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Abstract. We develop the white dwarf luminosity function (LF) of the old open cluster NGC 188 in order to determine a lower
limit to the age of the cluster by using the faint end of the cooling sequence.

To produce an extensive sequence of the cooling white dwarfs we imaged four contiguous HST-WFPC?2 fields in the center of
the cluster in the F555W and F814W filters. After imposing selection criteria on the detected objects we found a white dwarf
cooling sequence (down to V =~ 26.5) including 28 candidate white dwarfs in the cluster. The exposures are not deep enough
to reach the end of this sequence, but the results of our analysis allow us to establish a lower limit to the age of the cluster

independently of the isochrone fit to the cluster turnoff.

The most ancient white dwarfs found are ~4 Gyr old, an age that is set solely by the photometric limit of our data. Classical

methods provide an estimate of ~7 Gyr (Sarajedini et al. 1999).
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1. Introduction

Stellar evolution theory predicts that all single stars having a
Main Sequence (MS) mass lower than ~8 M, end their lives as
white dwarfs (WDs). In a star cluster, the white dwarf popula-
tion carries key information for addressing a number of astro-
physical questions. In particular, since the white dwarfs cool at
a predictable rate, their LF can be used to constrain the clus-
ter age. This age estimate can provide an independent test of
the more traditional age determinations based on models and
observations of the main-sequence turnoff (MSTO).

The white dwarf cooling sequence in the color-magnitude
diagram, in combination with models can be used to estimate
the initial mass — final mass relationship between the stellar
progenitors and the white dwarfs over the range of progenitor
mass from near 8 M, to the current-day turnoff mass of a clus-
ter. This allows a determination of the amount of mass lost from
stars during their evolution through stellar winds and planetary
nebula ejection.

Ideally, to employ white dwarfs as age estimators, we need
to observe a large enough sample in any cluster to define
the WDLF sufficiently well to pinpoint the luminosity of the
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turndown with a precision equivalent to a Gyr of cooling time.
With smaller samples, it is still possible to make some progress
on the age questions. For example, even a single good candi-
date WD in a cluster at magnitudes fainter than the faintest
WDs predicted from the MSTO age and cooling theory can
bring into question the vailidity of the WD or MSTO-based
ages.

Clearly the most interesting case for testing MSTO-based
ages is for the globular clusters. However, because of the com-
bination of large age and large distance for even the nearest of
the Galactic globulars, it is not trivial to reach the end of the
cooling sequence (e.g. Richer et al. 1995, 1997, 2002; Hansen
et al. 2002). Old open clusters provide an interesting alternative
for WD-cooling age studies. There are several populous clus-
ters which are both nearer and younger than the nearest glob-
ulars and for which the expected WDLF turndown is 3 mag or
more brighter. For open clusters older than ~4 Gyr, the main-
sequence turnoff stars are very similar in structure to globu-
lar cluster turnoff stars, most importantly in that they have ra-
diative cores, and comparison of nuclear and cooling ages for
these old open clusters are very relevant the issue of globu-
lar cluster MSTO age tests. A significant difficulty with open
clusters is that even the most populous are sparse compared to
most globular clusters. This leads to the problem that the low-
est luminosity WDs are typically dramatically outnumbered
by faint blue galaxies in the cluster fields. Attempts to sta-
tistically derive a WDLF by subtracting counts from nearby
control fields are compromised by small errors in control-field
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counts and cosmic dispersion in faint blue galaxy surface den-
sity. Very accurate star-galaxy separation is therefore crucial
for open cluster WD studies. Given the compact size of many
faint blue galaxies, Hubble Space Telescope (HST) imaging
gives a tremendous advantage. Ultimately another powerful
technique for isolating cluster-member WDs from the com-
pact blue galaxy and field WD populations may be measuring
proper motions.

NGC 188 was considered for a long time to be the oldest
observable open cluster in the Galaxy. Almost 40 years ago
Sandage gave an estimate for the age of this cluster of 10 Gyr
(Sandage 1962; see also Eggen & Sandage 1969). Recent pa-
pers revise the early age estimates downward, and more mod-
ern values give an age near 7 Gyr (see Sarajedini et al. 1999).
Other open clusters have now been found to be older than
NGC 188 (NGC6791 and Berkeley 17 with ages of 8 and
12 Gyr respectively, see Phelps et al. 1994) however, NGC 188
is still one of the most studied since it is both nearer and less
obscured than some of the other old open clusters.

Sections 2 and 3 present the data, the reduction procedures
and the color magnitude diagrams. The resulting LFs together
with final results are presented and discussed in Sects. 4 and 5.

