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ABSTRACT

We present a CCD photometric survey of the central one-half degree of the old open cluster, M67, in
U, B, V, and I colors to magnitude V'=20. Extensive comparison of our photometry with other
published datasets shows excellent agreement, indicating that CCD photometry is capable of producing
a uniform set of measurements consistent with the photometric system defined primarily by the Landolt
standard sequence. The color-magnitude diagram of the cluster shows a well-defined main sequence
extending at least to the limit of the photometry at M, =10.55 and a substantial binary sequence. At
least 38% of cluster stars are binaries. The current generation of theoretical isochrones cannot be fit to
the observed sequences within the observational errors. We find a tendency for more massive members
of the cluster to be more centrally concentrated, along with a turnover in the cluster luminosity
function at low masses, which may be due to dynamical relaxation of the cluster. To the limit of our
photometry, we find a mass of the cluster of 724 solar masses. In addition, we present a sample of stars
of well-determined standard magnitudes that are suitable as photometric standards for further studies
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of this cluster and for general calibration of UBVT photometry using CCDs.

1. INTRODUCTION

With the exception of the Hyades and the Pleiades, few
open clusters are as well studied as M67. It is easy to
understand why. Not only is it a rich cluster, but its loca-
tion, within 1 kpc of the Sun in a direction of low redden-
ing and at high enough galactic latitude to minimize con-
fusion with background stars, makes it possible to study its
members from the giant branch to the lower main sequence
with relative ease. In addition, its metallicity and its age,
according to numerous determinations (most recently,
Nissen et al. 1987; Gilliland & Brown 1992), are close to
the accepted values for the Sun. The population of M67
thus serves as a paradigm sample for studies of the struc-
ture and evolution of Population I solar-age stars, just as
the Hyades and Pleiades do for younger objects, and both
the ensemble of stars in the cluster and its individual mem-
bers have received considerable attention. Recent investi-
gations of M67 have focused on its giants (Janes & Smith
1984), blue stragglers (Mathys 1992; Gilliland & Brown
1992; Mathieu & Latham 1986), spectroscopic binaries
(Mathieu er al. 1990), and on stars which display low-
amplitude solar-type oscillations (Gilliland & Brown
1988). Since the advent of CCDs, M67 has taken on addi-
tional utility as a convenient calibration field for BVRI
photometry (Schild 1983), since a good range of colors
can be imaged on a single frame near the central “dipper
asterism” of the cluster.
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Over the years, a number of broadband photometric
surveys of the M67 region have been undertaken, most
notable among them the pioneering photoelectric work of
Johnson & Sandage (1955), Eggen & Sandage (1964), and
the deep photographic work of Racine (1971). Racine
noted that his photometry yielded “the most precise C-M
diagram ever obtained for an old star cluster.” His diagram
show a clearly delineated main sequence and a giant
branch, a photometric binary sequence 0.75 mag above the
main sequence, and an absence of a notable white-dwarf
sequence down to the limits of his photometry.

Two decades have passed since the last large-scale pho-
tometric survey of M67 was published, however, and cer-
tain developments suggested to us the usefulness of cover-
ing the region once again. One prime factor, of course, was
the advent of CCDs, whose sensitivity and linearity have
already been put to good use in deep studies of globular
clusters. The depth, completeness, and consistency of ex-
isting photometry, it seemed evident, could be improved
through systematic CCD imaging of the cluster, reduced
by modern digital processing techniques. In the years since
Racine’s publication, Landolt’s photoelectric UBVRI
standards (Landolt 1983; Landolt 1973) have become de
facto standards for broadband photometry, and though the
accuracy of the published photometry is quite good in ret-
rospect when compared with Landolt reference stars (Tay-
lor & Joner 1985), no single study covers the cluster center
exhaustively. Therefore a new deep survey with a single
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instrument seemed likely to produce a sample which could
serve as a consistent standard reference for future research.
Further, recent proper motion studies of the cluster (Gi-
rard et al. 1989; Sanders 1977) brought forth the need for
photometry of those stars to which kinematic membership
could be assigned yet which had not been included in ear-
lier photometric studies.

Our objective, therefore, was to produce a deep UBVI
survey of a region a half a degree on a side centered on the
dipper asterism of M67, calibrated by the Landolt UBVRI
standards, with associated equatorial coordinates and cross
references to previous surveys, which would be useful for
the future study of individual objects in the cluster. This
new photometry would also be immediately applicable for
comparison with theoretical isochrones, and for the inves-
tigation of the binary content, spatial distribution, and lu-
minosity function of the cluster. The scope of our survey
was limited primarily by the size of our detectors (512
X 512 chips were the largest available at the time) and the
amount of observing time available. The resulting photom-
etry should, in short, give us a fresh look at an old cluster.

2. PHOTOMETRY
2.1 Observations

Observations were conducted using the Tektronix 512
X512 CCD camera (the “Tek 2”’) on the 1 0.9 m telescope
at Kitt Peak National Observatory on three nights span-
ning 1990 February 15-18 (UT). Except for the last hour
of the final night, when high cirrus clouds moved in, the
weather was exceptionally clear with seeing of 1-2 arcsec.
The telescope was used with the /7.5 secondary, produc-
ing an image scale of 0.77 arcsec/pixel (for 27 u pixel) and
a full field of 6.6 arcmin. In order to cover the entire cen-
tral half-degree of the cluster, the field surrounding the
central dipper asterism was partitioned into 25 overlapping
fields, with centers offset north-south or east-west from
each other by 5 arcmin to form a 5 X 5 mosaic whose center
frame included the asterism. During the 1990 spring run,
all but 5 of the 25 fields were imaged.

A standard KPNO UBVRI filter set was used, the U
filter consisting of a UG 2 with a copper-sulfate red block,
the B, V, and R filters being the Harris set, and the I filter,
the “nearly Mould.” The procedure for each field was to
take four 60 s exposures in ¥ and I, four 120 s exposures in
B, and one 900 s exposure in U. A series of images of the
central field were taken several times each evening, both as
a test of the internal repeatability of the measurements, and
to provide a sequence of standard stars from which trans-
formation and extinction corrections could be provided. In
addition, a half-dozen or more standard stars from
Landolt’s (1983) list were observed several times a night
over a wide range of airmasses (1.0 to at least 1.5) as a
fundamental calibration source. Altogether, counting indi-
vidual frames of Landolt objects and standard stars in the
central field, about 100 standards were observed each
night. A series of dome and skyflats were obtained every
evening as well.
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Additional observations were carried out on 1990 No-
vember 26/27 (UT) using a Tektronix 1024 CCD
mounted on the KPNO 0.9 m telescope, the same telescope
as used for the February run, now repositioned in a differ-
ent dome a hundred feet to the east. The weather was clear
and seeing was about 2 arcsec. Again the telescope was
used at f/7.5, making the image scale 0.68 arcsec/pixel
(24 p pixel) and the full field of view 11.68 arcsec.

