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Abstract. New accurate CCD photometry in theu, v, b and
y bands of the Str̈omgren system filters has been obtained for
17640 stars toV ∼ 20m in a ∼ 21′ × 21′ field centered on
the intermediate-age open cluster IC 4651. The resulting color-
magnitude diagram (CMD) is substantially improved in com-
pleteness and accuracy compared to previous studies of IC 4651.

Specifically, this study has: 1) more than doubled the known
size of the cluster area on the sky, 2) more than doubled the
number of stars brighter thanV ∼ 14m, 3) added 160 “new”
candidate member stars to the turn-off region of the CMD, 4)
identified∼ 600 fainter stars that trace a previously undetected
and well-defined main-sequence down toV ∼ 18m, and 5)
enabled a very accurate determination of true distance modulus
((m−M)0 = 10.03±0.1) by fitting the Hyades main-sequence
over the long stretch of the cluster main-sequence. The(v−y)−
V CMD defines the main-sequence significantly better than the
traditional(b − y) or (B − V ) CMDs. These findings make IC
4651 a perfect target for testing stellar evolution models.

A correlation is found between the CMD and the radial
distance of the stars to the cluster center. The fainter main-
sequence stars are less centrally concentrated, as predicted by
theory. Overall, IC 4651 appears to be a moderately dynamically
evolved cluster ideally suited for testing of dynamical models.

Key words: Galaxy: open clusters and associations: individual:
IC 4651 – stars: Hertzsprung–Russel (HR) and C-M diagrams

1. Introduction

Observations of star clusters have led to substantial progress
in such areas of Galactic astrophysics as, e.g. the formation
and evolution of the Milky Way (Gilmore et al.1990), determi-
nation of distances, ages, and chemical compositions of sub-
populations in our Galaxy (Friel 1995; Gilmore et al. 1990),
and empirical testing of stellar evolution models (Vandenberg

? Based on observations obtained with the Danish 1.5-m telescope
at the European Southern Observatory, La Silla, Chile.
?? Tables 1, 2 and 3 are only available in electronic form at the

CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsweb.u-strasbg.fr/Abstract.html

1983, 1985; Carraro et al. 1993; Demarque et al. 1994). The-
oretical models and numerical simulations of stellar and dy-
namical evolution in open clusters have reached a level where
high-quality observations have become essential for meaning-
ful comparisons to be carried out (Spitzer & Mathieu 1980; de
la Fuente Marcos 1997 and references therein).

However, observational shortcomings such as limited field-
size and faint magnitude limit, imprecise broad-band photom-
etry, uncertain membership assignment, and incomplete identi-
fication of cluster binaries, still impede more detailed compar-
isons with model results. A striking example of the importance
of these effects has recently been discussed by Nordström et al.
1997.

Here we report a new, substantially improved CMD for
the fairly rich intermediate age southern open cluster IC
4651 (α2000 = 17h24m47s, δ2000 = −49o56′57′′ and l =
340o.07, b = −7o.88). A detailed analysis of the stellar content,
age, and dynamical evolution of this cluster will be published
separately, based on the photometry presented here and new
extensive radial-velocity results.

2. Recent studies of IC 4651

A sizeable literature on IC 4651 already exists, including the
photometric studies by Eggen 1971 (photoelectricUBV pho-
tometry of 102 stars; field∼ 10′ × 10′); Lindoff 1972 (pho-
tographicUBV photometry of 291 stars; field radius∼ 7′);
Smith 1982 (DDO photometry of 14 stars); Anthony-Twarog
& Twarog 1987 (CCDuvby-Hβ photometry of 134 stars; two
fields of ∼ 3′ × 5′); Anthony-Twarog et al. 1988 (CCDBV
photometry of 113 stars; field∼ 3′ × 5′ + photographicBV
photometry of 178 stars; field radius∼ 4.7′); Nissen 1988
(photoelectricuvby-Hβ photometry of 10 stars); Eggen 1989
(by andRI photometry for 17 stars); and Kjeldsen & Frandsen
1991 (CCDUBV photometry for 165 stars). Mermilliod et al.
(1995) presented radial-velocity observations of red giants, and
evolutionary models for the stars in IC 4651 were discussed by
Mazzei & Pigatto 1988, Bertelli et al. 1992, and Meynet et al.
1993.

