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PALOMAR 1: ANOTHER YOUNG GALACTIC HALO GLOBULAR CLUSTER?
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ABSTRACT

Deep V and I CCD images of the loosely populated Galactic globular cluster Pal 1 and the surround-
ing field have been obtained with the Isaac Newton Telescope. A color-magnitude diagram (CMD) down
to Vym ~ 24 and a luminosity function down to V;, =23.25 have been constructed. Adopting a
reddening E(V —I) = 0.20 + 0.04 and comparing the CMD of Pal 1 with that of 47 Tucanae, we obtain
a distance modulus (m— M), = 15.25 + 0.25, indicating that Pal 1 is located 3.7 + 0.4 kpc above the
Galactic disc and 17.3 + 1.6 kpc from the Galactic center. Comparison with 47 Tuc and M71 shows that
Pal 1 must be significantly younger. The best-fitting isochrones, as listed by Bertelli et al., yield an age
between 6.3 and 8 Gyr, which would make Pal 1 the youngest Galactic globular cluster identified thus
far, casting some doubt on the real nature of this object. The luminosity function shows some evidence
of mass segregation, consistent with the very short relaxation time. The global mass function can be
fitted with a power law of slope x = —1.4 + 0.7. This mass function is anomalously flat, suggesting
either a strong dynamical evolution or an initial mass function significantly different from most other

halo globular clusters. A discussion of the possible nature of Pal 1 is presented.
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1. INTRODUCTION

The globular cluster (GC) Pal 1, C03254+794 (o=
3h33™m4, § = 79°35, J2000.0; I = 130°1, b = 19°0), is a very
faint star cluster (M, = —2.54; Webbink 1985) discovered
by Abell (1955) on the Palomar Sky Survey plates. From its
position in the Galactic halo at about 14 kpc from the Sun,
19 kpc from the Galactic center, and 4.5 kpc above the
Galactic plane (Webbink 1985), Pal 1 has been classified as
aGC.

Kinman & Rosino (1962) searched Pal 1 for variable
stars. They counted 100 stars, mostly between V' = 20 and
V = 22, but no variables were found. Kinman & Rosino
also remarked that, since many galaxies are seen in the field,
the absorption cannot be high.

Previous studies of the color-magnitude diagram (CMD)
include those of Ortolani & Rosino (1985, hereafter OR85)
and Borissova & Spassova (1995, hereafter BS95). OR85
noted that the CMD of Pal 1 is peculiar for a GC. The
turnoff (TO) is well defined, but the red giant branch (RGB)
is very poor, truncated at V ~ 16.3, and the horizontal
branch (HB) is absent. OR85 also noted that there is some
resemblance to other GCs, such as Pal 13, Pal 12, or E3.
However, OR8S5 suggest that “some resemblance to an old
open cluster must be noted, mostly for the anomalous incli-
nation of the subgiant branch (SGB).” BS95 reported CCD
photometry in the Thuan-Gunn system of a 7 x 4.7

! Based on observations made with the Isaac Newton Telescope, oper-
ated on the island of La Palma by the Isaac Newton Group in the Spanish
Observatorio del Roque de los Muchachos of the Instituto de Astrofisica
de Canarias.

1)

648

arcmin? field centered on the core of the cluster, reaching a
limiting magnitude of g = 21.5. They also estimated an age
in the interval 12-14 Gyr, which would make Pal 1 a typical
GC.

The first determination of the metallicity was made by
Webbink (1985) from the correlation between the dered-
dened subgiant colors and the high-dispersion spectro-
scopic metallicities, adopting (B—V),,=1.08 and
E(B—V) = 0.15 from an unpublished 1984 paper by G. S.
Da Costa and obtaining [Fe/H] = —1.01. The error on the
estimate of (B— V), , is unknown (cf. § 4), making this result
very uncertain. BS95 give [Fe/H] = —0.79 (no error is
quoted).

With respect to the reddening, Webbink (1985) gives
E(B—V)=0.15 (based on the neutral hydrogen column
density plus galaxy counts), OR85 estimate E(B— V) = 0.1
from the Galactic position, and BS95 give E(g—r) = 0.16
(from comparison with the theoretical isochrones by Bell &
VandenBerg 1987). The estimated distance modulus ranges
between 15.68 (Webbink 1985) and 15.38 + 0.15 (BS95).
BS95 derived an age of 12-14 Gyr with a nominal uncer-
tainty of 2 Gyr. The results from these works are rather
uncertain, as a consequence of the small number of cluster
stars and the contamination by Galactic foreground and/or
background objects.

