)
as a function of the absolute (lower axis) and apparent (upper
axis) mg14 magnitude. No correction for incompleteness is apragnitudes fainter thamgy4 ~ 23.5 the increasing photomet-
plied, since the latter is negligible, as stated in Sect. 2. Ermac error as well as the paucity of cluster stars in the CMD make
bars reflect the Poisson statistics of the counting process, hibimpossible to locate the continuation of the MS amidst field
on the MS and contaminating stars. As previously noted, stars. For all practical purposes, then, here the MS becomes

n

/unit mag) + co

0.5 L o Kanatas et al. (1995) o ]
I x Bedin et al. (2001)

og(nr
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statistically indistinguishable from field stars and the LF goesnfirming the validity of proper motion studies, even when
to zero. one of the two epochs only provides information in one band.
To overcome this statistical indetermination, we have réve note here that this conclusion holds because, in the study of
trieved from the ESEECF archives a set of shallower imageBedin et al. (2001), the exposure times of the first and second
of the same cluster region, obtained in 1995 with the WFPC2@pochs are comparable (namely 7200s vs. 53005s). In Sect. 5
the F555W and F814W bands, in an attempt to separate clusterexplore the limitations of the proper-motion technique in a
and field stars through their proper motion. These data, peather diferent scenario.
taining to HST programme 5461, are described in Ibata et al. Deriving the properties of the mass function (MF) under-
(1999). We have subjected these, first epoch, frames to thiag the LF shown in Fig. 3 requires the use of a mass—
same automated calibration and registration procedures ukadinosity (M-L) relationship appropriate for the metallic-
for the deeper, second epoch, exposures described above, figmef the cluster. As mentioned in Sect.2 (see Fig. 1), no
ing in this way two combined frames with equivalent exposuigochrones today exist that can reproduce the shape of the
time of 29400 s in F555W and 7200 s in F814W, respectivelybserved MS in thé/ — I, | CMD. It is, however, believed
Due to the large proper motion of M4, in the course of th@ardfe et al. 1998; Delfosse et al. 2000; Chabrier 2001) that
six years between the two epochs cluster objects should htheel band and near infrared colours are néfeeated by the
moved, relative to background objects, by abdtit,®@r about same shortcoming in the treatment of the atmospheric opacity
a whole WF pixel. To measure this displacement, we have fohentioned above because the latter is limited to visible colours.
lowed the approach outlined in King et al. (1998) and havEhence, the discrepancy shown in Fig. 1 should not prevent us
determined the fiiset of each star in the reference frame dérom obtaining a meaningful MF from the LF measured in the
fined by some brighter (1% mg14 < 21) MS objects in its F814W band.
neighborhood. The latter have initially been selected by virtue Itis, unfortunately, customary to try and fit the observed LF
of their position in the CMD but, through an iterative proceby means of a power-law MF. As Paresce & De Marchi (2000a)
dure, eventually only objects moving less tha Pixel with have shown, however, the stellar LF of most GCs measured to
respect to the average of their peers have been retained asdate with the HST reveals more structure than that expected
erence MS stars. The coordinates of each object are thoséf tifie underlying MF were a simple power-law. According to
its centroid as determined by the standard IRAF centering ptbeir analysis of 12 halo GC, the rapid drop of the number
cedure épphot.center They are very robust since, even neagounts seen in the LF ahgi4 2 8.5 is not just the result
the bottom of the MS, aing;4 ~ 24, the peak of the typi- of the changing source of opacity in the stellar atmosphere
cal star is detected at the500 and ~200 level above the (D’Antona 1998) but an inflection in the MF is also needed
surrounding background, respectively in the first and secoat~0.3 M. Paresce & De Marchi (2000a) propose that, over
epoch F814W combined frame. Furthermore, at both epoc¢hse limited mass range covered by GC stars, a log-normal dis-
the combined images are well sampled thanks to the marijpution peaked at0.3 Mg, is more appropriate to describe the
dithered frames concurring to form them. MF. Alternatively, De Marchi et al. (2004, see also Paresce &
Figure 2b shows the CMD of those stars whose positi@e Marchi 2000b) propose a tapered power-law (TPL), namely
has changed by less tham3@ixel between the two epochsa Salpeter-like distribution which taperff below a character-
(the scatter on the position of the bona-fide MS stars definistic mass. Analytically, the number of stars per unit mass can
above being~0.1pixel). Over-plotted is the same MS bandbe expressed as:
(+4 0 wide) shown in Fig. 2a, which was used to identify ob- dN
vious outliers not to be included in the counts to derive the LF(m) = —— o m[1— ™™/ (1)
The latter is shown as diamonds in Fig. 3, also not corrected
for incompleteness, and agrees remarkably well with that deherem, is the peak massy the index of the power-law por-
termined above (boxes) over the common magnitude rangen for high masses angithe tapering exponent which causes
Below mg14 =~ 235, where the LF derived with the MS-widththe MF to flatten and drop below the peak mass For the
method goes statistically to zero, there are still a few data poid halo GCs studied by Paresce & De Marchi (2000a), the
in the CMD (Fig. 2b), which we have assumed to be all MS olaverage values of these parametersa@are 2.3, 8 = 2.6,
jects if located more or less along the ideal extension of thg = 0.35M,. By folding a function of this type through the
ridge line. Considering, however, that at abotrhag brighter M—-L relationship of Barfie et al. (1997) for the metallicity
there are some objects in the same colour range which profdryH] = -1, we are able to reproduce rather well the LF
motion attributes to the cluster but which cannot be consideredM 4 over the entire range spanned by the observations with
MS stars, it is fair to wonder whether that assumption is cam, = 0.35Me, @ = 2.1+ 0.1 andg = 2.7 + 0.1 (solid line in
rect. For this reason, we consider the corresponding counts=ig. 3). It should be noted that the shape of the LF in the magni-
the LF as upper limits. tude range only accessible to the proper motion technique does
Also shown in Fig. 3 is the LF obtained by Bedin et alnot set any constraints on the value of these parameters, which
(2001) by combining the first epoch data discussed aboaee already defined by the brighter portion of the LF.
with some shallower WFPC2 exposures (5300 s long) in the It has been suggested by Richer et al. (2002) that the MF
F814W band alone, collected in the year 2000 (crosses). WfeM 4 is consistent with a power-law distribution of index
do not plot their error bars so as not to clutter the graph= 0.75 over the entire range covered by these observations.
further, but the agreement is remarkable, thus independemtiyunction of this type, folded through the derivative of the
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they mainly #ect the age—luminosity relationship for ages in
excess of 67 Gyr. These uncertainties should be carefully con-
] sidered when dating an old WD sequence.