The studies mentioned above suggest the following proper-
ties for IC 4651: True distance modulus from(m−M)0 = 9.40
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Fig. 1. Outline of the field around IC 4651 observed in the present study
(M99). The curved shape is due to cutoff of the vignetted areas caused
by the circular Str̈omgren filters. The fields observed by Eggen (1971)
(EG71), Anthony-Twarog & Twarog (1987), and Anthony-Twarog et
al. (1988) (AT87/88) are also shown.

(Nissen 1988) to(m − M)0 = 9.83 (Anthony-Twarog &
Twarog 1987), reddening and metal abundance ofE(b−y) =
0.076 ± 0.012 and [Fe/H] = 0.18 ± 0.05 (Nissen 1988),
and age from1.3 Gyr (Mazzei & Pigatto 1988) to2.4 Gyr
(Anthony-Twarog et al. 1988).

3. Observations and data reduction

Photometric observations of IC 4651 in the Strömgrenuvbysys-
tem were made during May 1–3, 1997 using the Danish1.54m
telescope and DFOSC focal reducer (J. Andersen et al. 1995) at
ESO, La Silla, Chile, equipped with a Loral2 × 2K CCD at a
scale of0′′.39/pixel. The observations cover a field with a radius
of ∼ 11′, roughly centered on the cluster (Fig. 1). Image diam-
eters (FWHM), including all contributions from the optics and
CCD, were1′′.25 - 1′′.9 on the first night,1′′.5 - 2′′.0 the second
night, and1′′.1 - 2′′.0 the third night. The first and second night
were photometric, the third was not (see Sect. 4.1). A total of 89
frames were obtained, evenly distributed among the four filters.

To eliminate systematic effects from the CCD, such as
gradients in quantum efficiency and/or bad columns, rows or
single pixels, exposures were made in three different posi-
tion angles:(−90o, 0o and+90o) and subsequently averaged
(Andersen et al.1995).

Individual pointings were systematically offset with respect
to the reference frame, which was centered roughly on the clus-
ter. Nine offsets spanning from−5′ to +5′ in right ascension

(α) and declination(δ) were used. For each of the nine off-
sets, at least two exposures in each filter were acquired. Table 1
(Available in electronic form only) contains information about
the Date, Night, Filter, Exposure time, Airmass, CCD rotation
angle, andα,δ-offsets for all 89 frames.

A total of 69 bias frames and 16 30-minute dark exposures
were also taken, evenly distributed over the observing run. In ad-
dition, 67 sky flat-fields (SFF) were obtained during the evening
and morning twilight, 25 inu and 14 in each ofb,v andy.

3.1. Basic reductions

All science frames were bias corrected by subtraction of amas-
ter bias, computed by combining all bias frames. The bias level
increased slightly during the period of observation, possibly
due to a slow contamination from cabling inside the dewar (a
problem found and removed in January 1998). Because of this
variation, subtraction of themaster biascould not completely
remove the electronic background from the individual science
frames. A median value for the signal in the overscan region of
each frame was therefore also subtracted.

Analysis of the dark frames proved that the dark signal was
insignificant.

For each filter (u,v,bandy), a master-SFF was created by
combination of the best single SFF’s. In order to reduce the
effects of gradients in the quantum efficiency of the chip, overall
gradients in the twilight sky, and scattered light in the telescope
and instrument, the CCD was rotated180◦ between each pair
off SFF exposure (Andersen et al.1995).