Here we present a new, extensive study of Pal 1, based on
a set of images collected at the 2.5 m Isaac Newton Tele-
scope (INT) covering the entire cluster (Fig. 1) and a field at
10’ from the center, taken for the purpose of studying the
non—cluster star contamination. The observations and data
reduction are presented in § 2. The CMD is discussed in § 3.
In § 4, we will address in more detail the problem of the real
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FiG. 1.—Central4'3 x 4!3 image of Pal 1, taken with the I filter and an exposure time of 600 s

nature of this cluster, trying to establish its distance and
age. We also present the luminosity (LF) and mass (MF)
functions (§ 5) and the structural parameters of the cluster
§6).

2. OBSERVATIONS AND REDUCTION

The observational database consists of 17 frames, nine in
the ¥ band (with a total integration time of 7260 s) and
eight in the I band (with a total integration time of 3230 s),
centered on the cluster. We also collected six V (total expo-
sure of 6060 s) and six I (2490 s) frames of an external field
located 10" west of the cluster center with a suitable overlap
(~1’) with the central frame for an internal comparison of
the photometry of the two fields (see Table 1 for a detailed
log of the observations).

The data were obtained at the INT on 1994 November 8,
9, and 10, at the Observatory of Roque de los Muchachos in
La Palma, Canary Islands, Spain. The CCD used was an
EEV 1242 x 1152. The CCD scale is 0754 pixel !, and the
resulting field of view is 11.2 x 10.3 arcmin?.

The preprocessing of the images was done in a standard
way and is briefly summarized below. First, the constancy
of the bias level across the image was checked by taking
several bias images on each night; no gradients were
detected, and we verified that the bias level was fully consis-

tent with the value in the overscan area of the science
frames. This constant value was therefore subtracted from
each image. As a second step, each image was corrected for
the varying sensitivity across the CCD frames. About seven
sky flat fields were taken per night in both filters, and the
raw images were divided by the resulting median flats using
the appropriate reference flat according to the night and
filter.

The seeing conditions were almost constant during the
three nights, so long-exposure images were averaged to
obtain reference frames for each field/filter: for the central
field we used the eight V' and seven I long exposures, while
for the external field the five V' and four I long exposures
were used. The photometry of the master frames was
obtained using DAOPHOT II (Stetson 1987).

Calibration of the raw photometry was accomplished in
three stages. First, both the standard-star magnitudes and
the object-frame magnitudes were referred to a common
instrumental system, ensuring that the same fraction of the
stellar flux had been sampled in both cases. We assumed
that when a suitably large aperture is chosen, the different
percentages of the flux that are excluded add negligible cor-
rections to the magnitudes of the standard and object stars;
all magnitudes were corrected to this common aperture.
The radius was fixed using the standard stars observed in
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TABLE 1
OBSERVATION LoG

texp FWHM
Filter (s) Air Mass (arcsec)
Central Field
1994 Nov 8:
V...... 60 1.612 1.1
V... 800 1.617 1.1
V...... 800 1.630 1.2
V...... 800 1.645 1.2
V... 800 1.664 1.2
V...... 800 1.683 1.3
V..., 800 1.704 12
I...... 30 1.728 1.0
I...... 400 1.735 1.1
I...... 400 1.749 12
I...... 400 1.765 1.2
I...... 400 1.783 1.2
I...... 400 1.801 1.2
1994 Nov 10:
I...... 600 1.609 1.2
I...... 600 1.585 1.1
V...... 1200 1.601 1.2
V...... 1200 1.590 1.2
External Field
1994 Nov 9:
V...... 60 1.696 1.0
V...... 4 x 1200 1.598 1.2
I...... 4 x 600 1.656 1.2
I..... 30 1.580 1.0
1994 Nov 10:
V...... 1200 1.580 1.2
I..... 60 1.580 1.0

the worst seeing conditions. We established the limit at
which the wings of the point-spread function (PSF) merged
into the background and set the fixed aperture ~1” larger
than this limit (i.e., 675). For the standard stars, this large
aperture was used while, for the Pal 1 stars, aperture correc-
tions were calculated. For the cluster frames, we actually
have PSF magnitudes, though the instrumental PSF magni-
tudes and the aperture magnitudes have the same zero
point (see Stetson 1987; Aparicio & Gallart 1995). The
aperture corrections were calculated using the standard
stars. We followed the method used by Aparicio & Gallart
(1995), which is based on the fact that the aperture correc-
tions are a function of the seeing alone. Figure 2 shows the
dependence of the aperture correction on the FWHM of the
stellar images. The internal dispersion (standard deviation)

0.4

0.3

0.2

Aperture correction

1
1 1.1 1.2 1.3
FWHM (arcsec)

FI1G. 2—Aperture photometry correction as a function of the FWHM
for all observed standard stars. The dotted line represents a linear fit to the
data.
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is 0.02 mag. As a second step, the dependence on the air
mass and the exposure time was removed. According to the
user’s manual, the delay time is ~4 ms (Wall et al. 1996, p.
16). As the exposure times on the standard stars are between
3 and 10 s, we expect an error of less than 0.001 mag due to
the shutter.