1 To translate the theoretical luminosity and temperature into
1 magnitude and colour for comparison with the HST observa-
tions, we used proper WD model atmospheres computed by
Bergeron et al. (2001). An interesting prediction of the the-
ory of the atmospheres of cool WD belolgs ~ 5000K is

the onset of collision-induced absorption, due tg-Htp and

J H,-He collisions at such high densities (Bergeron et al. 1995;
1 Jorgensen et al. 2000). As several authors have shown (Hanser
. 1998, 1999; Saumon & Jacobson 1999; Chabrier et al. 2000;
18 - PS02 (solid) — Fontaine et al. 2001), the near infrared colours of very cold

12 —

14 =

16 —

E-- ‘;hi e atl' f“:gog‘i‘(’ztei’ 0 ] WDs whose atmosphere contains Hydrogen should be signif-
i e e = icantly afected by this source of absorption, with the peak of
50 N e their spectral energy distribution shifting to the blue. A com-
205 0 0.5 1 1.5 2 parison between our adopted evolutionary track of\d<6and
V-1 those obtained by Richer et al. (2000) and Chabrier et al. (2000)

is shown in Fig. 4 for the Johns@ousin photometric sys-

Fig. 4. Evolutionary tracks of a.6 MoWD as predicted by the models . «
of PMS02 (solid line), Richer et al. (2000; dotted line) and Chabrisg " Al trée models present an evident turn to the blue (*blue

et al. (2000; dashed line). The filter namésand| here refer to the 0ok”) .occurrlng at nearly the same |uminosity. The reddest
JohnsoyCousin photometric system. colour is about A mag bluer for the sequence of Richer et al.

(2000). After the “blue hook,” the three sequences evolve at

different luminosity, with that of Richer et al. (2000) being
Bardfe et al.’s (1997) M—L relation, is shown as a dashed line brightest and that of Chabrier et al. (2000) the faintest.
in Fig. 3 and, regardless of the arbitrary registration along thg, example, aV — | = 0.5 the relative dference in the
vertical aXiS, it does not pI’OVide a gOOd fit to the data. The dropband is about half a magnitude_ We note here that, by adopting
ping portion alone of the LF can be represented with a powgér M 4 the same distance modulus used for MS stars, namely
law of indexa = —0.3 (dotted line in Fig. 3). Because of them- M), = 1225, the discrepancy between these three theoreti-
sign of its index, such a Micreaseswith mass, thus imply- cal cooling sequences is definitely smaller than the photometric
ing that the number of stars per unit mass does indeed decreagérs at the same magnitude level. In other words, the present
below ~0.3M,. When this model MF is extended to higheEcMD does not permit a clear discrimination between the dif-
masses, however, it fails to reproduce the LiMigis < 8. To  ferent theoretical prescriptions and any conclusion should be
make this discrepancy more evident, we complement our d@gependent of the adopted set of WD models. In Sect. 6 we
at the bright end by showing, as circles, the LF of M 4 as megmporate further on this issue.
sured by Kanatas et al. (1995) in thieband, after conversion  The coloured lines over-plotted on the WD sequence in

to thel band using th&, V —1 CMD of Richer et al. (2002) as rjg 1 represent the theoretical isochrones, as calculated from

areference. the WD models of PMS02 for ages of 8, 10 and 12 Gyr. The

initial—final mass relationship and the age of the progenitors

4. The Wh|te dwarf Cooling Sequence and the age have been derived aCCOfding to the eVOIUtionary models of low
of the cluster and intermediate mass stars with= 0.001 (Dominguez et al.