3.2. Point-Spread Function (PSF) photometry

PSF photometry was carried out for the stars in this moder-
ately crowded field (1500–10000 stars per frame, depending on
filter and exposure time), using the DAOPHOT software (Stet-
son 1987; Stetson 1989c). In each frame, 50 bright stars were
used to derive a point-spread function, which was allowed to
vary quadratically with position. Because of vignetting from the
round filters, it was necessary to eliminate detections in the four
corners and at the edges of the images. Coordinate transforma-
tions were set up (Stetson1989a) to refer positions on each CCD
frame to the coordinate system of the reference frame (centered
on the cluster). The methods of synthetic aperture photometry
and growth-curve analysis (Stetson1990) were used in order to
obtain the relative calibration of the images.

4. Standard stars

In order to increase the number of photoelectric standard stars
available for the transformations to theuvbystandard system
above those in IC 4651 itself (Nissen 1988), the open cluster
M67 (Nissen et al. 1987) and a number of isolated standard
stars were also observed. These standard star observations were
made each night before and after the observations of IC 4651.

The CCD images obtained in this study reveal that three of
the 10 stars by Nissen (1988) have close companions within
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the diaphragm, bright enough to cause magnitude errors larger
than0m. 01. Hence, these were excluded as standard stars. For
the same reason, 12 stars out of the 64 stars in the central region
of M67 with photoelectricuvby-Hβ photometry (Nissen et al.
1987) were excluded. The remaining standard stars in IC 4651
(7 stars) and in M67 (52 stars) were used in this study.

In addition to the stars in IC 4651 itself and in M67, 19 bright
isolated secondary standard stars from Olsen (1983, 1984) and
Schuster & Nissen (1988) were observed each night before and
after the program observations. This was done to increase the
color range of the standard transformations: A large color range
((b − y) = 0.05–0.6) improves the least-squares determina-
tion of the transformation coefficients (Stetson1989b) and per-
mits reliable photometry of stars in both the turnoff and main-
sequence region.

The magnitudes of the isolated standard stars were deter-
mined from the convergence of their growth-curves. Only stars
with well defined growth-curves, i.e. a magnitude error below
0m. 01, were accepted. Magnitudes were determined iny for 27
stars, inb for 18 stars, inv for 18 stars, and inu for 20 stars.

4.1. Transformation to standard system

The differences between standard and observed magnitudes
(mstd − mobs) for all standard stars were plotted against all
parameters which could possibly be correlated with the residu-
als. The quantities tested were: the color indices(v−y), (u−y),
and(b − y), the Str̈omgren Balmer discontinuity indexc1 and
metallicity indexm1, the Universal Time (UT ) for the expo-
sure, the exposure time (expt), the azimuth angle (az), the stel-
lar magnitude (m), and the airmass (X). Tests for dependence
of the residual on each of these parameters were carried out for
the standard star observations in each filteru, v, b andy and for
each night. This examination led to transformation equations
including terms in airmass(X) and(v − y) only.

The transformation coefficients were derived by simultane-
ous linear least squares fitting (Stetson1989b) to the(mstd −
mobs) vs. X, (v − y) dataset. The following transformation
equations were obtained for night 1 (extinction coefficients for
night 2 given in parentheses):

Vstd = yobs − (2.930 + 0.135(0.132)X + 0.001(v − y)std)
bstd = bobs − (2.853 + 0.196(0.201)X + 0.040(v − y)std)
vstd = vobs − (2.889 + 0.282(0.295)X + 0.061(v − y)std)
ustd = uobs − (2.772 + 0.513(0.534)X + 0.059(v − y)std)

The transformation coefficients for night 3 deviated con-
siderably from those from night 1 and 2. Suspicion of non-
photometric conditions therefore led to the temporary exclusion
of the data from night 3. After transformation of the data from
night 1 and 2 to the standard system, the data from night 3 were
transformed to the night 1 and 2 standard data.

Comparing the standard data by Nissen with the transformed
data of the present study for the 7 standard stars in IC 4651
(Nissen 1988) and for the 49 standard stars in M67 (Nissen et
al. 1987) gives a mean difference inV of 0m. 0063 ± 0.0111

(s.d.) and0m. 0020 ± 0.0170 (s.d.), respectively, and a mean
difference in(b − y) of −0m. 0044 ± 0.0093 and−0m. 0003 ±
0.0151, respectively, with no significant dependence on color
and magnitude.