Two fields were imaged using the same U, B, and V
filters as during the February run. A series of 60 and 120 s
exposures were taken through the B and V filters, and a
single 900 s exposure through the U filter. These two
frames covered most of the area missed in the February
run, and overlapped considerably the area already covered.
Due to lack of time, no I frames were taken, nor were any
standard stars outside the cluster observed.

One year later, on 1991 November 29 and 30, we ob-
tained a few 15 s I images and 20 s V images using the
same filters and configuration on the 0.9 m telescope as
above, and a Tektronix 2048 CCD detector (T2K2) with
24 u pixel giving a field of view of 23.36 arcmin. We used
the short exposure images to get photometry on stars
which were saturated on the longer exposure frames.

Preliminary processing of all CCD frames, to apply bias
and flatfield corrections, was done with standard routines
in the IRAF software package. For each evening, at least
20 flatfield exposures were available in each filter, U, B, V,
R, and I, from dome illumination, and at least three frames
each in U, B, and V using sky illumination. All well-
exposed flatfield exposures in each filter were combined
using the “avsigclip” procedure in IRAF. The dome flats
were applied to all images, but for the U, B, and ¥ images,
the dome flats left slight residual patterns due presumably
to the illumination or color balance problems. The IRAF
sky illumination procedure was used with the sky frames to
correct this problem. No residual patterns can be seen on
the images.

The photometric reductions were made with a software
package, SPs, developed at Boston University and the Uni-
versity of Hawaii (Janes & Heasley 1993). The SPS pro-
gram is similar to several other photometry programs in
using a point-spread-function (PSF) fitting procedure to
calculate the magnitudes of all stars on a CCD image.
Once a model PSF is computed, based on the observed
image profiles of the brighter, relatively isolated stars on
the frame, a map of the cross-correlation function between
the PSF and the original image is used to identify all mea-
surable stars on the frame. The magnitudes of stars in the
list are computed by fitting the position and scale of the
PSF to each star image in turn, in order of decreasing
brightness. Once they have been measured, stars are sub-
tracted to form an image of the residuals, which can be
examined manually or searched automatically for addi-
tional stars. The zero point of the frame is set during the
PSF calculation, through aperture photometry of the stars
used to calculate the PSF. Extensive tests and comparisons
of the Sps program are discussed by Janes & Heasley
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(1993). These tests show that the program gives results
consistent with those from other existing software pack-
ages.

2.2 Transformations

Instrumental magnitudes for all measured stars were
transformed to a standard system using fitting coefficients
derived from observations of standard stars whose magni-
tudes have been well established in earlier studies. Our
primary source of standard stars was the venerable list of
equatorial standards compiled by Landolt (1983). For ad-
ditional local standards on our cluster images, we chose
stars in the dipper asterism near the center of M67, cali-
brating our instrumental magnitudes against published val-
ues from Joner & Taylor (1990) for ¥—1I and values of
B—V from Schild (1983). Both Joner and Taylor and
Chevalier & Tlovaisky (1991) have noted a systematic er-
ror in Schild’s ¥ magnitudes of 0.04 mag, a value we con-
firmed from our data. We found no systematic error in
Schild’s values for B— V, however, and therefore included
them as B— V standards in the cluster. Neither Schild nor
Joner and Taylor listed values for U.

Transformation coefficients between instrumental and
standard magnitudes were determined using the following
equations, which are based on the discussion by Harris
et al. (1983). In the following equations u, b, v, and i are
the instrumental magnitudes, U, B, V, and I are the stan-
dard magnitudes, and X is the airmass.

v=V—+a,+a,X+a;(B—V)+as(B—V)? (1)
b=V+b,+bX +by(B—V)—0.03X(B—V)

+bs(B—V)?, (2)
u=B+c;+c;X+c;(U—B) +c¢5(U— B)?, 3)
i=V+d|+dyX+d,(V—I)+ds(V—-I)~ 4)

The derived coefficients are given in Table 1. The ob-
serving run in February is listed as nights 1-3 and the run
in November is listed as nights 4 and 5. The zero points
were derived independently for each night. Mean extinc-
tion coefficients were calculated for the observing run in
February and were assumed for the run in November. The
color terms and the color-squared terms are the means of
all the nights within each observing run. It was found that
the color-squared terms for the November observing run
did not significantly improve the solutions. Note that for
the November observing run a different CCD was used
from the February run, which accounts for the differing
zero points.

The standard deviations of the magnitudes of the stars
used in transforming to the UBVI system for the February
observing run were 0.015 in ¥, 0.013 in B, 0.018 in U, and
0.012 in I. Since independent standard star fields were not
observed in the November run, 54 stars in common with
both November and February datasets were used as inter-
nal standards for that run. Standard magnitudes for these
stars were taken from the transformed February data. The
standard deviations of fit for these 54 stars in the Novem-
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TABLE 1. Transformation coefficients.
a b c d

Feb. 1

1 4.5904+0.0045  4.5988+0.0044  6.272240.0087  5.4348+0.0037
2 0.1748+0.0086  0.2799+0.0083  0.5025+0.0534  0.0693+0.0086
3 -0.0028+0.0115  0.9922+0.0116  1.0786+0.0421 -0.9657+0.0093
5 0.0264+0.0082 -0.0150+0.0081 -0.0755+0.0451 -0.0404+0.0078
Feb. 2

1 4.61454+0.0045  4.6159+0.0045  6.3711+0.0079  5.4516+0.0037
2 0.174840.0086  0.2799+0.0083  0.5025+0.0534  0.0693+0.0086
3 -0.00284+0.0115  0.99224+0.0116  1.0786+0.0421 -0.9657+0.0093
5 0.02644:0.0082  -0.0150+0.0081 -0.0755+0.0451 -0.0404+0.0078
Feb. 3

1 4.5985+0.0042  4.6203+0.0043  6.4070+0.0077  5.4545+0.0036
2 0.1748+0.0086  0.2799+0.0083  0.5025+0.0534  0.0693+0.0086
3 -0.0028+0.0115  0.9922+0.0116  1.0786+0.0421 -0.9657+0.0093
5 0.0264+0.0082 -0.0150+0.0081 -0.0755+0.0451 -0.0404+0.0078
Nov. 1

1 4.0222+£0.0095 4.1966+0.0106  6.048240.0076  —

2 0.150040.0000  0.2700+0.0000  0.570040.0000 —_

3 0.0599+0.0099  0.9879+0.0110  0.9754+0.0123 E—

5 —— —_— —_— _—
Nov. 2

1 4.0237+£0.0137  4.1565+0.0134  6.06021+0.0168 —_

2 0.150040.0000  0.270040.0000  0.5700+0.0000 _—

3 0.0599+0.0099  0.9879+0.0110  0.9754+0.0123 _

5 — - — E——

ber data were 0.021 in ¥, 0.022 in B, and 0.030 in U. The
slightly higher standard deviations are a result of using
much fainter stars than are normally used as standard
stars. / frames were not taken in November.