1999; Straniero et al. 1997), a metallicity in agreement with

Besides the MS, the other notable cluster feature in the CMRe |atest measuremehtsf heavy element abundances of
of Fig. 1 is the WD cooling sequence, at magnituaies, = 23 giant stars in the field of M 4.
and colours 0s mes — Me14 < 2. The sequence is sparse, The three isochrones overlap one another over most of the
yet narrow and well defined down g4 ~ 25, where it magnitude range. In a similar way as for the MS tuff-o
broadens because of the increasing photometric uncertaintyd getection of the “blue hook” of the WD cooling sequence
the colour, which rapidly grows from0.1mag atme1s = 25 jn the CMD could provide an estimate of the cluster’s age and
to ~0.4mag atmgi4 = 27. The photometric completeness ifyou|d represent a much needed sanity check as to the cor-
this region of the CMD decreases accordingly, as indicatgghtness of the models, thus allowing one to rely more heav-
above. The sequence tapeftrapidly atmgi4 ~ 27 where the jy on their predictions. Unfortunately, no such feature is vis-
completeness reaches the 50% level. ible in Fig. 1 with any statistical significance. To prove this,

A comprehensive analysis of the observed WD cooling s§z show in Fig. 5 an enlargement of the WD region of the

quence requires suitable theoretical models. We base ourdp of Fig. 1. Although all data points within the indicated
vestigation on the DA WD models recently computed by us

(PMS02), which include the latest improvements in the de+ carretta & Gratton (1997) find [Féf] = ~1.19+0.03 and Carney
scription of the physics of high density matter. As discussggoge) gives §/Fe] = 0.3 + 0.03. This would imply [M/H] = 0.98 or
in that paper, theoretical uncertainties are still rather large abe 0.0018.
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can their validity be assessed. Barring the odds that Nature has
played tricks on us, i.e. that she has placed the “blue hook”
preciselyat the detection limit, it would be safer to conclude
from this simple test that M 4 must be older than 8 Gyr. As dis-
appointing as it may seem, this is the only sound conclusion
that one can infer from the available CMD.

5. The white dwarf luminosity function and the age
of the cluster

With the above caveat in mind, one could turn to the LF of the
WDs for more hints on their age. Several sources of uncertainty
come into play here. Firstly, the LF of the cooling sequence de-
pends on assumptions on the relationship between the mass of
the progenitors and that of the WD, the time spent by the pro-
genitor on the MS and the initial MF (see e.g. Chabrier 1999).
The WD LF is particularly sensitive to the shape of the latter
Fig.5. Enlargement of Fig. 1 showing the region occupied by thgince, although the location of the peak of the WD LF depends
WDs. The thick solid line cutting through the data shows the ridgenly mildly on the slope of the MF (Richer et al. 2000), the rate
line of the WD cooling sequence estimated as explained in the text.which the LF rises to its peak changes dramatically with it
As in Fig. 1, the dashed lines mark the 50% completeness limits. T(Ehabrier 1999), thereby casting serious doubts on conclusions
WD isochrones for ages of 8 Gyr (blue, dot-dashed), 10 Gyr (gregfhsed on a WD LF whose peak is not reached. A sharp maxi-
dashed) and 12 Gyr (red, dotted) are also shown. mum is indeed expected in the WD LF of old stellar systems, a
characteristic pile up that marks their age (see the recent review
l? Fontaine et al. 2001). As in the case of the “blue hook,” only

colour and magnitude limits are plotted, we only consider he .
en the photometry is deep enough to clearly reveal the peak

those marked with a stronger print and which comprise t the LE ol train the cluster’ Otherwi
WD region. The thick solid line cutting through the data sho € LI can one salely constrain the clusters age. Brwise,

the ridge of the WD cooling sequence as estimated by o can only prowdealower limit to it ) o

Above mg14 = 255 this line is simply an eye-ball fit to the ~ S€condly, the WD LF is only meaningful if it is cleaned
points. Below that threshold, however, any evidence of a rid§E@S many contaminating field stars as possible. The density
suddenly vanishes, so there we plot the average colour a& Piects seen in the CMD of Fig. 1 between the MS and
function of the magnitude, surrounded by its standard devi4/P sequence leaves no doubt that the contamination is strong.
tion (the horizontal error bars). Belomg14 ~ 26, the average To clean the WD sequence one should then resort to using
colour appears to remain constant or even possibly bluer wii¢ Same proper motion technique adopted successfully for
increasing magnitude. Given the conspicuous size of the eftbp Stars. The problem here is that, the first epoch’s exposures
bars, however, this inflection cannot be interpreted, with aRging considerably less deep than those of the second, the mag-
statistical confidence, as the presence of a “blue hook.” It cofi§de range over which one can study the WD LF with some
likely suggest a change in the slope of the cooling sequen[fél',ab_'“ty is further reduced. As mentlpned above_, the dashed
but we should point out that an even more likely origin for thién€s in Figs. 1 and 5 mark the magnitude at which, on aver-
effect can be traced in the onset of considerable photome@€: the peak of a star on the combined images drops below the
incompleteness in the F606W band. As in Fig. 1, the dasH&yel corresponding to 5 times the standard deviation of the sur-
lines in Fig. 5 mark the 50% completeness limits and it is clef?unding background. If the same criterion were applied to the
that belowmgr4 ~ 26 an increasingly larger fraction of reddefOMbined F814W image of the first epoch (the deepest of the