4.2. Photometric precision and accuracy

The final magnitude of a star is determined as theweighted
meanof the individual detections. The number of detections of
each star depends on its location and brightness. The maximum
number of measurements of a single star in a single filter is 18.

The precision measured as the standard deviation (s.d.) of
one instrumental magnitude, calculated for stars observed more
than 5 times in each of the four filters, is:0m. 01 in V , 0m. 01 in
b, 0m. 015 in v and0m. 02 in u.

After transformation to the standard system, the accu-
racy in terms ofstandard error of the weighted mean(sewm)
(Stetson1989b), for stars detected more than 5 times, converge
at approximately:0m. 007 for V , 0m. 007 for b, 0m. 009 for v, and
0m. 01 for u for the brightest stars.

Standard deviations of the residualsmstd(calculated) −
mstd(catalog) were calculated for all standard stars. For the
isolated standard stars the s.d. ranges from0m. 0318 in V on
night 1 to0m. 0056 in V on night 2. For standard stars in M67,
s.d. range from0m. 015 in V on night 2 to0m. 0364 in u on night
2. The s.d. for the standards in IC 4651 range from0m. 011 in b
on night 1 to0m. 019 in u on night 1.

4.3. Comparison with previous photometric studies

Fig. 2 shows the differences inV and(b−y) between Anthony-
Twarog and Twarog (1987) and this study for about 60 stars in
IC 4651. The solid lines indicate the mean difference:0m. 0048±
0.0324 (s.d.) for all stars inV and 0m. 0029 ± 0.0096 (s.d.)
for 45 stars in(b − y). Data for the red giants,V < 11m or
(b − y) > 0.6 (dotted vertical line in lower panel) are less
reliable because the color-range of the standard stars does not
extend beyond this limit. The dotted horizontal line in Fig. 2
(lower panel) denotes the upper limit(0.03) for color differences
included in the calculation of the mean.

5. Star numbering conventions

Five different numbering systems have been in use for stars in IC
4651: Eggen 1971 (prefix E), Lindoff 1972 (prefix L), Anthony-
Twarog & Twarog 1987, Anthony-Twarog et al. 1988, and Piatti
et al. 1998. Eggen’s numbering has been used most frequently in
discussions of the red giants and turn-off stars. Anthony-Twarog
et al. identified primarily fainter stars and give cross-references
to Eggen; no cross-references are given by Piatti et al. 1998.

There are good reasons for introducing a new numbering
system for IC 4651: 1) the present photometry covers a much
larger field and includes more(∼ 17000) and considerably
fainter stars than previous studies, 2) essentially all stars mea-
sured in any previous study are included in the present photom-
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Fig. 2. Difference inV (upper panel) and(b−y) (lower panel) between
Anthony-Twarog and Twarog 1987 and the present study for about 60
stars in IC 4651. The mean differences are indicated by the solid lines.
Dotted lines indicate the upper limit in color-range for standard stars
(vertical) and the upper limit for color(b − y) differences (horizontal)
included in the mean; stars above these limits are red giant stars.

etry, and 3) a large number of cluster stars, both bright and faint,
are found outside the fields studied previously (see below).

The new numbering system uses prefix MEI, and the
stars are ordered by right ascension and numbered from 1
to 17640. Table 2 (Available in electronic form only) gives
cross-references between the MEI-system and the Lindoff
(1972), Eggen (1971), Anthony-Twarog & Twarog (1987), and
Anthony-Twarog et al. (1988) identification numbers.