The conversion from instrumental to standard magni-
tudes was based on a total of 102 measurements from multi-
ple exposures of 23 standard stars from the list of Landolt
(1992). Independent calibrations for each night were made.
As the coefficients of the calibration curves were the same
within the errors, we adopted their mean value. In addition,
the atmospheric extinction coefficients were independently
determined for each night. Because of the stability of the
atmospheric conditions, we decided to adopt mean values.
The V —1I colors of the standards range from —0.53 to 1.95
mag, and the V magnitudes from 12.2 to 16.1 mag. The
transformation from the instrumental magnitudes to the
Landolt (1992) magnitude system was

V—v=2495+ 005V —I) (c=002)),
I—i=2401—002V—I) (c=003),

where V and I are the standard magnitudes and v and i are
the previously defined normalized magnitudes.

Stars brighter than ¥ = 16.0 were saturated in the long-
exposure images. Their magnitudes were measured on the
short-exposure images. After the calibration to the standard
photometric system, we checked the zero points of the mag-
nitudes from the short-exposure images (V' < 16.0) and the
long-exposure images (¥ > 16.0); the mean difference is
0.002 magin V and 0.004 magin I.

3. COLOR-MAGNITUDE DIAGRAM

The CMDs for the inner 30” and 80” from the center of
the cluster and for the whole central and external frames are
shown in Figure 3. The main features of the CMD can be
clearly identified in the two central regions, though some
contamination by foreground objects is present. The CMD
of the inner 80” is better shown in Figure 4, in which the
adopted fiducial points and main-sequence (MS) widths (1
o) are also plotted. The fiducial points have been obtained
assuming that the color distribution is Gaussian and deter-
mining the mean color and ¢ in each 0.5 ¥ magnitude
interval and using a k-¢ clipping algorithm (k = 2.5). The
fiducial points above the TO have been obtained by simply
drawing a line through the data points. From the CMD
in Figure 4 and from the fiducial points, we estimate that
the TO of Pal 1 is located at Vio = 19.25 + 0.20 and
(V—I)ro =0.71 £ 0.03.

Given the high field contamination, one could question
whether the adopted interpolation realistically represents
the cluster giant branch for V' < V4. To test this point, we
calculated the expected number of field stars, scaling for the
sampled area, on the basis of the background field CMD: in
a circle with a radius of 80", 4.3 field stars are expected for
V < 19.25, yet in the CMD displayed Figure 5 there are 28
stars. This signifies that at least 80% of the stars from Vi to
V ~ 16 are likely to be real cluster members. We calculated
also the expected number of field stars in square boxes of
arbitrary size within the CMD, again after scaling for the
sampled area; the result is sketched in Figure 5, in which the
stars in the inner 80” are plotted and the numbers represent
the field stars expected in each box. It is quite evident that
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Fi1G. 4—Fiducial points for Pal 1 plotted over the CMD for the central
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most of the “evolved ” stars in Figures 4 and 5 are probably
cluster members.

The relative number of stars in different regions of
the CMD may also be estimated from stellar evolution
theory. Using the isochrones by Bertelli et al. (1994, here-
after B94) and assuming a Salpeter MF (the result does not
change significantly adopting a different MF slope), we can
calculate the number of stars that are expected in each
phase of the CMD for different metallicities and ages. As
reported in Table 2, the counts within 80" from the center
are consistent with those expected, which have been calcu-
lated assuming ages from 6.3 to 20 Gyr and metallicities
from —0.3 to —1.0. The star counts have been normalized
to the total number of stars. Furthermore, four RGB stars

TABLE 2

STARS COUNTS IN EACH BRANCH
oF THE CMD

Branch Expected Found

114-122 112
16-26 17
49 10

0.6-12 0(?)
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F1G. 5—CMD for the central 80”. Each box contains the expected
number of field stars within the sketched color and magnitude limits.

of Pal 1 have been studied spectroscopically (Rosenberg et
al. 1998), and their radial velocities are compatible with
membership in the cluster.

One could ask if any of the eight stars in the box
of the CMD defined by 0.65<V—-I<0.85 and
1875 <V < 19.25 are binaries. Unfortunately, the
broadening of the MS as a result of the photometric errors
and the small statistical sample prevents us from drawing
any conclusions about the presence of a binary sequence.
The presence of binaries around the TO could affect the
magnitude (but not significantly the color) of the TO itself
and the discussion of the cluster’s age. We can estimate the
possible error in the age by assuming that 50% of the stars
are binary objects. In this case, the true TO luminosity
would be ~0.35 mag fainter. Since the age will be estimated
from the color difference between the TO and the RGB
(cf. § 4), a change in color of the RGB reference point due to
the change in the TO location would be 0.03 mag toward
the blue. This would increase our measured age by ~2 Gyr.
On the other side, making the TO fainter by 0.35 mag
would increase the age by at most ~ 3 Gyr (from eq. [5b] in
Buonanno, Corsi, & Fusi Pecci 1989).

