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ABSTRACT
Faint magnitude BV I CCD photometry of the central region of the old open cluster Berkeley 17 (Be

17) has been undertaken to investigate the claim that it is the oldest open cluster yet discovered (Phelps,
Janes, & Montgomery). This study reveals Be 17 to have a metallicity [0.30¹ [Fe/H]¹ 0.00 ; a
reddening 0.52¹ E(B[V ) ¹ 0.68 or 0.61¹ E(V [I)¹ 0.71 ; a distance modulus, (m[ M)0\ 12.15

corresponding to a distance of 2.7 ^ 0.1 kpc ; a diameter of D10 pc ; a minimum mass of 400^ 0.10,
and an age of 10È13 Gyr. With an adopted age of Gyr, these results suggest that Be 17 isM

_
; 12~2`1

indeed the oldest open cluster yet discovered. The inferred old age for Be 17 indicates that the cluster is
an important one for studies of the di†erences between open and globular clusters, the transition from
the halo/thick disk to the thin disk of the Galaxy, and even for establishing the minimum age of the
universe.
Subject headings : Hertzsprung-Russell diagram È

open clusters and associations : individual (Berkeley 17) È stars : abundances È
stars : evolution

1. INTRODUCTION

In an extensive literature and CCD photometric survey
of potential old open clusters, Janes, & Montgo-Phelps,
mery identiÐed 72 open clusters with ages as old as or(1994)
older than the Hyades, with 19 of the clusters having ages as
old as or older than the D5 Gyr old M67. Using parameters
based on the luminosity di†erence between the main-
sequence turno† and the horizontal branch and on the
color di†erence between the turno† and the giant branch, a
““ morphological age index ÏÏ (MAI) was established for the
clusters in the et al. list and for a sample ofPhelps (1994)
globular clusters & Phelps(Janes 1994).

The age distribution of the open clusters found by Janes
& Phelps (1994) overlaps that of the globular clusters, which
indicates that the Galactic disk began to develop toward
the end of the period of star formation in the Galactic halo.
This assertion by & Phelps was based pri-Janes (1994)
marily on the MAI of the oldest open cluster in the sample,
Berkeley 17 (Be 17), whose faintness made interpretation of
the 0.9 m telescope photometry difficult.

subsequently performed a BV I study ofKaluzny (1994)
Be 17 and estimated an apparent distance modulus,

of greater than 15.0, or a heliocentric distance of(m[ M)
v
,

4.4 kpc, assuming E(V [I) º 0.7 [E(B[V ) º 0.5]. He con-
Ðrmed the et al. result that Be 17 is as old as,Phelps (1994)
or older than, NGC 6791, which has an age of ¹10 Gyr (see

et al. Janes, & PhelpsTripicco 1995 ; Montgomery, 1994
and references therein), and inferred that Be 17 has a com-
position more metal poor than NGC 6791, which has
]0.19¹ [Fe/H]¹ 0.44 & Janes et al.(Friel 1993 ; Tripicco

As discussed in however, poor1995). Kaluzny (1994),
weather hampered his observations, and in any event, direct
information on reddening and metallicity was not available.

Be 17 was therefore reobserved with the Kitt Peak
National Observatory (KPNO) 2.1 m telescope to improve
the photometry for this important cluster. With this new

1 Visiting Astronomer, Kitt Peak National Observatory. KPNO is
operated by AURA, Inc. under contract to the National Science Founda-
tion.

photometry, and recently obtained spectroscopic data (Friel
estimates have been obtained for the reddening and1995),

metallicity of this important cluster. With these new data, it
is possible to investigate better the et al. andPhelps (1994)

& Phelps claim that Berkeley 17 is indeed theJanes (1994)
oldest open cluster yet discovered.

2. OBSERVATIONS AND DATA REDUCTION

Observations of Be 17 and an associated o†-cluster
control Ðeld were made at Kitt Peak National Observatory
(KPNO) on 1994 January 16/17. The 2.1 m telescope with
the TEK 1024] 1024 CCD was used, giving a scale of 0A.30
pixel~1 and a Ðeld of view of The standard KPNO BV I5@.1.
Ðlters were used. The seeing was during the Be 17D1A.5
observations, and the sky was photometric.

Approximately 10 dithered twilight frames in each Ðlter
were obtained each night, in a direction relatively devoid of
stars Each set of D10 images was median(Schoening 1988).
Ðltered using the sigma clipping algorithm in toIRAF2
create a Ñat-Ðeld image for each Ðlter. Standard bias and
Ñat-Ðelding was subsequently performed within IRAF to
complete the preliminary processing of the data.