objects must be missing, thus skewing the distribution to i filters), the same & line should be drawn ate4 ~ 25.6.
blue. By relaxing the requirement to just3for the first epoch alone,

If the “blue hook” level is defined as the magnitude opne can lower the limit tong,4 < 26.5. Below such a threshold,

the reddest point in the WD isochrone (in the same way tHPSt stars detected in the second epoch do not have a corre-
the MS turn-df is the bluest), for a cluster age of 8 Gyr onépondmg match in the first one. We shoyv this graphically in
should expect to find it atrgs ~ 26.8, near the 50% com- Fig. 6, where the same area of the combined F60EB14W

pleteness lines, whereas for 10 and 12 Gyr it should take pl&@me is compared at the two epochs, with the same scale of
atmgy4 ~ 27.2 andmgi4 =~ 27.5, respectively, i.e. more thandray levels. Membership can easily be assessed for object No. 1

half a magnitude below our 50% completeness finesany (& MS star withme4 = 22), No. 4 (& WD withmes ~ 25) and
case, because of the large uncertainties in the data, none of{Re® (2 field star withme;4 =~ 25). However, with magnitudes

three isochrones (coloured lines in Fig. 5) can be ruled out, fPUNdMe14 = 27, the objects marked Nos. 3 and 4 are well vis-
ible at the second epoch (left panel) but they are unmeasurable

2 Our adopted distance modulus){ M)s14 = 12.25, has been used in the first by any statistically acceptable means at the level of
to translate the isochrones onto the observational plane. at least~2 o in the peak.
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Fig. 6. Left panel: section of 2& 38 square pixel from the WF4 chip from the second epoch (2001). Right panel: same section, but for the fir
epoch (1995). The scale of grays is the same in both images, which are registered using bona fide MS stars so that no displacement is ex
for cluster members. Whilst it is easy to confirm membership for for objects Nos. 1 and 4 and reject it for No. 5, nothing can be said for obje
Nos. 2 and 3, both atg4 ~ 27, since they are not detected in the first epoch.

Furthermore, since the first epoch combined F814W imempatible with that of Fig. 5 (thin solid line) within the er-
age (despite being deeper than the F555W one) is the resolls. Consequently, not even in this case (i.e. by using only the
of only 9 images each of duration 800s, the backgroundbena fide cluster stars) is it possible to discriminate amongst the
considerably noisier than in the second epoch F814W franmemchrones corresponding to the three ages mentioned above
It is, thus, possible that one finds there a lump of counts nédre broadening of the cooling sequence with increasing mag-
the position required to match an object in the second epoaoitude, witnessed by the growing size of the error bars, is to-
yet there is no guarantee that such a lump represent indeddlly compatible with the photometric error. Thus, within such
true star and, accepting it as such, would require one to maeuncertainty, there is once again no indication of a turn to the
uncertain assumptions about the physical nature of the sourckeee. To measure the WD LF, we counted the number of ob-
detected in the deeper exposure, thus invalidating the basigemts in Fig. 7 which are within & of the ridge line, where- is
which proper motion studies rest. For this reason, we belietree photometric uncertainty on the colour indicated on the left-
that it is safer to consider as valid only stars which can be deand side of the graph. The LF so derived is listed in Table 1.

tected as such (at least at the &vel) in the first epoch. For an improved comparison between theory and observa-

In Fig. 7 we show the CMD of the objects in the WD regiortions, we have produced a set of synthetic CMDs and LFs for
Solid points mark all the stars detected in the second epd&tD stars, as explained in the following. Firstly, we assume an
(the same as Fig. 5), whereas the squares indicate the objages and the index of a power-law ME)(for the cluster. The
which were found in the first epoch as well and whose displagainimum mass of the WD progenitors depends on the assumed
ment is smaller than.8 pixel with respect to the nearby bonage, whereas the maximum mass is fixed according to the de-
fide MS stars. (This is the same selection criterion adopted fection limit, namelymg;4 = 27 for the available photometry.
Fig. 2). The thick solid line cutting through the WD sequencdé/e, therefore, use a Monte Carlo method to generate values
is the ridge line, determined as in Fig. 5. Although the ridg# the progenitor’s initial mass, distributed according to the as-
line begins to steepen atgi4 2 255, its shape is fully sumed MF. The relationship between initial and final mass then
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Fig. 7. Colour—magnitude diagram of the region occupied by the WDEKig. 8. Example of a synthetic CMD, based on the models of PMS02,

Solid dots indicate all stars from Fig. 5, whereas open squares mfmkthe WDs in a GC of 12 Gyr of age and initial MF index= 2.3.

the objects that moved less thdf08 (i.e. 03 WF pixel) between the This CMD, which does not include contamination from field stars and

two epochs. The thick solid line, showing the WD ridge line deteis photometrically complete at all magnitudes, can be compared with
mined as explained in the text, is here compared with the ridge linetbt of Fig. 7.