A final comment on the possible presence of HB stars: In
their preliminary work, OR85 could not find any stars in
this phase, while BS95 suggest that five stars located ~3.2
mag above the TO in their CMD could be HB stars. Sta-
tistically, according to the evolutionary tracks, approx-
imately one star is expected to be in this phase, so we cannot
exclude the possibility that one or two stars at Vg ~ 16.3 in
Figure 4 are part of the red clump of the HB of the cluster. It
is impossible to comment upon the presence of an HB in the
complete CMD of Figure 3. From this discussion, it must be
clear that any cluster parameter in the literature (and below)
derived from the location of the HB must be considered
only tentative and uncertain.

4. DETERMINATION OF THE MAIN PARAMETERS

Since a precise value of the metallicity is crucial for the
age determination, we have carried out spectroscopic
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observations in order to determine this parameter following
the method of Armandroff & Da Costa (1986, 1991). The
detailed analysis of our data set, which is given in
Rosenberg et al. (1998), yields a value [Fe/H]=
—0.60 £ 0.20 dex, and we adopt this metallicity below.

As already discussed in § 1, all previous determinations of
the reddening established a value around E(B—V) = 0.15;
in order to have an independent estimate of this quantity,
we inspected the maps of Burstein & Heiles (1982), which
give an E(B—V) between 0.12 and 0.15. Here we will
assume E(B—V) = 0.15 £+ 0.03, which implies E(V —1I) =
0.20 + 0.04 [adopting E(V—I)= 1.28E(B—V); Dean,
Warner, & Cousins 1978].

With the adopted values for the reddening and metal-
licity, it is now possible to determine the distance modulus
of Pal 1 by comparison with other clusters of similar metal-
licity, after establishing a reliable set of parameters for the
reference clusters. In this respect, 47 Tuc (Alcaino & Liller
1987; Grundahl 1996; Katluzny, Wysocka, & Krezminski
1997) and M71 (Richer & Fahlman 1988; Hodder et al.
1992) are the only GCs that can be used for this compari-
son. Their metallicity is around [Fe/H] = —0.7, and they
have published accurate VI photometry from the RGB to
several magnitudes below the TO (note that the CMD by
Grundahl 1996 is the only one available in V vs. V —1I for
MT71). A careful discussion of the parameters for 47 Tuc can
be found in Hesser et al. (1987), and we will assume their
values for the cluster reddening, metallicity, and distance:
E(B—V) = 0.04 + 0.01 [corresponding to E(V —1I) = 0.05],
[Fe/H] = —0.8, and (m— M), = 13.35 £ 0.2, respectively.
The quoted distance modulus is a mean of the two values
found by Hesser et al., namely, (n— M), = 13.4 and 13.3
from a comparison with the theoretical zero-age main
sequence and the field subdwarfs, respectively. In the fol-
lowing, we will refer to 47 Tuc as our reference cluster.

We plotted the three available CMDs of 47 Tuc together,
and evaluated the zero-point differences in the TO region.
There are overall differences of less than 0.02 mag in color,
with the Kaluzny et al. (1997) sequences between the other
two. Given the high statistical significance (more than
15,500 stars) and the depth (~ 3.5 mag below the TO) of the
Kaluzny et al. sample, we chose this data set as the 47 Tuc
template.

Figure 6 displays the absolute fiducial sequences of 47
Tuc (triangles) and M71 (circles). After a shift of
AV —I) = 0.24 and A(m— M),, = 0.38, the fiducial line of
MT71 perfectly overlaps 47 Tuc. The sequence of 47 Tuc has
been used to determine the distance modulus of Pal 1. After
correcting the CMD of Pal 1 for the adopted reddening, the
apparent distance modulus has been computed by fitting its
lower MS to that of 47 Tuc. The fit was carried out in the
absolute magnitude interval 5 < M,, < 7, where evolution-
ary effects due to possible differences in age should be
minimal.

Allowing E(V —1I) to vary from 0.16 to 0.24, the apparent
distance modulus of Pal 1 varies in the interval 15.51 <
(m—M), <1594 as shown in Figure 6. Taking into
account the uncertainty in the calibration, in the adopted
reddening, in the fit, and in the distance of the comparison
clusters, the absolute distance modulus is (m— M), = 15.25
+ 0.25.

As shown in Figure 6, a good match with the Pal 1 giant
branch would be obtained for a value of the reddening
E(V —1I) ~ 0.18. On the other hand, the position of the RGB
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F1G. 6.—Determination of the Pal 1 distance modulus from the com-
parison of its fiducial line with the fiducial lines of 47 Tuc. The fiducial line
of M71 is also shown (see text for details).

is controlled not only by a cluster metallicity but also by its
age, and, as we will see later in this section, Pal 1 appears to
be younger than normal GCs by at least 6 Gyr. Therefore,
we expect that the stars that are evolving along the RGB of
this cluster are more massive (and hence hotter) than those
of the comparison clusters (which have a “normal” age; cf.
Hesser et al. 1987; Grundahl 1996).