Accurate coordinates are more precise guides to stellar iden-
tifications than labeled finding charts or raw pixel coordinates

(X, Y ). Accordingly, J2000 coordinates for all stars measured
on all CCD frames have been determined using numerous ref-
erence stars from the Digitized Sky Survey. The resulting accu-
racy is better than1′′.0 in both coordinates. Table 3 (Available
in electronic form only) is the final catalogue of the new pho-
tometry, ordered by MEI identification number. For each star, it
gives the MEI number, J2000 coordinates, the newy, b, v, and
u magnitudes in the standard system, and their mean errors.

6. The color-magnitude diagram

The color-magnitude diagrams (CMD) on the standard system
are presented in Figs. 3 and 4 which show(b − y) vs. V and
(v − y) vs.V , respectively. All stars measured in the field of IC
4651 are included. When comparing with previous studies, it is
noted that:

First, there is a large increase in the number of stars in the CMD
due to the much larger field and fainter limiting magnitude.

Second, the “new” stars more than double the number of
probable member stars in the turnoff region (unpublished radial-
velocity data by Nordstr̈om & Andersen show that field star
contamination in this region of the CMD is small).

Third, two previously unknown giant candidates have been
added to the sixteen red giants already known.

Fourth, the area on the sky covered by cluster stars is ap-
proximately doubled: IC 4651 is much larger and richer than
suspected in any previous studies.

Fifth, a previously undetected sequence of faint cluster
main-sequence stars (Fig. 4), extremely tightly defined in the
(v − y) vs. V diagram (less clearly so in the(b − y) vs. V
CMD) is visible down to approximatelyV ∼ 18m. This greatly
increases the value of IC 4651 as a diagnostic of stellar evolu-
tion models and as a probe of the dynamical evolution of star
clusters. A similar faint main-sequence was absent in the “sis-
ter” cluster NGC 3680, which has the same age and turn-off
mass and a comparable number of red giants (Nordström et al.
1997).

6.1. The red giant region

The dominant feature of the red giant branch is the clump of stars
in the brightness range of 10m. 5 - 11m. 0 in V , and 0.65–0.72 in
(b−y). In addition to the 10 stars making up the red giant clump
itself, six other red giant stars are scattered around it (Mermilliod
et al. 1995). Two “new” stars (MEI4353 and MEI11218) are
found in the red giant region of the CMD. The colors of the
red giants in IC 4651 are not covered by the color range of the
standard stars used in the standard transformations. Therefore,
precise comparison of the colors and magnitudes for the cluster
giants with earlier studies or with stellar models cannot be made.

6.2. The turn-off region

Figs. 3 and 4 show that the cluster sequence begins to evolve
away from the zero-age main-sequence (ZAMS) atV ' 14m. 5;
the tip of the turn-off is atV ' 12m. About 160 newly dis-
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Fig. 3. The final(b−y) vs.V CMD of IC 4651. Large solid dots denote
stars in the red giant region, triangles “new” red giant candidates.

Fig. 4. The final(v−y) vs.V CMD of IC 4651. Large solid dots denote
stars in the red giant region, triangles “new” red giant candidates.

covered stars from regions of the field outside those covered
by earlier photometric studies appear in this magnitude range,
more than doubling the known population of turn-off stars in IC
4651.

6.3. The lower main-sequence and the distance to IC 4651

In the(v − y) vs.V CMD (Fig. 4) the main-sequence is clearly
defined down to∼ 18m. This result contradicts the assertion of
Anthony-Twarog & Twarog (1987) and Anthony-Twarog et al.

(1988) that the main-sequence of IC 4651 is poorly defined or
totally missing belowV ' 14m. 5. The probable cause of the
earlier result is discussed in Sect. 6.5 below.

Numerous determinations of the distance to IC 4651 exist,
ranging from(m−M)0 = 9.40 to (m−M)0 = 9.83 (Kjeldsen
& Frandsen 1991, and references therein). Previous attempts,
e.g. (Anthony-Twarog et al. 1988; Bertelli et al. 1992), relied
on fitting theoretical isochrones to a broad average sequence
of main-sequence and turn-off stars, introducing uncertainties
from both color transformations and bolometric corrections as
well as in the definition of the main-sequence itself.