To check for systematic errors in the fit to standard
magnitudes, the magnitudes and colors of the dipper aster-
ism stars were compared to studies done by Eggen &
Sandage (1964), Racine (1971), Schild (1983), Joner &
Taylor (1990), Chevalier & Ilovaisky (1991), and Gilli-
land et al. (1991). The residuals as compared to the dif-
ferent datasets are shown in Tables 2(a)-2(d). They are of
the form of our values minus their values. Also given are
the means and standard deviations about the means for
each set of residuals. To make a meaningful comparison
between our dataset and Schild’s data, the latter was first
compared with the Joner and Taylor data. The residuals in
V magnitude of the Joner and Taylor values minus the
Schild values when plotted against ¥ magnitude showed a
linear correlation. Joner and Taylor noted this discrepancy
in their paper, but did not attempt any correction of the
Schild data. We choose to correct the Schild data by de-
riving a least-squares solution to the residuals yielding the
following relation:

Veorr=0.9843 V5 g +0.1514. (5)

Schild’s magnitudes were then adjusted to fit this line. The
brightest stars had very little correction, but the fainter
stars had corrections of up to 0.056 mag. All the correc-
tions were in the direction of increasing the brightness of
Schild’s magnitudes.

The residuals in Tables 2(a)-2(d) demonstrate that our
magnitudes agree quite well with those found by Eggen
and Sandage, Chevalier and Ilovaisky, and Joner and Tay-
lor. We therefore consider those studies, and our own, to
represent a single uniform photometric system which is in
good agreement with the system defined by Landolt’s
work. The standard deviations are within the range ex-
pected when comparing two independent datasets each

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1993AJ....106..181M&amp;db_key=AST

FT993AJ.~ - CI06. “I81M:

184  MONTGOMERY ET AL.: M67

TABLE 2. Dipper-asterism residuals.

Star V Mag. Schild J&T E&S Racine C&I Gill. Mean

F81 10.032 0.031 0.005 0.002 0.002 0.010 — 0.010
F117 12,595 -0.03¢ -0.035 -0.015 -0.035 -0.041 -0.035 -0.033
F124 12130 0.022 0.012 -0.010 0.040 0.006 -0.010 0.010
F127 12.739 -0.027 -0.030 -0.031 -0.041 -0.026 -0.041 -0.033
F128 13.139 0.013 -0.013 -0.021 -0.021 -0.008 -0.021 -0.012
F129 13.159 -0.003 0.007 -0.031 -0.021 -0.015 -0.041 -0.017
F130 12.880 0.000 0.011  ©0.000 0.000 -0.004 -0.030 -0.004
F134 12.250 0.004 -0.006 -0.020 0.020 0.003 -0.020 -0.003
F135 11.433 -0.003 -0.003 -0.017  0.003 0.001 -0.017 -0.006

mean  0.000 -0.006 -0.016 -0.006 -0.008 -0.027 -0.010
4 0.020 0.016 0.011 0.025 0.016  0.011  0.015

Star B-V  Schild E&S Racine C&I Gill Mean

F81 -0.067 0.031 0.006 — 0.019 — 0.019
F117 0.788 -0.012 0.018 0.018 -0.006 -0.012  0.001
F124 0458 -0.008 0.008 -0.002 0.000 -0.002 -0.001
F127 0575 0.022 0.015 0.045 0.018 0.005 0.021
F128 0.578 0.001 -0.002 0.028 -0.002 -0.002 0.005
F129 0.591 -0.010 0.011  0.041 0.002 0.011 0.011
F130 0466 0.017 -0.004 0.046 0.013 0.006 0.016
F134 0579 -0.010 -0.001 -0.001 0.000 -0.011 -0.005
F135 1.067 0.016 0.007 -0.003 0.010 -0.023  0.001

mean 0.005 0.006 0.022 0.006 -0.004 0.008
o 0.015  0.007  0.020 0.009 0.011 0.009

Star V-  Schild J&T C&I Mean

F81 -0.049 0.019 0.019 0.019 0.019
F117 0.908 -0.004 0.007 0.016 0.006
F124 0566 0.001 0.006 0.010 0.006
F127 0.665 -0.007 0.014 0.016 0.008
F128 0.694 0.000 0.066 0.040 0.035
F129 0.670 -0.066 0.009 -0.005 -0.021
F130 0.576 0.000 -0.004 0.022 0.006
F134 0.697 0.013 0.028 0.024 0.022
F135 1.082 0.013 0.029 0.023 0.022

mean -0.003 0.019 0.018 0.011
4 0.024 0.019 0.011 0.015

Star  U-B E &S Racine Gill. Mean

F81 -0.233 0.152 — —  0.152
F117 0.249 -0.031 -0.031 -0.021 -0.028
F124 -0.012 -0.042 -0.102 -0.062 -0.069
F127 0.022 -0.038 -0.048 -0.028 -0.038
F128 0.066 0.016 0.006 0.046 0.023
F129 0075 0.015 -0.025 0.002 0.002
F130 0.000 -0.005 -0.070  0.000 -0.025
F134 0.074 0.014 -0.016 0.03¢ 0.011
F135 0.896 -0.024 -0.004 -0.024 -0.017

mean 0.006 -0.036 -0.005 0.001
4 0.056 0.034 0.033 0.059

with their own internal errors. Our data also agree very
well with Schild’s data after correcting for the linear shift
within the published data. The magnitude shift seen in the
residuals of our data as compared to Eggen and Sandage’s
will also account for the shift in our data as compared to
Racine’s and Gilliland’s since they used the Eggen and
Sandage data as standards. The somewhat larger residuals
of our data when compared to Racine are also expected
because of the larger internal errors inherent in his photo-
graphic photometry. We note that star F106, 111, was not
used in the comparison because it has a close neighbor
which can be separated by PSF fitting, but not with tradi-
tional photoelectric photometry. Chevalier and Ilovaisky,

184

who also used a CCD, left star F106 out of their calibration
for the same reason. Other stars used in the comparison
also had companions, but the magnitude difference or the
separation between the two stars was large enough not to
affect the comparison.