Fig. 5 (thin solid line). The coloured lines are the same WD isochrones

shown in Figs. 1 and 5 for ages of 8 Gyr (blue, dot-dashed), 10 Gyr 100 Frr—rr T T

(green, dashed) and 12 Gyr (red, dotted). [ oo B
S 5 S .
Table 1. White dwarf luminosity function. Column (1) gives the 80— 23 __ —
Ms14 magnitude at the centre of each bin, Col. (2) the nuniider 35 .
of WDs counted in that bin and Col. (3) the associated photometric r 7
completeness. ¥ 60 N N
£ L i
Ms14 No compl. 0 r ]
10.0 1 1.00 ; 40 ]
10.5 2 1.00 i 1
11.0 5 0.95 3 R
115 7 0.95 _0 I~ 7]
12.0 5 0.95 r b
125 4 095 O L 1 \I\ 1 % I - ‘ I I ‘ I 1
13.0 13 0.80 10 11 12 13 14 15
135 24 0.80 May,
14.0 27 0.65 Fig. 9. Comparison between the empirical WD LF of Table 1 (squares)

and those predicted by our models for 12 Gyr of age. Each line corre-
sponds to a dierent index of the initial MF, as indicated in the legend.
gives the mass of the corresponding WD, whose location A models fit the data remarkably well.
the CMD is obtained by interpolating on the grid of models
of PMSO02. Finally, photometric errors are applied according
to a Gaussian distribution, similar to the one observed. The The good match between theory and observation provides
extraction of the MS mass values is iterated until the numben important confirmation of the validity of the theoretical
of WDs havingmgi4 < 26.5, or Mgy4 < 14.25 with our adopted models of the WD cooling sequence at least uptn, ~ 14.
distance modulus, matches the one inferred from the obserVée brightest and the faintest WD in the synthetic CMD shown
CMD after correction for incompleteness, namely 112. An eit Fig. 8 have a model mass of5%66 and (6901M, re-
ample of such a synthetic CMD is shown in Fig. 8, for an agpectively, which correspond to progenitor masses.8660
of 12 Gyr anda = 2.3. Synthetic LFs are shown for variousand 12028M, on the MS, respectively. A look at the inter-
values ofa in Fig. 9, and for diferent ages in Fig. 10. Thenal structure of the models close to the faint end of the ob-
agreement with the measured LF (open squares) is excellsetyved sequence also provides interesting information: the oxy-
in all cases except 8 Gyr (see Fig. 10). gen component of the core is almost fully crystallised, whilst
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100 7 T 6. Comparison with previous analyses

As mentioned in the Introduction, a previous analysis of these
- same data by Richer et al. (2002) arrived at the rath@erdi
b ent result that the age of M4 is 7’2+ 0.7 Gyr (Hansen et al.
2002). Although we are not able to reconcile completely our
_ result with theirs, we fier here some considerations that might
. indicate where the origin of this discrepancy lies.
The first notable dference is in the assumed distance
— modulus for M4, which we took from Harris (1996) to be
b (m-M)y = 12.83 with colour excesE(B-V) = 0.36, which in
turn imply (m— M), = 12.25. The other widely used catalogue
- of GC parameters, that of Djorgovski (1993), gives{(M)y =
h 1275 andAy = 1.24, which translate intonf— M), = 12.11.
i R i Hansen et al. (2002) usea¢ M)y = 1251 based on MS fitting
o Ll iw"\ R i RV AR R R with subdwarfs of known parallax (see Richer et al. 1997). The
10 11 12 13 14 15 application of such a subdwarf-fitting method requires great
Mgy, caution. Amongst the many sources of uncertainty, the most
Fig. 10. Comparison between the empirical WD LF of Table 1severe is related to the colour shifts that must be applied ow-
T Ing to the diferences in reddening and metallicity between