Using the Hyades for a direct distance determination has
several advantages: The Hyades are stars with precisely known
distances, the same metallicity as IC4651 (Nissen 1988), and
also cover the same colour range as the stars of IC 4651. The
well defined deep main-sequence in IC 4651 resulting from the
present photometric study enables fitting of the Hyades main-
sequence over a large range in colour, and thus provides a means
for accurate determination of the distance to the cluster. The dis-
tance modulus for the Hyades (Perryman et al. 1998), using ab-
solute trigonometric parallaxes from the Hipparcos catalogue,
is (m − M)0 = 3.33 ± 0.01 corresponding to a distance of
46.34 ± 0.27 pc. The Hyades main-sequence (MV , (B − V ))
used in this study is that by Schwan (1991), who found a dis-
tance modulus of(m − M)0 = 3.40 ± 0.04, but correcting the
absolute magnitudes to the new HIPPARCOS zero-point. The
main-sequence relation was transformed to the Strömgren sys-
tem via a plot of(B − V ) vs.(b − y) indices for stars observed
by Crawford & Perry (1966) and Olsen (1993).(v − y) indices
were obtained by internal transformation in the Hyades, using
the observed four colour Strömgren photometry from the same
sources.

Fig. 5 shows the Hyades main-sequence fitted to the cluster
main-sequence, using the best-fit true distance modulus of(m−
M)0 = 10.03, which is adopted as the distance modulus of IC
4651 in this study. The uncertainty on the distance modulus is
estimated to0m. 1 on the basis of the scatter around the Hyades
main-sequence in the CMD. The resulting distance to IC 4651
is then1.014 ± 0.05 kpc.

6.4. Why is the(v − y) − V CMD so superior?

Figs. 4 and 3 show that the cluster sequence is much better de-
fined in the(v − y) − V CMD compared to the(b − y) − V
diagram, which is the closest approximation to the conventional
(B − V ) − V CMD. Especially evident is the better contrast
of the cluster lower main-sequence from the field star popula-
tion. As a guide to the choice of color bands in future studies of
cluster CMDs, one would like to understand why this is so.

The scatter of the cluster sequence does increase from(b−y)
to (u − y) in absolute terms, as expected from the computed
photometric uncertainties. However, relative to the color range
spanned by the main-sequence from the turnoff to, say,V = 18,
the influence of photometric errors in color is clearly smaller
in (v − y) than in(b − y). This explains part of the superior
performance of the(v − y) − V CMD.
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Fig. 5. The Hyades main-sequence fit to that of IC 4651 for a distance
modulus of 10.03. The long stretch of the lower main-sequence which
is available for the fit in the(v −y) vs.V CMD (to V ∼ 18m) enables
a very accurate determination.

An additional explanation could be different influence of in-
terstellar reddening. Using the reddening relations of Crawford
& Mandwewala (1976), one can compute the direction of the
reddening vectors in all three CMDs:V vs.(b−y), (v−y), and
(u− y). The reddening vectors become less steep along this se-
quence, because the reddening corresponding to a fixed amount
of extinction inV increases. However, as illustrated in Fig. 6, the
slope of the lower main-sequence decreases even more rapidly.
As a result, the strong concentration of distant field stars below
and to the blue of the cluster main-sequence will be scattered
acrossthe cluster sequence in the(b − y) diagram, but roughly
parallel to the cluster sequence in the(v − y) CMD. Thus, dif-
ferences in reddening of the background field stars will tend to
smear the field and cluster distributions more in a(b− y) CMD
than in a(v − y) CMD.

This result can be useful in clusters with differential red-
dening too: The right combinations of color bands will enable
determination of CMDs in which the effects of differential red-
dening would be either minimized or maximized. Minimizing
the effect of differential reddening will ease the study of the
cluster sequence itself, while alternatively maximization of the
effect of differential reddening will help estimate the amount of
reddening for individual cluster stars and hence help to map the
distribution of reddening over the cluster.