In this case, the reddening must be higher than the value
obtained from a direct comparison with the sequences of 47
Tuc and M71, since its bluer RGB requires a smaller shift in
order to be superposed on the reference RGB. To estimate
this effect, we analyzed a set of isochrones from Bertelli et al.
(1994) for [Fe/H] = —0.7, and found a relative shift of
0.03-0.04 mag between the RGBs for the expected age
interval. A value E(V —I) ~ 0.21-0.22 is therefore a better
estimate of the cluster reddening. This is almost coincident
with the adopted value.

The most striking feature of the Pal 1 CMD that emerges
from the comparison with M71 and 47 Tuc is the larger
color difference between the TO and the RGB base: It is
well established (see, e.g., VandenBerg, Bolte, & Stetson
1990) that the color width between the TO and the RGB is a
function of the cluster age and metallicity. Since the tem-
plate clusters and Pal 1 have similar metallicities, the dis-
crepancy observed for Pal 1 is most likely due to a younger
age.

This result is confirmed by a direct comparison of the Pal
1 CMD with a set of theoretical isochrones taken from the
library of B94. In order to put a constraint on the subset of
model ages to be used, we first compare in Figure 7 the
CMD of Pal 1 with the models, registering both of them to
the TO. In this way, the color width between the TO and
the RGB base can be used to select a subsample of iso-
chrones. The figure clearly indicates that a standard 16 Gyr
isochrone is not able to reproduce the morphology of the
diagram, and we have to assume an age between 6.3 and 8

FiG. 7—Pal 1 fiducial points and a set of isochrones from Bertelli et al.
(1994), registered so that the TOs coincide. The metallicity of the iso-
chrones is Z = 0.004 and the ages are (left to right) 16, 12.5, 10, 8, and 6.3
Gyr; this comparison indicates that the shapes of the Pal 1 CMD are
compatible with an age in the interval 6.3-8 Gyr.

Gyr in order to fit the cluster’s fiducial points. This would
make Pal 1’s age of the order of the oldest open clusters.
This result is further confirmed by Figure 8, which shows
that the 8 Gyr isochrone better reproduces the overall mor-
phology of the CMD in the [(V —1I),, M, ]-plane when we
adopt the distance modulus and reddening discussed above.
A slight blueward offset of 0.03 mag was applied to the
isochrones in order to superpose the main sequences and
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F1G. 8.—Subset of isochrones from Bertelli et al. (1994) overplotted on
the Pal 1 CMD; the diagram was corrected for the assumed distance
modulus and reddening (see text), and the isochrones were shifted by 0.03
mag blueward to match the observed MS. An age of 8 Gyr better repro-
duces the data.
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giant branches: this offset is entirely within the uncertainties
in the value of the reddening.

If we adopt the TO magnitude and the (very uncertain)
HB magnitude discussed in § 3, we would have a AVES =
2.95, corresponding to an age of 8.3 Gyr (Buonanno et al.
1989, eq. [5b]). In summary, from the comparison with the
theoretical isochrones and the old GCs, we can conclude
that Pal 1 must have an age significantly lower than the
bulk of the Galactic GCs.

The adopted distance modulus corresponds to a distance
from the Sun of 11.2 + 1.3 kpc, a distance from the Galactic
center Rgc = 17.3 + 1.6 kpc, and a height Z5, = 3.7 + 04
above the Galactic plane (we adopted a distance from the
Sun to the Galactic center R = 8.0 + 0.5 kpc; Reid 1993).

In view of its position in the Galaxy, it is not very likely
that Pal 1 is an old open cluster, though this possibility
cannot be ruled out. We note that in the compilation by
Friel (1995) of the oldest open clusters, none of them have
Zgp > 2.4 kpc. On the other hand, the metallicity, though
very low for an open cluster, would still be consistent with
the radial abundance gradient for the old open clusters pro-
posed by Friel (1995). As discussed in § 6, Pal 1 appears to
be more concentrated than are normal old open clusters,
while its concentration parameter ¢ = 1.6 is typical for a
GC (Trager, King, & Djorgovski 1995).

5. LUMINOSITY AND MASS FUNCTIONS

We have obtained the stellar luminosity functions for two
radial regions of Pal 1, the inner region, r < 30", and the
outer, 30" <r < 270". We extracted the LFs using only
stars falling within 3 ¢ of the fiducial line of the MS. In
order to facilitate the star counts, we linearized the MS by
subtracting from each star the ¥ —1I color corresponding to
the ¥ magnitude along the MS. We obtained the LFs in 1
mag bins, with the exception of the first bin, which includes
all the evolved stars. The two LFs are reproduced in Figure
9, together with the LF of the background, which was
obtained in the same way. The outer LF of Pal 1 has been
arbitrarily shifted in order to match the first two bins of the
inner LF.