Instrumental magnitudes for all stars on our images
were transformed to the UBVI system by using Egs. (1)-
(4) and the derived transformation and extinction coeffi-
cients. The photometry for all stars is listed in Table 3.
Stars with a ¥ magnitude greater than 12 are from our
study, and stars with a ¥ magnitude less than 12 are taken
from published sources. The stars with photometry taken
from other sources have star numbers enclosed in paren-
theses, and the source of the photometry can be found in
Table 4. In Table 3 we have introduced a new numbering
system to account for the faint stars which did not have
previously published photometry. Our numbering system
begins in the northwest corner of the survey, and is in
approximate order of right ascension. In order to avoid
confusion with previous numbering systems we have begun
numbering from 5001. Star numbers followed with an as-
terisk correspond to stars which fall on the photometric
binary sequence in the color-magnitude diagram (see Sec.
4.3). CCD pixel coordinates were converted to equatorial
coordinates using standard reference stars from Girard
et al. (1989). The conversion process included corrections
for curvature of the coordinate system, and possible vari-
ations in the orientation of the CCD frames. The rms error
in the fit of the reference stars was 0.3 arcsec. Columns 2
and 3 give the right ascension and declination of each star
for the 1950.0 epoch. Columns 4-7 give the magnitudes of
each star as determined by this study. The last column,
titled comments, gives cross references to other studies.
The first number in the comments column corresponds to
Sanders (1977), a number preceded by a roman numeral
comes from Eggen & Sandage (1964), a number preceded
by a F comes from Fagerholm (1906), and numbers pre-
ceded with a G refer to Gilliland ef al. (1991).

For the sake of completeness and to account for stars
which were saturated on the CCD frames, the photometry
for stars with a ¥ magnitude less than 12 was compiled
from previously published sources and from several short
exposure frames obtained in 1991 November. A list of
these stars is given in Table 4, and they are also identified
in Table 3 by parentheses around the star number. The
stars for which the photometry is listed to a thousandth of
a magnitude are based on ¥ and ¥ —1I magnitudes deter-
mined using short exposures on images taken in 1991 No-
vember, and transformed to the standard system by using
the previously determined photometry. The sources for the
published data in column 7 are the following: ES for Eggen
& Sandage (1964), JS for Janes & Smith (1984), G for
Gilliland et al. (1991), M for Murray et al. (1965), and S
for Sanders (1989). In order to facilitate easy cross refer-
encing between our photometry and previous published
photometry, Table 5 lists Sanders’ number and the corre-
sponding MMJ No. for each star in common. (A complete
version of Tables 3-7 can be received by sending e-mail to
kent @ hyades.bu.edu.)
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MONTGOMERY ET AL.: M67
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TABLE 4. Bright stars.

MMJ# « (1950.0) 6 (1950.0) A% B-V V-  Source Comments

6469 84651.02 120245.0 9.53 1.38 133 IS 258
6470 8471290 1152860 984 136 130 IS 364
6471 8472770 1202450 886 1.59 167 JS 488
6472 8473404 1206349 998 110 1.09 JS 494
6473 8475949 1147048 1157 0.68 — M 590
6474 84736.12 123230.0 1052 1.23 115 JS 676
6475 84805.72 1146245 11.24 110 1.07 JS 721

6476 84819.43 1156183 11.32 0295 0.379 ES 752
6477 8481149 1203303 1204 0.60 0.671 ES . 792

6478 848 16.81 1212406 1152 0.70 — M 838
6479 8484241 1155082 11.28 0.13 0.179 ES 968
6480 84830.30 1156173 11.078 0.43 0534 S 975
6481 84827.72 1156388 10.03 -0.073 — ES 977
6482 8483196 115640.8 9.72 137 136 JS 978
6483 8483750 1157234 1144 1.06 1.05 IS 989
6484 8482370 1159257 11.55 04l 0.514 ES 1013
6485 84838.71 1159190 1048 1.11 1.08 JS 1010
6486 8483300 115933.1 1030 1.26 123 IS 1016
6487 8484275 115958.0 10.544 0.57 0627 G 1023
6488 848 39.66 120106.6 11.52 0.87 091 JS 1040
6489 8483290 1202034 11.20 1.08 1.08 JS 1054
6490 8484288 120310.1 1099 0.11 0.128 ES 1066
6491 84837.60 120355.1 11.315 0.61 0720 S 1072
6492 8482853 120359.1 1059 1.12 1.09 JS 1074

6493 84836.62 1204433 11.251 0415 0.529 ES 1082

6494 84842.01 1205094 1048 1.10 — S 1084
6495 8483392 1229276 937 148 150 JS 1135
6496 84902.19 114736.2 11.26 0.62 — M 1190
6497 84859.52 1155449 10.76 1.13 110 - JS 1221
6498 849 06.15 1157257 10.78 0.94 096 JS 1237
6499 8484583 1158345 9.69 1.36 133 IS 1250
6500 84901.00 115904.0 11.52 1.05 — IS 1254
6501 8484851 1200099 11.063 0.19 0262 G 1263
6502 848 58.23 1201260 11.63 1.05 — JS 1277
6503 84844.87 120150.7 1055 1.12 109 JS 1279
6504 84850.20 1202284 10.940 0.22 0318 G 1284
6505 8485823 1202413 11.33 1.07 — IS 1288
6506 848 59.68 1208008 10.58 1.10 1.08 JS 1316
6507 84852.95 121020.7 11.103 0.85 0.855 M 1327
6508 84927.14 114309.3 1093 115 114 JS 1402
6509 84910.95 1151454 11.721 0.51 0782 M 1425
6510 84926.73 1155252 10.70 0.11 — ES 1434
6511 8491190 120245.6 10.600 0.34 0.283 M 1466
6512 84915.35 1206240 1055 1.10 1.06 JS 1479
6513 8491532 123712.0 10.02 1.23 125 JS 1533
6514 84946.90 1126531 874 1.67 2.06 JS 1553
6515 84930.02 113057.0 1012 1.30 127 JS 1557

6516 849 34.57 115546.7 1047 112 1.04 JS 1592

The photometry of stars located on overlapping frames
was compared, in order to check the zero point shifts of the
frames relative to one another and to evaluate the random
errors of the photometry. For each filter the mean zero
point and mean rms deviation were found and are given in
Table 6, along with the number of frames used in the com-
parison. Table 6 shows that the zero points match very
well.

Another test of the internal errors of the photometry
was to examine the errors associated with the solution of
the least-squares fit for stars which occur on more than
three separate frames, most of the stars with multiple ob-
servations are located on the central frame or in the regions
of overlap between frames. Figure 1 shows a plot of the
standard deviations of the magnitude measurements vs ¥V
magnitude and B—V colors. As expected, the errors in-
crease with fainter magnitudes and the U— B colors show
the greatest errors.