2. Observations and data reduction

Deep HST WFPC2 images in FS55W and F814W were ob-
tained around the centre of NGC 188 in the Cycle 7 program
GO 7371. The observations consisted of four fields, f1, {2, f3
and f4 located as shown in Table 1, in such a way that WF4 of
the field f4 overlaps WF2 of the field f1 and WF4 of the field
f3 overlaps WF2 of the field 2. Table 1 also lists the corre-
sponding exposure times together with the number of observed
frames for each filter.

Table 1. Journal of observations.

a 0 F555W F814W
f1[0"48m00° 85°13'30” 4x1400 4x1400
£2[0"48m00° 85°16’00” 4x1400 4x1400
£3]0"46™m00° 85°1600” 5x1400 4x1400
4 |0"46™00° 85°13'30” 3x1300 3x1400

Corrections to the raw data for bias, dark and flat-fielding
were performed using the standard HST pipeline. Before re-
duction, we masked bad pixels and corrected the images for
vignetting by using a mask and a vignetting mask respectively
as built for HST data (supplied by P. Stetson). We also multi-
plied our science exposures by a pixel-area map to correct for
geometrical distortion and to restore the integrity of the flux
measurements. Photometry was measured using ALLFRAME
(Stetson-version 3, 1997) with a quadratically varying point
spread function (PSF).

The images did not have enough bright unsaturated stars to
create proper PSFs, so PSFs for each chip were constructed us-
ing WFPC?2 images of the globular cluster w Cen images (P. B.
Stetson 1997, private communication). Since there were virtu-
ally no stars in the PC frames, these were not included in the
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Fig. 1. SExtractor stellarity index vs. the magnitude V for objects in
our sample. The horizontal dashed lines at ¢ = 0.4 and ¢ = 0.8 show
the thresholds we used to distinguish between real stars and other ob-
jects (i.e. cosmic rays, image defects, galaxies).

reduction and analysis. The data reduction process was com-
pleted by doing the charge transfer efficiency (CTE) correction
on the data-set by using an algorithm supplied by P. B. Stetson
(priv. comm.).

Finally the instrumental magnitudes were transformed into
the standard Johnson system following Holtzman et al. (1995).

To separate stars from other objects at faint magnitudes
below V =~ 245, we applied SExtractor to the images
(Bertin et al. 1996). This program uses a neural network to
distinguish between faint point sources from extended ob-
jects. It assignes a stellarity index ¢ to the objects, ranging
from O (galaxies) to 1 (stars). Figure 1 shows the results of
the SExtractor morphological classification versus the V mag-
nitude for all the objects in our sample. Looking at the figure
there is a clear separation between the objects with stellarity in-
dex around 1 and those with stellarity index around O and there
is very little in between.

Careful examination of each object by eye showed that vir-
tually all the objects for which 0 < ¢ < 0.4 are classifiables as
galaxies, hot and warm pixels, ghost images or part of diffrac-
tion spikes; all the objects for which 0.4 < ¢ < 0.8 are dubious
objects; all the objects for which ¢ > 0.8 may be considered
stars.

Using these criteria, we established a catalog of 157 stars
in all the chips and all the fields studied selected from a total
number of 1342 objects.

3. Data analysis

3.1. The colour-magnitude diagram
and the WD cooling sequence

The V, V — I CMD for all stars (as indicated from the stellarity
index) measured in the four fields is shown in Fig. 2.

There is a fairly well-defined main sequence extending al-
most 6 mag from V =~ 19 down to V =~ 25. The solid line
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Fig. 2. V — I colour-magnitude diagram for the objects in the four ob-
served fields. The solid line overlayed on the data is the ridge line
obtained by using the data sample from von Hippel et al. (1998).

overlaid on our data is the ridge line obtained by using a sam-
ple of ground-based data (von Hippel et al. 1998).

In the lower left of the CMD there are 28 blue objects rang-
ing fromV ~23 withV-I=~0toV ~265withV-1=1.
An enlargement of this region of the CMD is shown in Fig. 3;
for each star we also plotted the associated photometric error
as computed by ALLFRAME.

Note that in this figure all objects appear to be stars but, for
now, we cannot discriminate between those belonging to the
cluster and those belonging to the Galactic field. We expect a
contamination of ~8 Galactic white dwarfs at the magnitude
and colour of interest for our analysis (see Mendez & Minniti
2000). The correction for the field contamination will be ad-
dressed in the following sections.

We can use the CMD to estimate the expected number of
WDs in the cluster, starting from the number of the MS stars.
To carry out this consistency check, we have found the slope
of the mass function of the cluster by using the number of MS
stars in the V magnitude range 20-24, obtaining a value of 1.72
(Salpeter is 2.35). We then estimated the mass of the stars at
the TO under the hypothesis that the cluster age is 4-5 Gyr,
obtaining respectively ~1.23 M and 1.15 M. By looking at
the coolest and faintest WDs inside the range in magnitude
V (23-26), and adopting a WD mass of 0.6 M, we obtained
only 3 and 4 expected WDs in the cluster (respectively for 4
and 5 Gyr), a very small number if compared with the observed
number in the same range in magnitude (23 WDs).