Point-spread function (PSF) photometry of the images
was undertaken using the stellar photometry software (SPS)
package & Heasley Instrumental magnitudes(Janes 1992).
derived from SPS were then transformed to the system
deÐned by our observations of the equatorial standard stars
observed by and by M67 stars observed byLandolt (1992)

Marschall, & Janes TransformationsMontgomery, (1993).
from the instrumental to the standard system are given by

v\ V ] 2.0326] 0.1996*X ] 0.0257*(B[V )

[ 0.0189*(B[V )**2 ,

b \ V ] 1.9969] 0.6080*X ] 0.9032\(B[V )

[ 0.03*X*(B[V )] 0.0034*(B[V )**2 ,

2 IRAF is distributed by the National Optical Astronomy Obser-
vatories, which is operated by the Association of Universities for Research
in Astronomy, Inc., under contract to the National Science Foundation.
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and

i \ V ] 2.6308] 0.2115*X [ 1.0272*(V [I)

] 0.0159*(V [I)**2 ,

where v, b, and i are the instrumental magnitudes, X is the
air mass, and V , B, and I are the magnitudes to be deter-
mined. Typical residuals of the Ðts to the standard magni-
tudes were 0.02 mag. For further discussion of the
transformation method, the reader is referred to &Phelps
Janes (1994).

3. RESULTS

3.1. Photometry Comparisons
Previous studies of Be 17 include the V I study by Phelps

et al. using the KPNO 0.9 m telescope, and the BV I(1994),
study by using the KPNO 2.1 m telescope.Kaluzny (1994),
With the addition of our 2.1 m photometry, there now exist
several independent CCD photometric data sets for Be 17.
Along with the deep 2.1 m data used for this study, BV I
photometry from quick snapshots taken on the following
night is also available for comparison. presents theTable 1
comparisons between these photometric data sets, where
the *Ïs are in the sense of the photometry from this current
study minus the photometry from the other studies.
Column (1) indicates the study to which the current photo-
metry values are being compared, while the remaining
columns indicate the di†erences in V (col. [2]), (B[V ) (col.
[5]), and (V [I) (col. [8]), the standard deviations of the
mean for the comparisons in V (col. [3]), (B[V ) (col. [6]),
and (V [I) (col. [9]), the number of stars used in the com-
parisons for V (col. [4]), (B[V ) (col. [7]), and (V [I) (col.
[10]), along with the limiting V magnitude for the compari-
sons (col. [11]).

A sizable discrepancy between the current photometry
and that of et al. is found. This is not sur-Phelps (1994)
prising since the et al. photometry was oftenPhelps (1994)
obtained in marginal conditions as time permitted during
the course of other observing programs (as stated in their
paper). Much closer agreement between the current photo-
metry and that of and our quick snapshotKaluzny (1994)
photometry from the following night is found, although
di†erences of several hundreths of a magnitude are typically
found among all data sets. It is not obvious which of the
data sets is most nearly on the standard system, so no cor-
rections have been made to the current photometry since
the night was deemed to be photometric and the Kaluzny

photometry was hampered by poor weather.(1994)
Neglecting the et al. photometry since thePhelps (1994)
weather was considered the most marginal, the di†erences
between photometry sets are at the ¹0.05 mag level, which
does not seriously compromise the major conclusions of
this paper.

3.2. CMD Morphology
presents the V , B[V and V , V [I color-Figure 1

magnitude diagrams (CMDs) for Be 17. Both diagrams
reveal a populous cluster with a main-sequence turno† near
V \ 18, along with a sparsely populated giant branch. The
detection of blue straggler and binary stars is complicated
by the presence of a substantial Ðeld star population in the
diagrams. The V , V [I CMD 1 however,(Fig. [right]),
more clearly separates the main sequence from the Ðeld star
distribution and reveals a distinct binary sequence of stars,
located D0.75 mag above the principal sequence. A group
of four stars in the V , V [I CMD at V D 15.2, V [ID 1.72
may represent the helium burning clump (see also °° and3.3

below).3.4

3.3. Field Star Contamination
The V , V [I CMD of a nearby Ðeld region is shown in

while a superposition of the stars in the ÐeldFigure 2,
region (open squares) and cluster region (stars) is shown in

The o†-cluster Ðeld region data surveyed the sameFigure 3.
amount of area on the sky as that of the cluster region data.
As can be seen in Figures and no obvious trace of a2 3,
cluster is found in the Ðeld region CMD, particularly in the
region of the CMD where one Ðnds the giant branch and
presumed clump stars in 1 This strengthensFigure (right).
the argument that the stars at V D 15.2, (V [I) D 1.72 in

1 are indeed helium-burning clump stars. ThisFigure (right)
also suggests that the majority of stars in 1Figure (right)
that are in the red giant region are in fact cluster members.

presents a ““ cleaned ÏÏ CMD for Be 17, obtainedFigure 4
by statistically removing Ðeld stars shown in fromFigure 2
the cluster CMD of 1 Each star in the ÐeldFigure (right).
region CMD was used to Ðnd the nearest star in the(Fig. 2)
cluster CMD 1 If the di†erence in magnitude(Fig. [right]).
and color between the paired stars from each CMD were
within a speciÐed ““ radius,ÏÏ the corresponding star in Figure
1 was assumed to represent a Ðeld star, and it was(right)
removed from the cluster CMD. After several trials, a rather
liberal ““ radius ÏÏ of 1 mag in V (0.2 mag in color) was chosen
to represent a match. Since the area on the sky was the same
for both the cluster frame and the Ðeld region frame, only
one removal from the cluster CMD was permitted for each
star in the Ðeld region CMD.