Each LF was corrected for completeness. We used an
approach similar to that described in Piotto et al. (1990).
The completeness was estimated in the magnitude range
V =19.5-25.0 by adding artificial stars to the original
frames in 0.25 mag intervals and checking what percentage
was recovered in each region, after a reduction stage equal
to that of the original images. The artificial stars were added
to the average frames. The I magnitudes for the stars were
set using the ¥ —1I color of the MS. We considered as recov-
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F1G. 9.—Observed luminosity functions for the cluster center (r < 30”),
the outer part (30" <r < 270"), and for the background field outside
r > 350" from the center. The cluster LFs were corrected for completeness
and field contamination; the outer LF was normalized to the inner one
using the first two bins (i.e., shifted up by 1.853 units).

ered stars only those identified in both the ¥ and I frames.
For the central field, we reach 50% completeness at
V ~23.7 and at V ~ 23.5 for the external one. When per-
forming star counts we stopped at ¥ = 23.25, well above
the 50% limit (see Table 3).

The LFs were also corrected for field star contamination
by subtracting the star counts coming from the external
frame (r > 350”; see Fig. 9) from the counts of the central
frame, after correcting for completeness and area coverage.
The completeness-corrected star counts and the luminosity
function for each radial bin are reported in Table 3, in the
rightmost column of which we present also the values of the
completeness correction adopted for the central and the
external fields.

The error bars of the LFs include the Poisson errors of
both the cluster and background counts, plus the uncer-
tainty in the completeness correction. The two LFs look
different (though the small number of stars does not allow
an assessment of the statistical significance of this result),
with the internal LF flatter than the external one, as can be
expected as a consequence of the equipartition of the
energy. In a loosely populated cluster like Pal 1, dynamical
evolution is very fast. The relaxation time is extremely short
if we compare it with the typical values for GCs. In particu-

TABLE 3
STAR COUNTS AND LUMINOSITY FUNCTION OF PALOMAR 1

r < 30" (0.791)*

30" <r < 270" (59.94)

r > 350 (108.0)*

14 Stars VA Stars VA Stars VA COMPLETENESS®
16.88...... 12.00 0.0510 48.00 0.0006 69.00 0.0022 1.00/1.00
19.75...... 32.00 0.6693 61.00 0.0119 33.00 0.0051 1.00/1.00
20.75...... 20.00 0.4162 78.00 0.0164 34.00 0.0052 1.00/1.00
21.75...... 27.00 0.5594 110.00 0.0210 62.00 0.0096 1.00/1.00
22.75...... 16.80 0.3120 201.83 0.0141 272.35 0.0420 0.95/0.89

2 Area covered in arcmin?.
2

® Luminosity function, in stars mag ~! arcmin 2.

¢ Correction adopted for central and external fields, respectively.
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F1G. 10.—Mass functions of Pal 1 obtained from the LFs of Fig. 9 using
B94 models for [Fe/H] = —0.7 and an age of 8.0 Gyr.

lar, Pal 1 has the shortest relaxation time in the compilation
by Djorgovski (1993), with a relaxation time at the half-
mass radius T, = 3.3 x 107 Gyr. Therefore, we do expect to
detect mass segregation effects in its radial stellar distribu-
tion.

We calculated the MF corresponding to the LFs pre-
sented in Figure 9, using B94 models and the cluster param-
eters adopted in § 4. The two annular MFs and the global
MF (i.e., the MF obtained for the entire cluster) are present-
ed in Figure 10 (the global MF is shown shifted up by 0.2
units for clarity).

The best-fitting power laws of the form ¢ = &, m ™ *MP
(xpr = 1.35 for the Salpeter MF) are xyr = —2.9 + 1.3 for
the inner MF and xyz = —0.7 £ 0.6 for the outer one. The
global MF (obtained from the global LF) has a slope xyz =
—1.4 + 0.7. As expected from the LFs, the MFs for the two
annuli displayed in Figure 10 are different (though this
result is of low statistical significance), with the inner MF,
showing a reversed slope with respect to the outer one.

6. DYNAMICAL ANALYSIS

In order to shed light on the real nature (open vs.
globular) of Pal 1, we have also compared the structural
parameters of Pal 1 with those of the globular and open
cluster populations.

We derived the density profile of Pal 1, making radial star
counts in equal logarithmic steps and adopting the same
selections in the CMD used to extract the LF. The result is
shown in Figure 11, in which we show our star counts ( filled
circles) corrected for completeness and field object contami-
nation. The open circles represent the light profile of Pal 1
published by Trager et al. (1995). Our star counts, trans-
formed into magnitudes, have been shifted to match the
Trager et al. (1995) surface brightness profile.