2.3 Comparison with Previous Studies

We have compared our transformed magnitudes to pre-
viously published photometry from five independent stud-
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ies. The five studies span a period of almost 30 yr, several
types of detectors, and various sets of standard stars. Eg-
gan & Sandage (1964) used photoelectric photometry cal-
ibrated by standards within M67 which in turn had been
calibrated by UBV standards of Johnson & Morgan
(1953). Racine’s (1971) photographic photometry and
Gilliland’s CCD photometry were both calibrated against
Eggen and Sandage stars. The Chevalier & Ilovaisky
(1991) CCD photometry was referenced to the Joner and
Taylor stars. And Sanders (1989) used photoelectric pho-
tometry calibrated with Landolt standard stars. Our mag-
nitudes are tabulated to the nearest thousandth of a mag-
nitude, but in all the studies except for Chevalier &
Ilovaisky (1991) the magnitudes were tabulated only to
the nearest hundredth of a magnitude.

The results of these comparisons are shown in Figs. 2-6
where the residuals are in the sense: our photometry minus
the previously published values. We also list the mean and
the standard deviation of the residuals about the mean.

The only systematic variations between datasets in Figs.
2-6 appear in the residuals of B— V' with respect to the
B—V color in the comparison with Gilliland and with
Sanders. Sanders used Landolt stars as standards, but his
published photometry was a combination of photometry
from up to five previous sources, so the origin of the sys-
tematic trend in his B— ¥ data cannot be traced. A com-
parison of the B— V residuals vs B— ¥ color between Gil-
liland, and Chevalier and Ilovaisky, shows the same linear
shift with B—V¥ color as in Fig. 4, indicating that the
problem lies in the Gilliland data. The best agreement is
between our data and the Chevalier and Ilovaisky data,
both of which are based on CCD photometry using the
Joner and Taylor stars for standards. The zero point dif-
ferences between datasets are within the range expected
when accounting for internal and roundoff errors, and the
standard deviations are those expected for adding indepen-
dent datasets each with standard deviations on the order of
0.01 mag.

3. A NEW STANDARD SEQUENCE

In recent years, M67 has increasingly been used as a
source of photometric standard stars. Schild (1983), and
Taylor & Joner (1985) set up stellar photometric se-
quences in the dipper asterism to be used in CCD photom-
etry, since at that time the existing Landolt (1983) stan-
dards were too sparse and mostly too bright to be
convenient for CCD work, and since M67 provides the
opportunity to image stars with a wide range of colors on
a single frame. The usefulness of M67 as a standard star
field, however, has been limited somewhat by the fact that
Taylor and Joner observed only in V, R, and I, and by the
reported discrepancies in some of Schild’s data. Landolt’s
latest compilation of faint UBVRI standard (1992) has
eased the situation a great deal, but a standard sequence in
MB67 is still desirable, not only as a quick reference field for
general photometry but also for future studies of the clus-
ter itself.
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TABLE 5. Sanders to MMJ cross references.

Sanders MMJ# Sanders MMJ# Sanders MMJ# Sanders MMJ# Sanders MMJ# Sanders MMIJ#

492 5520 948 5600 1015 5577
729 5336 949 5533 1017 5478
730 5348 950 5680 1018 5764
731 5335 951 5489 1019 5748
733 5249 952 5497 1021 5522
735 5402 953 5797 1024 5739
736 5389 954 5640 1025 5508
737 5347 956 5633 1026 5499
740 5354 959 5636 1027 5781
741 5313 959 5727 1028 5563
742 5393 960 5623 1029 5709
746 5261 962 5817 1030 5803
747 5414 963 5595 1031 5741
748 5340 964 5622 1032 5813
750 5264 965 5769 1033 5567
753 5243 966 5704 1034 5644
754 5372 967 5629 1035 5657
756 5388 969 5705 1036 5833
757 5405 970 5719 1038 5666
758 5334 971 5810 1039 5459
759 5392 972 5615 1041 5807
760 5263 973 5583 1042 5457
761 5367 974 5552 1043 5547
762 5378 976 5695 1044 5511
764 5317 979 5691 1045 5654
766 5328 981 5594 1046 5625
769 5319 982 5776 1048 5829
770 5357 983 5437 1049 5573
771 5332 984 5699 1050 5639
713 5377 985 5505 1051 5685
775 5371 986 5624 1052 5534
776 5413 987 5608 1053 5544
781 5362 990 5464 1055 5471
783 5422 991 5485 1056 5580
785 5346 993 5441 1057 5683
787 5387 994 5716 1060 5651
789 5408 995 5675 1061 5546
794 5318 996 5835 1062 5733
795 5391 997 5667 1063 5542
796 5412 998 5610 1064 5718
797 5419 999 5643 1065 5831
801 5424 1000 5756 1067 5455
802 5360 1002 5518 1068 5578
806 5350 1003 5562 1069 5853
940 5530 1004 5768 1070 5671
941 5771 1005 5571 1071 5842
942 5444 1006 5820 1073 5795
943 5828 1007 5790 1075 5692
944 5794 1009 5653 1076 5586
945 5744 1011 5844 1077 5451
946 5698 1012 5777 1078 5826
947 5730 1014 5788 1079 5725

1081 5800 1252 6073 1441 6336
1083 5825 1253 5847 1445 6361
1085 5539 1255 5995 1446 6395
1086 5588 1256 6039 1447 6293
1087 5753 1260 5937 1448 6370
1088 5601 1261 6130 1449 6265
1089 5532 1262 5992 1450 6357
1090 5526 1264a 5877 1451 6190
1091 5470 1264b 5882 1452 6347
1092 5838 1265 6065 1453 6267
1093 5656 1266 5978 1455 6303
1189 5900 1268 6177 1456 6224
1201 5989 1269 6080 1457 6254
1203 5981 1270 6166 1458 6332
1206 6088 1271 5969 1460 6223
1209 6041 1272 6089 1465 6311
1210 5845 1273 6047 1470 6423
1212 6139 1274 5925 1472 6248
1213 6031 1275 6018 1473 6269
1214 6049 1278 5869 1475 6263
1215 5841 1280 5940 1476 6222
1216 6076 1281 5972 1477 6230
1217 6161 1282 6027 1482 6389
1218 5966 1283 5873 1483 6322
1219 5863 1285 6158 1608 6443
1220 6125 1286 5952 1616 6460
1222 6142 1287 5917 2201 5365
1223 6068 1289 5879 2202 5551
1224a 6176 1292 5961 2203 6084
1224b 6175 1293 6050 2204 5688
1225 6135 1294 5910 2205 5679
1226 6112 1296 6195 2206 5591
1227 6046 1297 5857 2207 5929
1229 5904 1298 6085 2208 5927
1230 6103 1299 6071 2209a 5760
1231 5855 1300 6060 2209b 5763
1232 5837 1301 6048 2211 6387
1233 6106 1302 5926 2212 5884
1234 5896 1304 5924 2213 5517
1235 5964 1305 5997 2214 5370
1236 5948 1307 5949 2215 6005
1239 6107 1308 5864 2216 5770
1240 6134 1309 6008 2217 5646
1242 5993 1310 6077 2220 5597
1243 6090 1311 5956 2221 5559
1244 6058 1312 6015 2222 5524
1245 6114 1313 6019 2223 5871
1246 5922 1314 5932 2224 5454
1247 6010 1433 6229
1248 5963 1436 6199
1249 6144 1438 6408
1251 6160 1439 6278