The ““ cleaned ÏÏ CMD of no longer necessarilyFigure 4
contains true cluster members, although the lack of Ðeld
stars in the giant region of the CMD of indicatesFigure 2
that nearly all of the giants in are true clusterFigure 4
members. The plume of stars blueward of the well-deÐned
lower edge of the main sequence also indicates that the Ðeld
star subtraction was not perfect, which suggests that the
detailed distribution of stars in the Ðeld region used for Be
17 is not is not identical to that of the Ðeld star distribution
in the cluster region (although the overall distribution of
Ðeld stars in both the cluster CMD and the Ðeld region

TABLE 1

PHOTOMETRY COMPARISONS

Study *V pV N
V

*(B[V ) p(B[V ) N(B~V) *(V [I) p(V [I) N(V~I) Vlim(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)

2.1 m (short) . . . . . . 0.041 0.031 51 0.027 0.081 51 0.030 0.040 46 19
PJM94 . . . . . . . . . . . . [0.137 0.056 45 . . . . . . . . . [0.087 0.031 39 17
Kal94 . . . . . . . . . . . . . 0.058 0.034 279 0.057 0.039 273 [0.003 [0.040 270 20
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FIG. 1.ÈL eft : V , B[V and right : V , V [ I color-magnitude diagrams for Be 17

CMD is generally similarÈsee Nevertheless, theFig. 3).
““ cleaned ÏÏ CMD of is useful for conÐrmation ofFigure 4
several features of the CMD detected in the full set of pho-
tometry (Fig. 1).

Several features in the ““ cleaned ÏÏ CMD immediately are
apparent. The sparse giant branch remains quite obvious in
this diagram as does the apparent helium-burning clump. A
well-deÐned, unevolved main sequence is seen extending
from V D 20, (V [I) D 1.5 to V D 23, (V [I) D 2.5, and a
conspicuous binary sequence, located D0.75 mag brighter
than the unevolved main sequence is also seen. A pro-
nounced clump of stars just above the main-sequence
turno† (V D 17.7, V [ID 1.4) is also detected and possibly
represents the extension of the binary sequence above the
main-sequence turno†. A number of stars are detected in
the region where one might expect to Ðnd blue stragglers,

FIG. 2.ÈV , V [I color-magnitude diagram for the Be 17 o†-cluster
control Ðeld.

but the imperfect Ðeld star subtraction makes identiÐcation
of a blue straggler population speculative.

3.4. dV /MAI
et al. introduced two age parameters toPhelps (1994)

rank relative cluster ages based on the morphology of the
CMD. These parameters are dV , the di†erence between the
magnitude of the clump and that of the main-sequence
turno†, and d1, the di†erence in color between the main
sequence turno† and the color of the giant branch located 1
mag brighter than the magnitude of the main-sequence
turno†. Similar age parameters were introduced by

& Twarog and have been shown toAnthony-Twarog (1985)
be independent of reddening and nearly independent of
metallicity (see, e.g., Corsi, & Fusi PecciBuonanno, 1989).
As discussed in et al. not all old open clustersPhelps (1994),

FIG. 3.ÈV , V [I color-magnitude diagram for Be 17 (stars) and an
o†-cluster control Ðeld (open squares).
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FIG. 4.È““ Cleaned ÏÏ color-magnitude diagram for Be 17, resulting from
a statistical subtraction of Ðeld stars from the color-magnitude diagram.
Points do not necessarily represent true cluster members.

have populous helium-burning clumps, thereby making a
direct determination of the parameter dV difficult. In these
cases, the parameter d1 becomes especially useful. For Be
17, the values of d1 are 0.31 and 0.32 for the (B[V ) and
(V [I) colors, respectively. The measured d1 values result in
derived values of dV \ 2.6 and 2.7 for (B[V ) and (V [I)
after applying the relations between d1 and dV in etPhelps
al. Using the observed turno† magnitudes, and sub-(1994).
tracting the dV computed from d1, a predicted value of
V D 15.3È15.4 results for the magnitude of the helium-
burning clump. Within the errors resulting from the deter-
mination of d1 (estimated to be about 0.03 in color), this is
the same magnitude as the stars previously identiÐed as
helium-burning clump stars, thereby strengthening the
assertion that these stars represent the clump for Be 17. A
direct measure for these stars gives dV \ 2.8, which when
averaged with the value derived from the d1 determination,
gives a Ðnal estimate of dV \ 2.7 for Be 17. This value is
slightly lower than that found by et al. whoPhelps (1994),
found dV \ 2.8 for Be 17 based on their 0.9 m telescope
photometry.

& Phelps introduced a morphological ageJanes (1994)
index (MAI) to rank cluster ages based on the dV param-
eter. They found that the parameter dV is highly correlated
with the logarithm of cluster age, as determined by Ðtting to

TABLE 2

MORPHOLOGICAL RATIOS OF THE FIVE OLDEST OPEN CLUSTERS

BV V I

CLUSTER dV d1 MR dV d1 MR

Be 17 . . . . . . . . . . . . 2.8 0.31 9.03 2.8 0.32 8.75
NGC 6791 . . . . . . 2.8 0.34 8.24 2.8 0.33 8.48
Cr 261 . . . . . . . . . . . . . . . . . . . 2.5 0.34 7.35
AM 2 . . . . . . . . . . . 2.4 0.33 7.27 . . . . . . . . .
Be 39 . . . . . . . . . . . . 2.6 0.37 7.03 2.5 0.37 6.76

theoretical isochrones. With the derived value of dV \ 2.7
and using the relation in & Phelps between dVJanes (1994)
and the MAI, an MAI of 10.9 Gyr is found.