One of the main problems in obtaining the profile of Pal
1 was locating its center. Choosing a wrong center in a
loosely populated cluster with a small number of stars like
Pal 1 would produce spurious trends in the central part of
the profile (Trager et al. 1995). We tried many algorithms
similar to those listed in Picard & Johnston (1993), finding
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Fic. 11.—Radial star counts from the present photometry of Pal 1
(filled circles) and data from Trager et al. (1995; open circles); the solid line
represents the best-fitting isotropic single-mass King model. See text for a
detailed explanation.

that the most reliable results could be obtained with the
iterative centroiding algorithm by Auriére (1982).

The density profile clearly indicates the presence of a flat
core. Figure 11 shows no evidence for flattening of the
Trager et al. (1995) profile, probably a consequence of incor-
rect centering of the star counts or an erroneous crowding
correction in their star counts (the most central point in
Trager et al. 1995 is from former star counts by King et al.
1968). The small number of cluster members prevented us
from extracting density profiles for stars of different mass:
the density profile presented here is the profile for all stars
counted to the limit of the photometry (and corrected for
completeness). Our data set allows a reliable estimate of the
field object contamination, which is quite high (as already
seen from the CMD of Fig. 3). The background level was
determined by counting stars outside 350” from the center
of the cluster, i.e., in the external field. The value used for the
Pal 1 profile is 4.55 stars arcmin ~ 2, as shown in Figure 11.

We have fitted the radial profile with a single-mass iso-
tropic King (1966) model to extract the structural param-
eters of Pal 1. The best-fitting model has a concentration
parameter ¢ = 1.6, a core radius r, = 13”5, and a half-mass
radius r, = 41", values that are well within the range
observed for other Galactic GCs. The concentration param-
eter ¢ = 1.6 is higher than the typical open cluster concen-
tration parameters: no open cluster listed in Danilov &
Seleznev (1994) has such a high c-value. The central surface
brightness is u,(0) = 20.93 + 0.25, while the surface bright-
ness at the half-mass radius is pp,(r,) = 23.52 + 0.25. The
tidal radius obtained from the model is r, = 525", even if
beyond ~350” the stellar density of the model implies a
total number of cluster stars less than unity.? This is due to
the small total number of cluster stars; integrating the
global LFs presented in Table 3 down to the adopted limit
for our photometry (V' = 23.25), we have a total number of

2 BS95 found a higher value for r, and r, (tidal radius), but without a
direct measure of the background/foreground star contamination.
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N, = 342 + 21 stars, which corresponds to a total inte-
grated absolute magnitude M, = —2.54 £ 0.50. This value
places Pal 1 at the lower end of the GC luminosity function.
Using the above estimate for the total absolute magnitude
and the relation by Mandushev, Spassova, & Stanaeva
(1991, eq. [4]) we obtain log (m/My) = 3.1 + 0.3 for the
total cluster mass.

Even if the structural parameters of Pal 1 are very similar
to those observed in other GCs, its global MF is different.
As shown in Figure 12, the Pal 1 global MF slope falls
completely outside the correlation between the mass func-
tion slope with the cluster Galactic position (Rg¢, Zgp) and
metallicity [Fe/H] proposed by Djorgovski, Piotto, &
Capaccioli (1993). This could be evidence that the initial
MF of Pal 1 was significantly different from that of the
other 21 GCs shown in Figure 12. Another possibility is
that while the correlation by Djorgovski et al. (1993) holds
for clusters with a mass function evolved by tidal shocks
(Capaccioli, Piotto, & Stiavelli 1993), the MF of Pal 1 could
have evolved as a consequence of another dynamical
mechanism that can be tentatively identified as the stellar
evaporation from the cluster. Indeed, in the recent work on
the destruction rate of GCs by Gnedin & Ostriker (1997),
Pal 1 has one of the highest evaporative destruction rates,
while the values due to tidal shocks are comparable to those
for other halo GCs (Gnedin & Ostriker 1997). Moreover,
Johnstone (1993), analyzing the evaporation escape rate of
stars in GCs using multimass King models, found that the
MF can be modified in a remarkable way. The effect is
always toward a flattening of the MF and depends on the
relaxation time: it is faster for very low concentration
and/or loosely populated clusters. However, we cannot
really say, without a simulation suited to Pal 1, if its
observed MF is a consequence of evaporation alone.
Solving this problem would give us some information on
the formation of this cluster. In the case of Pal 1, we can
only calculate (following Johnstone 1993) the present
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Fi1G. 12—Trivariate relation between the position (Rge, Zgp), metal-
licity [Fe/H], and the slope of the global mass functions for 21 old GCs of
our Galaxy (circles). The star represents the position of Pal 1.
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evaporative destruction time, T,,, assuming a constant rate
of evaporation: T,, = 24T,; = 0.74 Gyr. This indicates that
Pal 1 is very likely on the verge of destruction.