963

— T 7T T

23 - —
L 90% ... g ]

M 90% T
24 - —
L 88% oo ; _

I —— ]

[ B6% . A 1

L B2% == _

M 71% H—*{'—{Hﬁ 1

L [, ]

Py
- 3 + .
26 L 60% oo ﬂT : _
e J T
L R T B
0 0.5 1

VI

Fig.3. V — I colour-magnitude diagram for all possible white dwarf
candidates in our sample. Objects were selected based on their stellar-
ity index (c > 0.8) and, at this stage, there is no correction for field
contamination. For each object we have also plotted the associated er-
ror based on the frame-to-frame scatter in the measurements. Dotted
lines (and the percentages) on the left indicate the mean completeness
for each bin at the respective V magnitude.

We emphasize that this result is a consequence of the as-
sumptions on the poorly determined mass function slope. For
example, for a slope of 1.05, this number changes to 13 or 22
for cluster ages of 4 or 5 Gyr respectively. If we then are to be-
lieve that most of the objects in the observed cooling sequence
are in fact WDs, we need to assume that our sample is some-
how deficient in MS stars. This is not unexpected for NGC 188
because, as suggested by many authors (Sarajedini et al. 1999;
von Hippel et al. 1998), dynamical processes and mass segre-
gation are important in the history of this cluster which has the
rather short relaxation time of 5, = 6.4 x 107 yr (McClure et al.
1977).

3.2. Completeness correction

Figure 3 also indicates the completeness in the counts com-
puted in bins of 0.5 mag in V. Incompleteness corrections were
determined by carrying out artificial star tests on both sets of
the V and [ frames, so as to be able to estimate the overall
completeness of our final colour magnitude diagram in the re-
gion of the candidate white dwarfs. To accomplish this we first
applied artificial star tests to the / images. Artificial stars were
added to random positions in the images over a range of 3 mag
in the region of the CMD of interest for the candidate white
dwarfs. We created 5 artificial images for each original image
each with 100 artificial stars. We emphasize that crowding was
not a problem in our images.

We then added an equal number of stars at the same po-
sition of the artificial [ stars to the V-band frames and with
a magnitude such that they would fall along the white dwarf
cooling sequence. All the V and I frames with artificial stars
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were then subjected to the same analysis adopted for the origi-
nal frames.

An artificial star was considered recovered if 60X, dY <
1.5 pixel and émag < 0.3 mag. The ratio Niec/Ngim = @, taken
in 0.5 mag bins gives the completeness in that bin for the image
considered, where N is the number of the recovered stars and
Ngim is the number of simulated stars.

3.3. Accounting for the field white dwarfs

In addition to correction for photometric incompleteness it is
necessary to account for the contamination of the field stars.
The majority of the field star contamination is due to main-
sequence stars from the Galactic disk together with a few main-
sequence stars from the thick disk and the halo. The majority of
these objects have much redder colors than our WD candidates
in NGC 188.

We have estimated the correction to our WD candidate
counts, by assuming that all resolved galaxies have already
been eliminated from our data-sample. We then used the num-
ber of unresolved blue objects identified by Mendez & Minniti
(2000) in the Hubble Deep Field North in an area ~4 times
smaller than that covered by our fields.

Table 2 lists the counts for 0.5 mag-wide bins in V, the com-
pleteness factor and the counts corrected for this factor. The last
two columns report the number of unresolved blue objects for
each bin and our counts after the correction for completeness
and for the contribution of the field.

The absolute V magnitudes of Col. 2 have been obtained
adopting (m — M)y = 11.44, Eg_y = 0.09 (Sarajedini et al.
1999).

Table 2. Luminosity function for the candidate white dwarfs in our
sample in the V band in 0.5 mag bins. N is the actual number of stars
observed, @ is the completeness correction factor in each bin, N, is
the number of stars after the corrections for incompleteness have been
applied, Ngeq is the number of unresolved blue objects as found in
Mendez & Minniti (2000) for the magnitude and the colour of our
sample, N is the number of stars after the incompleteness correction
and the field star subtraction, i.e. the cluster white dwarf luminosity
function.