Assuming the mean absolute magnitude (M
v
\ 0.90

of clump stars for clusters with dV º 1 &^ 0.40) (Janes
Phelps and mean intrinsic clump colors of1994),
(B[V ) \ 0.95^ 0.10 & Phelps and(Janes 1994),
(V [I) \ 1.0 as is found for M67 et al.(Montgomery 1993),
we derive values of E(B[V )\ 0.70 and E(V [I) \ 0.72.
Values of or using(m[M)

v
\ 14.30, (m[M)0\ 12.13,

E(B[V ) \ 0.70 and assuming a value of for theR
v
\ 3.1

ratio of total to selective absorption are also found. These
values indicate that Be 17 is at a distance of 2.7 kpc from the
Sun.

Note that values of E(B[V ) \ 0.70 and E(V [I)\ 0.72
are not consistent with the Warren, & CousinsDean, (1978)
relation, E(V [I)\ 1.25\E(B[V ), which, given
E(B[V ) \ 0.70, would predict a value of E(V [I) \ 0.88.
Given the large uncertainties in the assumed intrinsic
colors, however, this discrepancy is not unexpected.

3.5. Morphological Ratio
& Twarog derived morphologi-Anthony-Twarog (1985)

cal parameters from cluster CMDs and used them to con-
struct a ““ morphological age ratio ÏÏ (MAR) to make
maximum use of the e†ect of age on the parametersÈa
luminosity di†erence (analogous to dV ) increases with age,
while a color di†erence (analogous to d1) decreases with
age. In addition, this ratio has been shown to be relatively
insensitive to metallicity since metallicity e†ects on both
indices a†ect the age in the same way &(Anthony-Twarog
Twarog The quantity dV /d1, deÐned to be the1985).
““ morphological ratio,ÏÏ or ““MR,ÏÏ should therefore provide
a greater separation in age than either of the two quantities
taken in isolation. The term ““morphological ratio ÏÏ is used
rather than the term ““morphological age ratio,ÏÏ since the
morphological parameters that deÐne it (dV and d1) are not
identical to those used by & TwarogAnthony-Twarog
(1985).

As discussed by et al. both dV and d1Phelps (1994),
cannot always be measured for all old clusters, thereby
making comparison of the entire system of old open clusters
impossible based on the MR. However, an MR can be com-
puted for the clusters listed by et al. as beingPhelps (1994)
among the Ðve oldest, and these values are summarized in

The parameters for Be 17 are taken from this study,Table 2.
while the parameters for the remaining clusters are taken
from et al. As can be seen from thePhelps (1994). Table 2,
MR values for these clusters reinforce the assertion that Be
17 is the oldest open cluster yet discovered.

4. ISOCHRONE AGE

Figures and show matches between the BV and V I5 6
photometry of Be 17 and the 12.5 Gyr and 10.0 Gyr

isochrones, respectively, using metal-VandenBerg (1985)
licities [Fe/H]\ 0.00 (Z\ 0.0169), [0.23 (Z\ 0.0100),
and [0.46 (Z\ 0.0060). Since no independent measure of
the reddening or distance to Be 17 is available, isochrone
age determinations must be made by shifting various iso-
chrones in color and magnitude until the best match of the
isochrone to the shape of the observed CMD is found. The

isochrones, however, are not perfectlyVandenBerg (1985)
normalized to the Sun, either in terms of the helium abun-
dance (which a†ects the luminosity scale) or in terms of the
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FIG. 5.È12.5 Gyr isochrone matches to the V , B[V and V , V [I color-magnitude diagrams of Be 17 for metallicities, [Fe/H], 0.00,VandenBerg (1985)
[0.23, and [0.46.

mixing-length parameter (which a†ects the e†ective tem-
perature scale). A mismatch for the Sun was accepted to
allow model atmospheres to be used for boundary condi-
tions & Poll This mismatch a†ects the(VandenBerg 1989).
color and the luminosity of the isochrones but does not
a†ect the overall shape of the isochrone. Age estimates,
based on a match of the isochrone to the morphology of the
observed CMD, will not be a†ected, although the actual
color excess and distance modulus will be a†ected by the
mismatch of the isochrones to the Sun.