(squares) and those predicted by our models for an initial MF in-

dexa = 2.3. Each line marks a fierent cluster age, as indicated inCIUSter and subdwarf stars (see e.g. Gratton et al. 1997; Pont

the legend in Gyr. The models with an age in excess of 8 Gyr fit tf al- 1998; Carretta et al. 2000; Gratton et al. 2003). For ex-
data remarkably well. ample, an error in the global cluster metallicity (f¥]) of

just 01 dex implies a change of the estimated distance mod-
ulus of about L mag. In this context, the metallicity adopted

only 20-25% (in mass) of the carbon is in the solid phase (th Richer et al. (1997) in their application of the subdwarf
rest being liquid). Furthermore, for the faintest WDs observé#fing method, namely [Fé] = —1.3 without any account
(at Mg14 =~ 14), the so called “convective coupling” (see e.dor a-elements enhancement, is at odds with theHiyl= -1
Fontaine et al. 2001) has just begun. This phenomenon occyale implied by the high resolution spectroscopy quoted above
when the base of the convective envelope reaches the innefferretta & Gratton 1997; Carney 1996). By adopting this lat-
gions of the star, where heat transport is dominated by elder value for the global metaIIiCity of M4, the subdwarf fitting
tronic conduction. We recall that both the release of latent héagthod would give a distance modulus of ¢ M)y = 12.86,
caused by the liqujgolid phase transition and the convectiveerfectly in line with the one that we assumed.
coupling induce a substantial decrease of the cooling timescale The second dierence is the adopted photometric system.
and, in turn, &ect the age—luminosity relationship. This deWe simply calibrated our instrumental magnitudes in the HST
lay of the cooling is responsible for the expected pile up oi-flight system (VEGAMAG), which only requires the appli-
white dwarfs. Figures 9 and 10 show that the rate of growtation of a zero point. Richer et al. (2002), however, translated
of the observed number of WDs brighter thamy4 ~ 265 their photometry into the Johnsf@ousin ground-based system
(Mg14 = 14.25) does not depend on the initial MF nor orand notice a large colour term in the conversion from F606W
the age. Therefore, the very good agreement between thi@oV. Thus, it cannot be excluded that, there not being ob-
retical and observed LF down to the detection limit in M 4erved spectra for WDs of the type studied here, the uncer-
strongly supports our description of the complex physical phiginty in the conversion is very large. On the other hand, we
nomena operating in extreme conditions (high pressure and lesed for the WDs the models of PMS02, which were gener-
temperature). ated in the same VEGAMAG system by using the atmospheres
Unfortunately, in spite of this confirmation, little can bedf Bergeron et al. (2001), whilst Hansen et al. (2002) used the
concluded from this data set about the cluster properties sugadels computed by Hansen (1999) for the JohrGousin
as its age and initial MF. In fact, it is immediately evidensystem.
that, within the uncertainties, all ages displayed in Fig. 10 are In order to make it possible to compare our results with
compatible with the data, although for an age of 8 Gyr a vetijose of Hansen et al. (2002), we measured the WD LF
steep initial MF ¢ > 3.5) would be required to reproduce then F606W and attempted to convert it into Johnsdn’band.
WD number counts in the faintest magnitude bin. Thus, ofiéthere not being in these bands observations of spectro-
may tentatively conclude that M 4 is older tharl® Gyr (al- photometric WDs with the mass, gravity and age of relevance
though also these values are model-dependent), thence plabiexg, we were forced to base this translation on the theoretical
a slightly improved lower limit with respect to that already de#/D isochrones of PMS02, which, besides mass and gravity,
rived by means of the WD isochrone fitting method. No eprovide the magnitudes of the cooling WDs in various bands
idence of a maximum of the LF is obtained and, in turn, naf the VEGAMAG and Johnson’s photometric systems. It is,
upper limit for the age of M4 can be set on the basis of thewis, possible to derive th¢ magnitude of each bin of the
data. WD LF directly from the mass corresponding to the observed
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Fig. 11.The WD LF as measured by Hansen et al. (2002) intband v (m-M=12.51)

(squares) is compared here with ours (crosses). Fig. 12.The WD LF as measured by Hansen et al. (2002) intband
(squares) is compared here with our model LFs in the same band,
which are evidently unable to reproduce the observations. The least

F606W magnitude. Given the remarkably good agreement bigsatisfactory fit (dotted line) is obtained for an age of 13 Gyr but re-

tween the observed and predicted WD cooling sequence (ggies an unphysically flat initial MFo(= 0).

Fig. 1) as well as the fact that the F606W avidand span a

very similar wavelength range, the colour term is practically

negligible. ThevV-band WD LF so obtained is shown in Fig. 11the conditions under which Hansen et al. 2002 have assessed

(crosses), where it can be directly compared with that publishelster membership for the faintest objects; see Sect.5) may

by Hansen et al. (2002, squares). Both LFs are corrected ifagleed mimic the fect of a flat initial MF. In fact, the pho-

photometric incompleteness (never exceeding 50% for ouf@ynetric completeness of the data-pointvat= 29 does not

As expected, since our proper motion selection is more cons&ach 40%.

vative than that of Hansen et al. (2002; see Fig. 5)\6tand A disagreement is, thus, evident between the two sets of

LF does not reach as deep as theirs. The comparison is furtieoretical LFs, which, however, does not correspond to a dif-

hampered by the fact that Hansen et al. (2002) do not show taeence in the cooling sequences, as witnessed by Fig. 4. To