We have selected a sample of stars in the cluster which
appear to be suitable standards based on the following cri-
teria.

(1) The star is brighter than m,=14.0.

(2) The star is located within 5 arcmin of the center of
the cluster, (defined to be at a=8 48 42.75 and §=11 59
58.0, 1950.0).

TABLE 6. Frame-to-frame residuals.

A% B U I
Zero Pt. 0.002 0.002 -0.001 0.000
rms dev.  0.012 0.011 0.038 0.016

# frames 35 35 35 27

(3) Magnitudes for the star were measured on at least 4
separate frames in this study.

(4) Published photometry from at least 2 other sources
exists for the star.

(5) Mean V and B—V magnitudes derived from the
available data have standard deviations of less than 15
mmag.

(6) The star is not listed as a known variable. Criteria 3,
4, and 5 provide some check against this, but sensitive time
series studies (Gilliland & Brown 1988; Gilliland ez al.
1991; Gilliland & Brown 1992) have identified a number of
short period variable stars in M67. We have used those
studies as a check against low-level variability. For in-
stance, our star 5855, Gilliland’s No. 42, is listed as having
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TABLE 7. Standard stars.

MMJ# FigID o (1950.0) 6 (1950.0) V B-V UB VI

6505 1 84858.23 120241.3 11.328 1.072 0910 —
6504 2 84850.20 1202284 10.968 0.238 0.214 0.318
5871 3 8484573 1202479 13316 0.494 -0.016 0.640
6503 4 8484487 1201507 10.553 1.121 1.014 1.090
6489 5 8483290 1202034 11.184 1.077 0.939 1.080
5559 6 84830.30 1201572 13.403 0.575 0.068 0.683
5534 7 8482854 1201514 13.669 0.562 0.079 0.694
5573 8 84831.22 1201313 12812 0.563 0.091 0.680
5813 9 8484243 120037.8 13.499 0.569 0.060 0.700
5781 10 84840.86 120018.2 13.259 0.596 0.056 0.697
5739 1 8483882 1200067 12.711 0.565 0.004 0.678
6487 12 8484275 115958.0 10.512 0.584 0.044 0.627
5844 13 8484462 115919.8 13.830 0.636 0.084 0.803
6485 14 84838.71 115919.0 10479 1.104 1.003 1.070
6486 15 84833.00 115933.1 10.305 1.264 1.320 1.221
5522 16 84828.12 115951.5 13.903 0.578 0.064 0.688
6499 17 8484583 1158345 9.685 1.357 1.464 1.330
5571 18 848 31.36 1158484 12.668 0.507 0.057 0.599
5562 19 8483068 1158409 12.821 0.566 0.081 0.655
5667 20 8483584 115817.5 12.125 0.459 0.021 0.556
5675 21 84836.06 1157589 12770 0.559 0.036 0.661
5688 22 84836.52 115733.6 12.895 0.454 0.007 0.568
6483 23 848 37.50 115723.4 13.186 0.577 0.068  0.682
5679 24 84836.28 115709.6 13.154 0.574 0.049 0.675
5624 25 8483394 1157112 12.728 0.564 0.065 0.685
5896 26 84847.20 1157084 12.649 0.577 0.029 0.700
5695 27 84836.76 1156 19.7 13.097 0.609 0.080 0.709
6482 28 8483196 115640.8 9.711 1.373 1539 1.352
6481 29 84827.72 1156 38.8 10.027 -0.086 -0.385 -0.068
5464 30 84824.56 1157282 13424 0.576 0.038 0.689

a variability of 0.0028 mag. It meets our criteria 1-5, but
has been excluded from our list.

The stars fitting the above criterion are listed in Table 7.
The star numbers in column 1 refer to Table 3, while col-
umn 2 numbers are only to identify stars in the finding
chart, Fig. 7. The finding chart, Fig. 7, is a 30 s exposure
through a V filter with north up and east to the left. The
star number given on the chart refers to the star nearest the
number.

As we noted earlier, our measurements seem to be on
the same photometric system as other studies, and since we
have deliberately chosen stars for which the internal errors
are small, the tabulated values are simple means of our
data combined with published data from Eggen & Sandage
(1964), Janes & Smith (1984), Gilliland er al. (1991),
Racine (1971), Chevalier & Ilovaisky (1991), and Joner &
Taylor (1990). All data except Racine’s were weighted
equally. Due to the higher scatter in Racine’s photographic
magnitudes, his photometry was weighted half as much as
the rest. For U— B and ¥ —1I colors all available data were
used. The stars in the sample span a range of colors from
B—V of —0.09 to 1.37 as well as ¥ magnitudes from 9.69
to 13.90. Subsets of this set of standards should thus be
useful regardless of telescope configuration or CCD size.
Further work to investigate possible low-level light varia-
tions, of the kind found by Gilliland ez al. (1991) would
still be of value to confirm the constancy of these stan-
dards, however.

4. DATA ANALYSIS
4.1 Color-Magnitude and Color-Color Diagrams
AV, B—V color-magnitude diagram, for all 1468 stars

listed in Table 3, is shown in Fig. 8. A distinct main se-
quence extends to the limit of the photometry at ¥'=20th

208

magnitude. Because of the large area covered by the sur-
vey, the color-magnitude diagram also includes a large
number of field stars, especially at fainter magnitudes. A
visual comparison between our color-magnitude diagram
and the color-magnitude diagram of Gilliland er al.
(1991), gives the appearance that Gilliland’s diagram has
a slightly tighter main-sequence ridge line. This is to be
expected since Gilliland’s random errors are smaller than
ours, and in the outer regions of our survey most stars were
only observed once. Further, our much larger field also
means the cluster sequences are contaminated with many
field stars.