shows matches between the BV and V I CMDsFigure 5
for Be 17 and the 12.5 Gyr isochrones.VandenBerg (1985)
The length and slope of the subgiant branch suggests that
12.5 Gyr is a good estimate of the age for Be 17. The best
match is found for the [Fe/H]\ 0.00 isochrones since not
only is the length and slope of the subgiant branch found to
be in good agreement with that observed in the CMD, but
good matches are also found for the shape of the main-
sequence turno† region and the slope of the unevolved

portion of the main sequence in both the BV and V I
CMDs. The [Fe/H]\ [0.23 isochrones also provide rea-
sonable matches to the CMDs, although the match to
the main-sequence turno† region is less satisfactory than
that found for the [Fe/H]\ 0.00 isochrones. The
[Fe/H]\ [0.46 isochrones do not match the shape of the
main-sequence turno† region, nor do they match the shape
of the unevolved main-sequence observed in the CMD. The
steepness of the [Fe/H]\ [0.46 isochrones compared to
the observed CMD suggests that the metallicity of Be 17 is
likely to be considerably higher than [Fe/H]\ [0.46.

shows matches between the BV and V I CMDsFigure 6
for Be 17 and the 10.0 Gyr isochronesVandenBerg (1985)
(again for metallicities [Fe/H]\ 0.00, [0.23, and [0.46).
In all cases, no consistent match between the isochrones
and the observed CMD can be found. In all cases, no simul-
taneous match to the unevolved main sequence and the
observed magnitude of the subgiant branch can be found
since a match to the subgiant branch would force the iso-
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FIG. 6.È10.0 Gyr isochrone matches to the V , B[V and V , V [I color-magnitude diagrams of Be 17 for metallicities, [Fe/H], 0.00,VandenBerg (1985)
[0.23, and [0.46.

chrone main sequence fainter than that observed for the
cluster. In any event, neither the length nor the shape of the
subgiant branch observed in the cluster CMD matches
the 10.0 Gyr isochrones. As was the case for the 12.5 Gyr
isochrones, the 10.0 Gyr isochrones with [Fe/H]\ [0.46
are too steep to match the observed CMD, although the
higher metallicity isochrones do reproduce the slope of the
unevolved main sequence, as is to be expected based on
the matches found using the 12.5 Gyr isochrones. The poor
matches found in therefore suggest that Be 17 isFigure 6
older than 10.0 Gyr.

Note that in all cases, for a given metallicity, the color
excess used is the same for both the BV and V I CMDs. This
result is inconsistent with expectations that the ratio
E(V [I)/E(B[V ) should be 1.25 et al. and is(Dean 1978)
likely a result of the color mismatch in the VandenBerg

isochrones.(1985)
To conÐrm the old age derived for Be 17, the et al.Bertelli

isochrones have also been used to estimate cluster(1994)

parameters. The Bertelli et al. isochrones are calculated for
initial chemical compositions [Z\ 0.0004, Y \ 0.23],
[Z\ 0.004, Y \ 0.24], [Z\ 0.008, Y \ 0.25], [Z\ 0.02,
Y \ 0.28], and [Z\ 0.05, Y \ 0.352] and ages between 4
Myr and 16 Gyr. Radiative opacities (OPAL) by Iglesias,
Rogers, & Wilson were used. The Bertelli et al. iso-(1992)
chrones include evolution along the red giant branch, which
has the advantage that it allows for isochrone matches to
the brighter portions of the red giant branch in the CMD,
where metallicity e†ects become more pronounced. Based
upon the above results using the iso-VandenBerg (1985)
chrones, only the Z\ 0.008, Z\ 0.02, and Z\ 0.05 iso-
chrone matches were investigated. Figures and show7, 8, 9
the matches to the Be 17 CMD for the 10.0 Gyr, 12.0 Gyr,
and 13.2 Gyr Bertelli et al. isochrones, respectively, for
Z\ 0.008, Z\ 0.02, and Z\ 0.05. As was the case for the

isochrones, distance moduli were selec-VandenBerg (1985)
ted to provide a match of the magnitude of the subgiant
branch, and reddenings were selected to provide matches of
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FIG. 7.È10.0 Gyr et al. isochrone matches to the V , B[V and V , V [I color-magnitude diagrams of Be 17 for metallicities, Z, 0.05, 0.02,Bertelli (1994)
and 0.008.

the isochrones with the blue edge of the cluster main
sequence and turno† region.

In all cases, the Z\ 0.05 isochrones provide a good
match to the main sequence and to the slope of the upper
portion of the red giant branch in both the BV and V I
CMDs. None of the Z\ 0.05 isochrones, however, are able
to match the stars that are likely to represent the core
helium-burning clump at V D 15.2, (V [I) D 1.72
(B[V \ 1.65). The inferred reddenings using the Z\ 0.05
isochrones are also quite low, a result that contrasts with
the minimum reddening of E(B[V ) \ 0.58^ 0.09 derived
by et al. using a spectroscopic technique, andFriel (1997)
by who found E(V [I) º 0.7 andKaluzny (1994)
E(B[V ) º 0.5. The derived ratio of E(V [I)/E(B[V ) for
the Z\ 0.05 isochrones, however, is close to the value of
1.25 found by et al.Dean (1978).

The Z\ 0.02 isochrones generally provide a much better
match to all features in the cluster CMD than do the
Z\ 0.05 isochrones. For all ages, the match of the Z\ 0.02

isochrones to the main sequence is quite good. The match of
the isochrones to the slope of the upper red giant branch is
less satisfactory than that found for the Z\ 0.05 isochrones
but is nevertheless reasonable for most of the stars in the
cluster CMD. All of the Z\ 0.02 isochrones provide a rea-
sonable, but by no means perfect, match to the clump stars.
The derived ratios of E(V [I)/E(B[V ) are in reasonable
agreement with the value found by et al.Dean (1978).