LF for V < 26. Over the common magnitude range, howevenvestigate further the origin of this discrepancy, we have com-

the two LFs agree to within2 . We underline here, however,pared the theoretical WD LFs of PMS02 with those tabulated

that given the uncertainties of the conversion from F606W,to of Richer et al. (2000), which are based on the models of

Fig. 11 is only meant to show the comparison between our lHansen (1999). An example is shown in Fig. 13 for an age

and that of Hansen et al. (2002). The most reliable LF still ref 12 Gyr,a = 2.35 and progenitors of solar composition: al-

mains that in the F814W band. though the peaks of the two LFs are displaced~8y5 mag,
Besides directly comparing the t-band LFs, it is also the rise and drop are quite similar. In particular, no plateau is
possible to compare the WD LF as predicted by our modéieen at the faint end such as the one obtained by Hansen et al.

(PMS02) in that band with the measurements of Hansen et(@002). Thus, it seems that thef@irence between our fit to the

(2002). We do so in Fig. 12, where the squares indicate tAé LF of M4 and that of Hansen et al. (2002) cannot be at-

WD LF of M 4 as measured by Hansen et al. (2002), correctétputed to the dierent theoretical prescriptions for the physics

for incompleteness. We note that the theoretical WD LF of tigé the cooling process. We can only speculate that the discrep-

same authors reproduces the observations stunningly well @€y could be due to flerences in the adopted progenitor ages
an age of 15 Gyr, a distance modulusn(— M)y = 1251 andor in the initial-final mass relationship.

and a power-law initial MF of intermediate indea (~ 1). Nevertheless, a general comment on the comparison be-

With the same distance modulus and MF index, the LF prsveen theory and observation can still be done: since the num-

dicted by PMS02 departs significantly from the observatiorf@er of WDs is still rising in the faintest available bin of the

regardless of the adopted age. In particular, we are unabl®lbserved LF (both in ours in the F814W band and in that of
reproduce the ratio between the bright and the faint end of tHansen et al. in th&¥ band), only a lower limit to the age can

WD LF as derived by Hansen et al. (2002). To reduce the die derivedOnce again we emphasise that a clear identification

crepancy, we should be forced to use an unphysically flat M the WD LF peak is a mandatory requirement for a reliable

(e = 0) which, however, still gives a rather unsatisfactory filetermination of the cluster’s age.

even for an age of 13 Gyr (see dotted line in Fig. 12). However, Deeper observations, with the sensitivity and accuracy now

it did not escape our attention that the contamination from nattainable with the Advanced Camera for Surveys (ACS) on

cluster members at the faint end of the LF (not unlikely, givesoard the HST would dramatically improve this situation.
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120 \ T T T T ] on board the HST. This data set includes 98 images in the
Our LF: 12 Gyr o«=2.35 (solid) ) . F606W filter and 148 images in the F814W band, each of
100 | Richer et al. 2000 (dashed) Y ] duration 1300s. All the frames have been subjected to the

standard HST pipeline which resulted in two calibrated,
registered and co-added images (one per filter) on which
standard aperture photometry was run. We show that stars
can be reliably measured down to the 50% completeness
limit at mgps ~ 28, mg14 ~ 27. Above magnitudes brighter
thanmgy4 =~ 19 the photometry is not reliable because of
saturation.

2. We derive a CMD (Fig. 1) which reveals a narrow and well
defined stellar MS extending tmg14 ~ 23, where it be-
comes indistinguishable from field stars. The WD cooling
sequence is also visible and extends fragy, ~ 225
through to the detection limit where it broadens consid-
erably due to the increasing photometric uncertainty and
where field star contamination is most severe. The signa-
ture of the Galactic disc and bulge is clearly visible in the

Fig. 13. Theoretical WD LFs for cluster age of 12Gyr and initial CMD as a cloud of points occupying the region between

MF indexa = 2.35 as predicted by our models (PMS02; solid line)  the WD cooling sequence and the MS.

and by those of Richer et_al. (2000; dashed line). Both models pred|§_t The shape of the cluster MSfidirs from that predicted
:ts;azgé_ol:zg)eak, ratherftérent from the plateau measured by Hansen by the models of Bate et al. (1997) for any choice of