The main sequence is more readily apparent when look-
ing at the ¥ vs ¥ —1 plot in Fig. 9. There are fewer stars in
Fig. 9 than Fig. 8 because the I band was not observed
during the November observing run, and some fields were
missed near the outer edge of the cluster.

Figure 10 is the color-magnitude diagram of the stars
which Girard et al. (1989) found to be proper motion
members of the cluster at the 90% probability level. To the
limit of the proper motions near m =16, almost all stars
in the region are cluster members, since only a few of the
brighter stars in Fig. 8 are missing from Fig. 10. However,
there are no stars below the main sequence in Fig. 10, so
the large number of faint stars below the main sequence in
Figs. 8 and 9 are presumably nonmembers.

The U— B, B—V two-color diagram for M67 main-
sequence stars is shown in Fig. 11. The diagram includes
only stars with ¥ magnitudes between 14 and 18 that are
within 0.2 mag of the main sequence. While some cluster
members may have been excluded, the large majority of
stars in Fig. 11 should be cluster members. Also shown in
Fig. 11 is the Schmidt-Kaler (1982) empirical two-color
curve shifted to fit the observed sequence. The same stars
on the main sequence between ¥ magnitudes of 14 and 18,
are also shown in a B—V vs ¥—1I diagram in Fig. 12.

Using the reddening line coefficients given by Crawford
& Mandwewala (1976) it was not possible to match the
Schmidt-Kaler line and the observed cluster sequence
without adding an ultraviolet excess 8(U— B)=0.025 to
the reddening of E( B— V) =0.05. The estimated errors in
reddening and ultraviolet excess are 0.01 mag each.

The value of E(B—¥)=0.05 found here is consistent
with other reddening estimates found for the cluster.
Eggen & Sandage (1964) derived a value of 0.06, Racine
(1971) found a value of 0.09, Nissen et al. (1987) using
uvbyHp photometry found a value of 0.032, and Taylor
(1978), in an exhaustive analysis, found E(B— V) =0.053
+0.005. For the U— B color excess Janes & Smith (1984),
using DDO photometry, found a §(U— B) =0.056+0.006
for giant branch stars.

The metallicity for the cluster can be estimated using
8(U—B) at B—V=0.6. Cameron (1985) fit a second-
order polynomial through data from clusters with known
metallicity and 6(U—B)y¢ to find a relation between
[Fe/H] and 8(U— B)ye Using Cameron’s relation and
8(U—~B)=0.025 the metallicity of M67 is [Fe/H]
=—0.05, a value consistent with Janes & Smith (1984),
who found [Fe/H]= —0.05=+0.03, and Hobbs & Thorburn
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FIG. 1. Plot of the standard deviations in ¥ magnitude and B— ¥, U— B, and ¥ —I colors vs both ¥ magnitude and B— V¥ color

for stars in which more than one measurement was obtained.

(1991) who used spectra of five stars near the cluster turn-
off point to derive a value of [Fe/H]=—0.04=+0.12.

4.2 Isochrones

Having specified the reddening and metallicity of M67,
we can determine the age and distance modulus of the
cluster by fitting isochrones to the data. We first compared
our photometry with the theoretical isochrones of Castel-
lani et al. (1992, hereafter referred to as C92). The C92
isochrones are based on computed stellar models with
Z=0.02, Y=0.27, and a=1.6 determined by a compari-
son with standard solar data. Transformations to the V,
B—V plane were based on the CCD-compatible color—
temperature relations defined for stars of solar temperature
or cooler by Arribas & Martinez (1989) and for stars of
higher temperature by Buser & Kurucz (1978). Bolomet-
ric corrections for these transformations were taken from
VandenBerg (1983).

Figure 13 shows our data near the turnoff point as well

as the 3, 4, and 6 billion yr isochrones from C92, matched
to our data using E( B— V') =0.05. From the fitting, a dis-
tance modulus of (m—M),=9.60 is appropriate, along
with a cluster age (from the main sequence turnoff) be-
tween 3 and 4 billion yr. However, none of the isochrones
matches the red giant branch, the theoretical isochrones
being bluer than the observed colors. The observed colors
of the clump stars, like those of the giants, are redder than
theoretical predictions.

Castellani et al. (1992) defined two methods for deter-
mining a cluster’s age from its color—magnitude diagram.
The first method is to use the difference in magnitudes
between the B— ¥V color of the turnoff and the color of the
red giant branch at the level of the clump stars; the second
method is the ¥ magnitude difference between the bright-
est point of the turnoff and the clump stars. We derive an
age of 3.6 billion yr from the B— ¥ color difference using
the color of the turnoff as B— ¥'=0.53 and the color of the
red giant branch at the clump of B—¥=1.09. An age of
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FIG. 2. Comparison of the residuals obtained when comparing our photometry and that of Eggen & Sandage (1964). The
residuals are in the form of ours minus theirs. Also given is the mean and the standard deviation about the mean.

3.4 billion yr was derived using the ¥ magnitude difference
between the clump stars at F'=10.55 and the turnoff at
V=12.63. Though the locations of the turnoff color and
brightest ¥ magnitude at the turnoff are poorly defined
because of confusion with the binary star sequence, these
ages do agree well with the age determined by straightfor-
ward isochrone fitting.

A second comparison was made with isochrones from
VandenBerg (1985, hereafter referred to a V85). The V85
solar-type models were computed with Y=0.25,
Z=0.0169, and a=1.6, the color-temperature relations
were taken from unpublished Kurucz calculations, see
V85, and the bolometric corrections from VandenBerg &
Bell (1985) as well as Buser & Kurucz (1978). As sug-
gested by VandenBerg, a correction was added to the
model stars redder than B— F'=0.4. Both the corrected
isochrones and the original isochrones were fit to our data,

using the same color excess as used in the comparison with
the C92 models.

The best fit to VandenBerg’s models is achieved by in-
terpolating between his 5 and 6 billion yr isochrones, from
which we determine a distance modulus of (m—M) ;=9.6
and an age of 5.5 billion yr. The poor match to the data
shows that a color correction to the isochrones is indeed
necessary, as the isochrone is too blue for most of the main
sequence. In Fig. 14 the corrected 5 billion year old iso-
chrone was matched to the data, but it still deviates from
the lower main sequence. None of the V85 isochrones fit
the hook region near the turnoff.

As a check on the color temperature relations the V85 5
billion year old isochrone was matched to the V, V—I
color-magnitude diagram, (Fig. 15). The same distance
modulus was used and the E(B— V) =0.05 was converted
to E(V—I)=0.065 by using the ratio of E(V—1I)/
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FIG. 3. Comparison of the residuals obtained when comparing our photometry and that of Racine (1971) (see Fig. 2).