The Z\ 0.008 isochrones generally provide good
matches to the BV CMD, but with the exception of the 13.2
Gyr isochrone, they fail to match the shape of the V I cluster
main sequence. The Z\ 0.008 isochrones also fail to match
the shape of the upper red giant branch. These results
suggest that the metallicity of Be 17 is higher than
Z\ 0.008. However, the poor agreement of V I isochrones
to the well-studied open cluster M67 et al.(Montgomery

may suggest that the V I isochrones themselves may1993)
have problems, so the poor match of the V I isochrones may
not automatically preclude a metallicity as low as



1 1.5 2 2.5 3

22

20

18

16

14

B-V

Age = 12.0 Gyr
Z = 0.008
E(B-V) = 0.66
(m-M)v = 14.10

1 1.5 2 2.5 3 3.5

22

20

18

16

14

V-I

Age = 12.0 Gyr
Z = 0.008
E(V-I) = 0.70
(m-M)v = 14.10

1 1.5 2 2.5 3

22

20

18

16

14

Age = 12.0 Gyr
Z = 0.02
E(B-V) = 0.53
(m-M)v = 13.85

1 1.5 2 2.5 3 3.5

22

20

18

16

14

Age = 12.0 Gyr
Z = 0.02
E(V-I) = 0.62
(m-M)v = 13.85

1 1.5 2 2.5 3

22

20

18

16

14

Age = 12.0 Gyr
Z = 0.05
E(B-V) = 0.39
(m-M)v = 13.50

1 1.5 2 2.5 3 3.5

22

20

18

16

14

Age = 12.0 Gyr
Z = 0.05
E(V-I) = 0.50
(m-M)v = 13.50

No. 2, 1997 BERKELEY 17 833

FIG. 8.È12.0 Gyr et al. isochrone matches to the V , B[V and V , V [I color-magnitude diagrams of Be 17 for metallicities, Z, 0.05, 0.02,Bertelli (1994)
and 0.008.

Z\ 0.008. The Z\ 0.008 isochrones do provide a much
better match to the clump stars than do the higher metal-
licity isochrones. However, the derived values of E(V [I)/
E(B[V ) are signiÐcantly lower than those found by Dean
et al. (1978).

5. ADOPTED CLUSTER PROPERTIES

5.1. Metallicity
The metallicity range used for the isochrone matches

covers the range [0.40¹ [Fe/H]¹ 0.40. The higher
metallicity et al. isochrones tend to match theBertelli (1994)
shape of the main sequence and giant branch better than do
the lower metallicity isochrones, which in turn tend to
match the location of the clump stars better than do the
higher metallicity isochrones. The best match of the

isochrones to the cluster CMD occursVandenBerg (1985)
for the 12.5 Gyr, [Fe/H]\ [0.23 isochrone, which
matches both the shape of the main sequence and the

turno† region. lists the spectroscopically deter-Friel (1995)
mined metallicity of Be 17 as [Fe/H]\ [0.29 with an
uncertainty estimated to be about 0.1 dex. The most prob-
able range of the metallicity, [Fe/H], is therefore taken to
be [0.3¹ [Fe/H]¹ 0.0, with little hope of improving
upon this estimate with only the current data.

5.2. Reddening
inferred a reddening of E(V [I) º 0.7 andKaluzny (1994)

E(B[ V ) º 0.5, based on a comparison of the CMD to that
of the (presumed) more metal rich open cluster NGC 6791.
Using the mean colors of clump stars found in the sample of
old open clusters as given in & Phelps (seeJanes (1994)

values of E(V [I) \ 0.72 and E(B[V ) \ 0.70 are° 3.4),
found. Using the et al. isochrones, reddeningsBertelli (1994)
of 0.39¹ E(B[V ) ¹ 0.68 and 0.49¹ E(V [I)¹ 0.71 are
inferred. Since the colors of the iso-VandenBerg (1985)
chrones are known to be less reliable, only the et al.Bertelli

isochrones are used to constrain the reddening.(1994)



1 1.5 2 2.5 3

22

20

18

16

14

B-V

Age = 13.2 Gyr
Z = 0.008
E(B-V) = 0.65
(m-M)v = 14.00

1 1.5 2 2.5 3 3.5

22

20

18

16

14

V-I

Age = 13.2 Gyr
Z = 0.008
E(V-I) = 0.69
(m-M)v = 14.00

1 1.5 2 2.5 3

22

20

18

16

14

Age = 13.2 Gyr
Z = 0.02
E(B-V) = 0.52
(m-M)v = 13.80

1 1.5 2 2.5 3 3.5

22

20

18

16

14

Age = 13.2 Gyr
Z = 0.02
E(V-I) = 0.61
(m-M)v = 13.80

1 1.5 2 2.5 3

22

20

18

16

14

Age = 13.2 Gyr
Z = 0.05
E(B-V) = 0.38
(m-M)v = 13.45

1 1.5 2 2.5 3 3.5

22

20

18

16

14

Age = 13.2 Gyr
Z = 0.05
E(V-I) = 0.49
(m-M)v = 13.45

834 PHELPS Vol. 483

FIG. 9.È13.2 Gyr et al. isochrone matches to the V , B[V and V , V [I color-magnitude diagrams of Be 17 for metallicities, Z, 0.05, 0.02,Bertelli (1994)
and 0.008.