6.5. Radial variations in the CMD

Fig. 7a-d show separate CMD’s for stars in different radius in-
tervals from the center of IC 4651. Changes in the CMD with
radial distance(R) from the center are apparent: a)R < 4.7′.

Fig. 6. Plot of the reddening vectors and lower main-sequences (shown
as fitted polynomial curves for clarity) for each of the three color indices
(b − y), (v − y), and(u − y).

The turn-off region is well defined, but the lower main-sequence
is poorly defined. b)4.7′ < R < 7.1′. The turn-off region is still
well defined, but less than in a), while the lower main-sequence
is slightly better defined than in a). c)R > 7.1′. The turn-off re-
gion is relatively poorly defined while the lower main-sequence
is clearly defined and reaches fainter magnitudes than in a) and
b). d) 0 < R < 12′. The full sample. Both turn-off and main-
sequence regions are well defined.

While the field covered in Fig. 7c is significantly larger than
the fields covered in Fig. 7a and b, there does appear to be a
correlation between radial distance from the center and the CMD
of IC 4651. The ratio of upper to lower main-sequence stars is
decreasing away from the center. This is indeed the expected
result of the dynamical evolution and mass segregation in the
outer part of the cluster.

Anthony-Twarog et al. (1988) compared the density of faint
stars(V & 14m. 5) from their central cluster field(R . 5′)
with the density of stars at similar magnitudes in a photograph-
ically measured semi-annulus betweenR = 4.7′ andR = 7.1′.
Assuming that the outer annulus represented the general field
beyond the limit of the cluster itself, and finding that the densi-
ties of stars in the two areas were quite similar, they concluded
that there was no significant population of cluster stars at those
magnitudes.

However, the present study reveals the presence of numer-
ous cluster stars also in the annulus4.7′ < R < 7.1′. This area
is thus not a clean sample of the background sky. On the con-
trary, dynamical evolution appears to have preferentially driven
the fainter, less massive main-sequence stars from the central
regions out into just this annulus, creating a lack of contrast be-
tween the central and outer fields which was interpreted as an
actual lack of faint stars.
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Fig. 7. a– c:CMDs for samples of stars with increasing radial distances from the center of IC 4651.d: CMD from all stars detected in the new
field on IC 4651.

7. Conclusions

The new, deep Strömgrenuvby photometry of stars in a large
field centered on IC 4651 has profoundly changed the tradi-
tional understanding of this cluster. The main results can be
summarized as follows:

1. A catalogue of accurateuvby photometry and J2000 coordi-
nates for 17,640 stars in a field of approx.11′ radius centered
on IC 4651. Given the larger area coverage and greater depth

of the new photometry, a new numbering system for stars in
this field is introduced.

2. These data show IC 4651 to be at least twice as large in area
and much richer in stars than previously believed. Many
cluster stars, both bright and faint, are found outside the
cluster regions surveyed in previous studies.

3. A previously undetected lower cluster main-sequence is
clearly delineated down toV ' 18. This has made accurate
determination of the distance to IC 4651(1.014±0.05 kpc)
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possible by a direct fit to the Hyades main-sequence, and en-
ables fits of theoretical isochrones with far greater accuracy
than previously obtained for IC 4651.

4. The CMD based on the color indexv − y is found to pro-
vide much superior definition of the lower main-sequence,
including better separation of cluster and field stars. This is
due to the reduced effect of photometric errors and, more
importantly, a reddening vector that is parallel to the cluster
sequence rather than intersecting it. This technique should
have interesting applications to clusters with differential red-
dening.

5. The CMD as a function of radial distance from the center
of IC 4651 shows preliminary, but clear indications of dy-
namical evolution and mass segregation in the cluster, with
a large fraction of faint main-sequence stars found outside
the cluster region covered in previous studies.

A closer analysis of membership and the stellar and dynami-
cal evolution of IC 4651, based on the present data and additional
radial-velocity information (J. Andersen and B. Nordström, priv.
comm., 1998), will be the subject of a forthcoming paper.
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