' ' distance modulus. This shortcoming in the theoretical de-

scription of low-mass stars has already been noted by Bedin
Synthetic CMDs provide us with a powerful tool to check etal. (2001) and stems from the inadequacy of the available
the dfectiveness of measurements at fainter limits. In Fig. 14 treatment of the TiO molecule opacity (Chabrier 2001) in
we show a synthetic CMD in which the detection limits have the F606W and bluer bands. We derive the LF of MS stars
been moved down tog4 ~ 30. Photometric errors have been in the F814W band, where uncertainties in model atmo-
re-scaled in such a way that they coincide, at the faint limit, spheres are smaller, by imposing a colour selection around
with the photometric errors of the present photometry. As ex- the MS ridge line on the CMD down togis = 235 or
pected, for the adopted age of 13 Gyr and: 2.3, a clump Mg14 = 11 (Fig. 2). We show that the LF is not com-
aroundmgy4 = 28 appears. At fainter magnitudes, owing to patible with a single power-law underlying MF, regardless
both the steepness of the initial MF and the acceleration of of the adopted index. Instead, the observations are well
the cooling time, only few stars are predicted, scattered by reproduced by a tapered power-law MF with peak mass
the large photometric errors. Since the field of view of the m, = 0.35Mg, indexa = 2.1 and tapering exponent
ACS is about 2 times larger than that of the WFPC2, we g = 2.7 (Fig. 3). For comparison, the average parameters
have supposed that 260 WDs (instead of 112) should be foundfor 12 halo GCs studied with the HST amg, = 0.34,
for mg14 < 26.5. Figure 15 illustrates the expected variation « =2.3,5 = 2.6.
of the LF for diferent ages, after proper normalisation to thd. Adopting the canonical distance modulus for M 4 iof
total number of stars observed. Interestingly, the peak of the M), = 1225, our theoretical WD isochrones overlap re-
WD LF is extremely sensitive to the age, shifting at a rate markably well with the observed cooling sequence (Fig. 5).
of ~0.5 magGyr (for ages ranging between 10 and 13Gyr), The data, however, do not reach the magnitude domain
whereas the corresponding variation of the MS tufinto- where isochrones of fierent ages depart significantly from
minosity is only~0.1 magGyr (for an age of 12Gyr). This  one another, nor that where the rapid turn to the blue of the
implies that the age estimated by means of the WD LF is sequences (“blue hook”) caused by collision-induced ab-
considerably less sensitive to the uncertainty on the distance sorption is expected to take place. Therefore, only a lower
than the latter. On the basis of these simulations, we concludelimit of 28 Gyr can be set to the age of M4 from the
that the peak of the WD LF in M4 should be clearly identi- CMD alone.
fiable by means of the ACS in a reasonable exposure time, To set more stringent constraints on cluster membership
if the cluster's age i<13.5Gyr as expected from the recent than those allowed by the colour of the stars in the CMD
WMAP measurements. and, thus, derive accurate LFs for both MS stars and WDs,
we have reduced and analysed a set of shallower obser-
vations of the same cluster field obtained in 1995 with
the WFPC2 with the aim of measuring proper motions.
The main results of this paper can be summarised as follows. The considerably shorter exposure times (particularly in
the F814W band) forced us to restrict this study to objects

1. We have reduced and analysed a set of deep observationdrighter thanmg;4 ~ 26.5, since fainter objects are not de-

of the GC M4 obtained in 2001 with the WFPC2 camera tectable by any statistical means at the level of at least 3
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7. Summary
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Fig. 14. Synthetic CMDs simulating the WD cooling sequence in M 4, as it would be observed with the ACS on board the HST, for a cluster
age of 10 Gyr (left-hand panel) and 13 Gyr (right-hand panel). The “clump” of stars responsible for the peak of the WD LF moves to fainter
magnitudes with increasing age.
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Fig. 15. The sensitivity of the ACS on board the HST makes it possible to access the magnitude range above the limit currently set by the
WFPC2 observations (squares)\d$;4 ~ 14, where the WD LF is most sensitive to the cluster's age. Theoretiffatelitial and cumulative
WD LFs are shown, respectively in the left- and right-hand side panel, for an initial MF inde 3 and the ages as indicated in the legend.
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and, therefore, their presence, position and nature cannotmakes it possible for this instrument to study the physical

be securely confirmed (Fig. 6). Above this limit, cluster

properties of old WDs, to detect the “blue hook” in their

members can rather easily be separated from field starscooling sequences and to locate with accuracy the peak of

since their displacement amounts<@’1 between the two
epochs, or a full WF pixel.

. The LF of MS stars, selected this time via their proper mo-

tions, agrees remarkably well with that obtained through
colour selection in the CMD over the common magnitude
range. The former, however, extends furthemg, = 25

or Mg14 = 12.25 where the number of MS star is consistent

their LF, thereby determining their age, if M4 is younger
than~135 Gyr as the recent WMAP measurements indi-
cate. Since the peak of the LF moves by thag per Gyr of
age (for ages ranging between 10 and 13 Gyr; Fig. 15), the
latter can be measured with an accuracy comparable with
that of Hy, thus setting robust cosmological constraints to
the time of GC formation.

. We have compared our results with those of Hansen etSé.

with being zero. The underlying MF that best fits this LF is

the same tapered power-law distribution mentioned abo@@,knowledgementdn this work we have made extensive use of the
thus suggesting that, although important for obtaining ifrSQST-ECF archival facilities. It is our pleasure to thank an anony-
formation on the faint MS end, the availability of propanous referee for providing us with comments that have considerably

. . . .strengthened the presentation of this work.
motions does not substantially improve our understanding
of the number and distribution of low mass stars. In fact, we
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