Using the metallicity of [0.3¹ [Fe/H]¹ 0.0 as above, the
reddening as determined from the isochrones is constrained
to be 0.52 ¹ E(B[V )¹ 0.68 and 0.61 ¹ E(V [I) ¹ 0.71,
generally consistent with the values derived by Kaluzny
(1994).

5.3. Distance
based on a comparison of Be 17 to NGCKaluzny (1994),

6791, determined or a distance of 4.4 kpc(m[ M)
v
º 15.0,

assuming a value E(V [I) \ 0.7. Using the morphology of
the CMD, values of (m [ M)

v
\ 14.30, (m[ M)0\ 12.13,

and a distance of 2.7 kpc from the Sun are found (° 3.4).
Again using only the et al. isochrones,Bertelli (1994)
and using only the isochrone matches in the range [0.3¹

[Fe/H]¹ 0.0 limits of are(° 5.1), 13.80¹ (m[ M)
v
¹ 14.30

obtained, corresponding to limits in the true distance
modulus of and in the distance of(m[ M)0\ 12.15^ 0.10
2.7^ 0.1 kpc. The error in the distance was obtained using

equation (14) in & Janes The distancePhelps (1994).
inferred from both the isochrone matches and that from the
use of the red giant clump are considerably lower than that
found by Kaluzny (1994).

5.4. Size
The small Ðeld of view obtained with 2.1 m/CCD com-

bination relative to the large cluster size (diameter 7@ :(5@.1)
precluded an estimate of the cluster size usingLynga 1987)

our data. however, obtained wide ÐeldKaluzny (1994),
images (23@] 23@) of the cluster using the KPNO 0.9 m
telescope, which allowed him to estimate the cluster diam-
eter to be about 13@, based on star counts as a function of
distance from the cluster center. With our adopted distance
of 2.7 kpc, an angular diameter of 13@ corresponds to a
linear diameter of D10 pc, a size that places Be 17 at the
high end of the old open cluster size distribution (see Fig. 6
in & PhelpsJanes 1994).
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TABLE 3

Be 17 : ADOPTED VALUES

Parameter Value

a(1950) . . . . . . . . . 05 : 17 : 24
d(1950) . . . . . . . . . ]30 : 33
Longitude . . . . . . 175.65
Latitude . . . . . . . . [3.65
Age . . . . . . . . . . . . . 12.0~2`1 Gyr
E(B[V ) . . . . . . . . 0.52È0.68
E(V [I) . . . . . . . . 0.61È0.71
[Fe/H] . . . . . . . . . 0.00 to [0.30
R.V.a . . . . . . . . . . . . [84 ^ 10 km s~1
(m[M)0 . . . . . . . . 12.15^ 0.10
Distance . . . . . . . 2.7^ 0.1 kpc
R

g
b . . . . . . . . . . . . . 11.2^ 0.2 kpc

Z . . . . . . . . . . . . . . . . [160 ^ 20 pc
Diameter . . . . . . . 10 pc

a From et al.Scott 1995.
b Assuming kpc.R0\ 8.5

5.5. Mass
Our data, covering only a portion of the cluster, do not

permit an estimate of the cluster mass to be made. Using
wider Ðeld 0.9 m data, however, determinedKaluzny (1994)
that a minimum of 400 cluster members with magnitudes in
the range 17.8 ¹ V ¹ 20.0 are present in the cluster. Using
our derived range of and the mass-(m[ M)

v
(° 5.3)

luminosity relation of this corresponds to 400Scalo (1986),
cluster members with absolute magnitudes in the range

or masses in the range 1.2È1.3º3.5È4.0¹ M
v
¹ 5.7È6.2,

Assuming an average stellar mass of 1M/M
_

º 0.8È0.9.
this corresponds to a cluster mass of D400 GivenM

_
, M

_
.

the incompleteness of the photometry at faint magnitudes
and the likelihood that the mass function is rising for still
lower masses, the estimated mass of Be 17 is likely to be
considerably greater than 400 but still well within theM

_range of masses observed for other old open clusters (e.g.,
º700 for M67: et al. º4000M

_
Montgomery 1993 ; M

_for 092-sc18 : Friel, & Phelps and considerablyKassis, 1996)
less massive than the globular clusters (see, e.g., &Pryor
Meylan 1993).

5.6. Age
The uncertainty in the reddening and metallicity make a

deÐnitive determination of the cluster age difficult. Never-
theless, the matches to the isochronesVandenBerg (1985)
strongly suggest an age near 12.5 Gyr, while the etBertelli
al. isochrone matches suggest a range in age between(1994)
10 and 13 Gyr. An age of is therefore adopted for12~2`1
Be 17.

5.7. Kinematics
The only information currently available concerning the

kinematics of Be 17 is from the radial velocity study of
Friel, & Janes The Scott et al. study reveals BeScott, (1995).