\4 MV N @ Nc Nﬁc]d Ns

23.19 11.75(1 09 1.11 0 1.11
23.69 12.25/0 0.9 O. 0 O

24.19 12.75|1 0.88 1.14 0 1.14
24.69 13.25(3 0.86 349 0 349
25.19 13.75(9 0.82 1097 0 10.97
25.69 14.25(6 0.71 8.45 4 445
26.19 14.75(8 0.60 13.33 4 9.33

4. Discussion

To estimate the WD cooling age for NGC 188, our first ap-
proach is to compare the observed WD CMD with the theo-
retical WD isochrones corresponding to different cluster ages.
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Figure 4 shows the theoretical WD isochrones corresponding
to cluster ages of 1, 2, 3, 4, 5, 6 and 7 Gyr (solid lines), su-
perimposed on the observed NGC 188 WD cooling sequence.
In the figure we also plot the theoretical cooling sequences for
0.5, 0.7 and 0.9 My hydrogen-rich WD (dotted lines) to in-
dicate the mass range of the WDs in the cluster. In particular
most of the WDs cover the mass range included in our models
while a small fraction seem to have a mass larger than 0.9 M.
Isochrones and theoretical cooling sequences have been devel-
oped using the WD cooling models of Hansen (1998, 1999) as
described in Richer et al. (2000) and have been transformed
to apparent magnitudes and colors appropriate for NGC 188
adopting E(V — I) = 1.21 - E(B — V) (based on Egs. (3a)
and (3b) of Cardelli et al. 1989 applied to the F814W filter)
and (m — M)y = 11.44.
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Fig. 4. Comparison of our NGC 188 cooling sequence with theoreti-
cal isochrones (solid lines) and hydrogen-rich WD cooling sequences
(dashed lines) obtained by using models from Hansen (1998, 1999).

Since the population of WDs accumulate at lower luminosi-
ties as the age of the cluster increases, we can fix a limit to the
age of the cluster by simply looking at the location of the WDs
with respect to the theoretical isochrones. Figure 4 seems to
show that for NGC 188 this limit is ~6—7 Gyr. However this
method should be used with caution. In fact, when we compare
the observed WD CMD and the theoretical isochrones we do
not take into account two important corrections that must be
applied to the data before carrying out any quantitative conclu-
sion, i.e., the correction for incompleteness and the subtraction
of the field contamination. These corrections may be negligible
when the sample is composed of many stars but they become
very important when we are dealing with such few objects.

The second approach we can follow to derive an estimate
of the age of NGC 188 is that of studying the observed WDLF.
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Fig. 5. Differential NGC 188 white dwarf luminosity function (solid
line), compared with synthetic luminosity functions of ages 4, 5, 6
and 7 Gyr (dashed lines).

As already mentioned above, the population of WDs tend
to accumulate at lower luminosities as the age of the cluster
increases. Hence the corresponding white dwarf LF will show
a peak whose location in magnitude is a function of the clus-
ter age. In particular, the peak of the white dwarf LF moves
towards fainter luminosities as the cluster age increases (see
Richer et al. 2000).

Figure 5 (solid line) shows the differential observed WDLF
after corrections for incompleteness and field contamination
have been applied (see Table 2). In the figure error bars reflect
the total error associated with each bin and include both the
counting uncertainty and the uncertainty due to the correction
for the incompleteness:

2 N -0V

T TN M

where N is the number of observed WDs; @ is the incomplete-
ness factor and Ny, is the number of simulated stars.

The uncertainty in the number of objects for each bin has
been estimated assuming that the counting uncertainies are de-
rived from a Poisson distribution, and that the uncertainties
in determining ® are derived from a binomial distribution as
shown in Bolte (1989).

o =N @
O(1 -0
O-CZD ~ (]vsim ) (3)

Dashed lines in the four panels of the figure refer to 4 syn-
thetic LFs corresponding to 4, 5, 6 and 7 Gyr respectively. They
have been computed by adopting a Salpeter initial-mass func-
tion (Salpeter 1954, n(m) o« m™*;a@ = 2.35) as described in
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Richer et al. (2000) and have been normalized to the total num-
ber of WDs brighter than 14.75, which is the magnitude of the
faintest observed WD in the observed LF.

Figure 5 shows that the peak of the theoretical LF is located
at magnitudes fainter than the last observed data point (My =
14.75) only in the 6 and 7 Gyr cases. Since it is unlikely that
our data reach the true end of the cooling sequence, we suggest
this is an indication that this cluster is at least as old as 5 Gyr.

5. Conclusions

Although we have identified a clear population of objects in
NGC 188 with the photometric properties expected of cluster
WnDs, it is apparent from Fig. 5 that we have not reached the
turnover in the WDLF. The comparison with the LF models
suggests that we can place a lower limit of 5 Gyr on the age of
the cluster.

These observations could be improved significantly with a
modest effort, with HST and the ACS. A fainter photometric
limit together with an expanded field coverage would allow
a large sample of WDs to be identified in the NGC 188 field.
NGC 188 stars have a proper motion of 2.3 milli-arcsec with
respect to the field and with a followup program, a subsample
of bona-fide cluster WDs could be identified on the basis of
their proper motions.
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