7. SUMMARY AND DISCUSSION

The principal parameters of Pal 1 obtained in the present
work are summarized in Table 4. The main results are:

1. Pal 1 is very loosely populated—N,,, = 342 + 21 stars
down to V magnitude 2325, M, = —25+0.5, and
M =1300 + 600 M.

2. The mean features of the CMD are clearly defined for
the internal region, though no obvious HB stars can be
identified. Consequently, any cluster parameter based on
the HB location must be considered very uncertain.

3. In comparison with 47 Tuc and M71, Pal 1 appears to
be younger than typical Galactic GCs.

4. In comparison with isochrones, Pal 1 appears to have
an age between 6.3 and 8 Gyr. Consequently, if we consider
Pal 1 to be a GC, it would be the youngest among the Milky
Way GCs and the most metal-rich halo GC. Alternatively,
it would be one of the oldest open clusters.

5. A surface density profile is presented and compared
with previous data. Pal 1 does not show any evidence of
core collapse: its central profile is flat. The best-fitting
single-mass King model yields pu,(0) = 20.93, ¢ = 1.6, and
r. = 1375. If Pal 1 is an old open cluster, it is very peculiar,
not only because of its position in the Galaxy (Rgc = 17.3
kpc and Zgp = 3.7 kpc), but also for its concentration
parameter (¢ = 1.6), which is higher than in any other open
cluster.

6. The observed luminosity function shows some evi-
dence of mass segregation, as expected on the basis of the
very short relaxation time of the cluster. Consequently, the
MF slope also varies with radius, though this result is sta-
tistically less significant.

7. The global MF has a slope xyz = —1.4 + 0.7. The Pal
1 MF slope does not follow the general trend with metal-
licity and Galactic position proposed by Djorgovski et al.
(1993); if this is an indication of evolution, the MF of Pal 1
has not been modified by tidal shocks alone. In view of the
short relaxation time, it might have been modified by

TABLE 4

GLOBAL PARAMETERS OF PALOMAR 1

Parameter Value
Vio oeeveeveeenn. 19.25 £ 0.20
V—"Drg-eeuee--- 0.71 + 0.03
[Fe/H] .......... —0.60 + 0.20
Age (Gyr) ....... 6.3-8.0
m—M),......... 1525 + 0.25
EV-I.......... 0.20 + 0.04
EB—-V)......... 0.15 + 0.03
Ryeio (kpo) ... 112 +13
Rge (kpo)........ 173+ 1.6
Zgp (kpo) ........ 37+04
XN« e enennennenns —14+07
[ 1.60
r. (arcsec)........ 13.5
r, (arsec)......... 41
r, (arcsec) .. 525
7% (0) P 20.93 + 0.25
[T (2 T 23.52 +0.25

P eetesesnennians —2.54 +0.50
Pligg vevvemeenennnn 342 + 21
log (m/My)...... 31+03
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evaporation. Another interesting possibility is that the
initial MF of Pal 1 was quite different from that of other
halo GCs.

8. Evaporation implies a destruction time of T,, = 0.74
Gyr. Hence, Pal 1 is very likely on the verge of destruction.

In conclusion, Pal 1 would be very peculiar if it was
interpreted as an open cluster, at least in terms of position
and morphology. On the other hand, we point out that
there is a growing body of evidence for the existence of a
small group of Galactic GCs that appear to be significantly
younger than the average Galactic GC population. Pal 12
(Stetson et al. 1989; Gratton & Ortolani 1988) and Rup 106
(Buonanno et al. 1993; Da Costa, Armandroff, & Norris
1992) are 3-5 Gyr younger than the bulk of GCs having
similar metallicities. Arp 2 (Buonanno et al. 1995a), Terzan
7 (Buonanno et al. 1995b), and IC 4499 (Ferraro et al. 1995)
are other young candidates that have been recently dis-
covered. Pal 1 might be the youngest member of this group.

Many authors have tried to understand the existence of
these young GCs, considering formation from clouds that
have survived in the halo (Searle & Zinn 1978), intergalactic
clusters captured by the Milky Way (Lin & Richer 1992;
Buonanno et al. 1995b), objects formed via interactions
between the galaxy and the Magellanic Clouds (Fusi Pecci
et al. 1995), or other satellites that may have long since
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merged with our Galaxy (Majewski 1993; Lynden-Bell &
Lynden-Bell 1995). Though other explanations are possible,
the fact that the MF of Pal 1 seems to differ significantly
from the MFs of 21 old GCs might be an interesting indica-
tion of a different origin for this object. This fact, coupled
with its young age, might be further evidence that Pal 1
should be considered a member of a different GC popu-
lation, with a different formation process and time. It would
be of great interest to compare the MF of this cluster with
the MFs of other young candidates to check this hypothe-
sis. Dynamical calculation of the evaporation effects are
also needed, in order to correctly interpret the MF of Pal 1.
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