17 to have a heliocentric radial velocity of [84 km s~1,
which, given the Galactic longitude of the cluster (175.75),
reÑects a high velocity toward the Galactic center. At 88 km
s~1, Be 17 also has the largest deviation from the Galactic
rotation curve of any of the clusters they studied.

The adopted parameters for Be 17 are given in Table 3.

6. DISCUSSION

6.1. Be 17: T he T ransition from Globular Clusters
and Open Clusters

With a metallicity of [0.3¹ [Fe/H]¹ 0.0, a location
near the Galactic plane, and a mass of º400 Be 17 hasM

_
,

many characteristics of an open cluster. However, its age of
D12 Gyr is considerably higher than the next known old
open cluster, NGC 6791, which has an age of ¹10 Gyr.
Also, the D10 pc diameter of Be 17 places it at the high end
of the open cluster size distribution & Phelps(Janes 1994).
The youngest known globular cluster is Terzan 7, with an
age of D9 Gyr and a metallicity of [Fe/H]D [0.4

Demarque, & Sarajedini Several other(Chaboyer, 1996).
globulars, including Pal 12, Arp 2, Ru 106, and IC 4499, are
also thought to be young, although their metallicities are
considerably lower than Terzan 7 et al. It(Chaboyer 1996).
is apparent, based on age and metallicity considerations,
that Terzan 7 and Be 17 may represent ““ transition ÏÏ clus-
ters, those with properties intermediate between open and
globular clusters. Clearly, Be 17 will play an important role
in understanding not only the transition from the halo to
the disk of the Milky Way but also for understanding the
transition from globular to open clusters.

6.2. Be 17 and the Age of the Galactic Disk : Is the Disk Older
than the Universe?

Although Be 17 has characteristics of a ““ transition ÏÏ
object, including a high radial velocity, its location in the
outer Galaxy and proximity to the Galactic plane, as well as
the fact that it has properties in common with open clusters,
suggests that the cluster is a thin disk object. Proper motion
data, leading to an orbit determination, are clearly required
in order to ascertain whether this designation as a thin disk
object is correct.

If Be 17 is a thin disk object, however, its adopted age of
12 Gyr places an important constraint on the timescale for
the formation of the disk and also provides an important
constraint for a minimum age of the universe itself. Recent
determinations of the Hubble constant, from the HSTH0,Extragalactic Distance Scale Key Project suggest the value
of is D70 km s~1 Mpc~1 (see, e.g., et al.H0 Freedman 1997 ;

et al. which gives an expansion age for theMadore 1997),
universe of D9.5 Gyr based on the EinsteinÈde Sitter cos-
mology ("\ 0, )\ 1) or D13.5 Gyr for "\ 0 and )\ 0.
Although it is widely recognized that the current isochrone
age estimates for globular clusters (see, e.g., et al.Chaboyer

are in conÑict with these low ages, it has not been1996)
widely appreciated that recent age estimates of the age of
the Galactic disk are also providing problems for the
cosmologically determined low ages of the universe. Unlike
the case for the halo, which is dated by isochrone age esti-
mates of globular clusters, the age of the disk can be inde-
pendently dated with white dwarf cooling theory and the
observed white dwarf luminosity function. An age of 12 Gyr
for Be 17 is consistent with recent determinations of the age
of the disk from new white dwarf cooling curve models,
which give an age of the disk between 10 and 13 Gyr, with
the most likely value being D12 Gyr et al.(Hernanz 1994).
An age of 12 Gyr for the Galactic disk, based on two inde-
pendent methods, provides an important constraint on the
minimum age of the universe since it is universally recog-
nized that the halo globular cluster system must be older
than the Galactic disk.
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7. SUMMARY

Faint magnitude BV I CCD photometry of the central
region of the old open cluster Berkeley 17 (Be 17) conÐrms
the et al. claim that it is the oldest open clus-Phelps (1994)
ter yet discovered. The adopted parameters for the cluster
are a metallicity [0.30¹ [Fe/H]¹ 0.00 ; a reddening
0.52¹ E(B[V )¹ 0.68 or 0.61¹ E(V [I) ¹ 0.71 ; a dis-
tance modulus, corresponding to(m[ M)0\ 12.15^ 0.10,
a distance of 2.7 ^ 0.1 kpc ; a diameter of D10 pc ; a
minimum mass of 400 and an age of 10È13 Gyr, withM

_
;

D12 Gyr being the most likely age. The old age and rela-
tively high metallicity indicate that Be 17 is an important
object for understanding the di†erences between open and
globular clusters, and for understanding the transition from
the halo/thick disk to the thin disk of the Galaxy. If Be 17 is
conÐrmed to be a thin disk object, its age of 12 Gyr, coupled
with independent, similar estimates of the age of the disk

from white dwarf cooling curve theory, indicate that the
Galactic disk is D12 Gyr old. Since the Galactic halo is
known to be older than the disk, an age of 12 Gyr for the
disk places important constraints on the minimum age of
the universe itself.

The photometry Ðle for Be 17 is available by request from
the author and it will also be available through the AAS
CD-ROM Series, Vol. 9.
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