E(B—V)=1.3 as determined by Dean (1978). The fit is
noticeably worse than that for the ¥V, B—V color-
magnitude diagram. The red end of the subgiant branch
does not fit well and the theoretical main sequence is too
red. The best fit in the ¥, ¥ —1I color-magnitude diagram
was found by using a 6 billion year old isochrone and a
corrected distance modulus (¥ —M ) =9.85.

In their earlier study of M67, Hobbs & Thorburn
(1991) found an age of 5.2 billion yr by taking the effective
temperatures derived from spectra of stars in the turnoff
region and matching them to new unpublished isochrones
of VandenBerg. Nissen & Twarog (1987), using uvbyHpB
photometry and an E(b—yp) of 0.023, found an age of 5
billion yr and a distance modulus of 9.61+0.04. Vanden-
Berg, using the isochrones from V85 and E(B— V) of 0.06,
determined an age of 5 billion yr and a distance modulus,
(m—M),=9.50. Demarque et al. (1992) using the re-
vised Yale isochrones with new opacities and color—
temperature relations found an age of 4.0+ billion yr by

using a E(B—¥)=0.06 and (m—M) ;=9.60. Gilliland &
Brown (1992), using their own evolutionary models,
found an age of 4 billion yr by adopting the reddening
values and distance modulus of Nissen & Twarog (1987).

4.3 Main Sequence and Binary Sequence

The distribution of stars across the main sequence in the
V vs ¥—1I color-magnitude diagram was determined by
modeling the main sequence as four straight line segments
between ¥ magnitudes of 14 and 20 and taking the per-
pendicular distance of each star from the line segments.
Figure 16 shows the number of stars vs distance from the
main sequence in 0.1 mag bins, where a positive distance
indicates a star is above the main sequence and a negative
distance represents one below the main sequence.

The peak in the distribution at 0.7 mag above the main
sequence is the expected position for main-sequence binary
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FIG. 4. Comparison of the residuals obtained when comparing our photometry and that of Gilliland ez al. (1991) (see Fig. 2).

stars with components of equal mass (Maeder 1968). Bi-
naries with components of unequal mass lie in the region
between the main sequence and binary sequence. Below the
main sequence are fainter, more distant field stars which
are also present in the main sequence and binary sequence
peaks. To estimate the extent of field-star contamination to
these peaks, a polynomial was fit through the background
distribution. It is shown as the dotted line in Fig. 16. A
simple estimate of the percentage of equal mass component
binaries can then be made by comparing the number
within the binary sequence to the total number of stars.
This gives an estimate of 22% of the cluster members being
binary stars, but since binaries of low mass ratios are not
detected in this way, this percentage is a lower limit.

To better account for the low-mass-ratio binaries, a
Gaussian function was fit to the main sequence to account
for the single star population. This is shown as the dashed
line in Fig. 16. The standard deviation of the fit to the
Gaussian was 0.076 mag, a value which includes both er-

rors in the photometry and the errors incurred by approx-
imating the main sequence as a series of line segments. The
difference between the raw curve and the two “contami-
nant” distributions, i.e., the field stars and the single main-
sequence stars, gives an estimate to the number of binary
stars. Dividing the number of binary stars by the total
number of stars yields a binary or unresolved visual double
frequency of 38%. However, this method still does not
account for binary stars in which the mass ratio is so low
that the system appears to lie on the main sequence. As a
comparison, Stauffer (1984) found by photometric means
that the Pleiades had a binary frequency of 26% and spec-
troscopic studies by Abt & Levy (1976) on G field stars
found a binary frequency of 57%.

Some of the uncertainty here can be resolved by further
spectroscopic observations of the stars in the photometric
binary sequence, although even these studies are sensitive
primarily to systems of nearly equal mass.
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FIG. 5. Comparison of the residuals obtained when comparing our photometry and that of the Chevalier & Ilovaisky (1991)

(see Fig. 2).

4.4 The Stellar Density Profiles of M67

Because our study did not reach the edge of the cluster,
a full analysis of the structure of the cluster was not pos-
sible. However, a simple investigation of the spatial distri-
bution of stars in M67 was undertaken. This was done by
taking annuli with a width of 100 pixel centered on the
cluster center (defined as the centroid of all star positions
within a radius of 1000 pixel of the origin of our central
frame) and counting the numbers of stars falling within
each annulus. In the outer regions, where a full annulus
could not be fit, the counts were corrected by the fraction
of the annulus falling outside the region we observed. The
resulting radial density distribution is shown in Fig. 17,
where the error bars were calculated assuming that the
number of stars in a bin was governed by Poisson statistics.
The average volume density of stars within the cluster can
be calculated using the true distance modulus of 9.45 the
two-dimensional distribution of Fig. 17, and the assump-

tion of a spherical distribution of stars. The density at the
edge of the cluster was used as the background field-star
density and was subtracted from the other regions. For the
inner region of the cluster, bounded by the sharp inflection
of the distribution at 350 pixel on Fig. 17, we derive an
average density of 59.67 stars/pc’ and a mean separation of
0.159 pc. If, alternately, we calculate the density at the
edge of the cluster, taken to be at a distance of 11.55 arc-
min, we find an average density of 11.04 stars/pc® with a
mean separation of 0.289 pc.

To further investigate whether there is any tendency for
mass segregation in a cluster of this age, the color—
magnitude diagram was split up into 7 bins, starting with
the giant branch and working down the main sequence.
Blue stragglers and members of the photometric binary
sequence were plotted separately as well. Figure 18 shows
a plot of the log of the surface density vs the log of the
distance from the cluster center for the stars in each of
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FIG. 6. Comparison of the residuals obtained when comparing our photometry and that of Sanders (1989) (see Fig. 2).

these groups. The stars with the greatest change in density
over the range of our study are the blue stragglers, binaries,
and giant stars. On the lower main sequence the density of
stars is more nearly constant.

Mathieu (1983, 1985) has studied the dynamics of M67
using the proper motion of Sanders (1977) to determine
cluster membership. Mathieu’s work extends to a radius of
23 arcmin, nearly twice the limit of our study, He con-
cludes that even with this increased radius, up to 15% of
the cluster members may have been outside his study, mak-
ing it difficult to distinguish a true distribution of field stars
in the dataset, and therefore making it difficult to correct
for field contamination. Nevertheless Mathieu found that
the less massive components did tend to have a somewhat
lower central concentration then the giants and blue strag-
glers. In a more recent study, Mathieu & Latham (1986)
have shown that the cumulative distribution of blue strag-
glers and binaries is well fit by a theoretical isotropic
equipartition 2 .# ¢, King model, and that blue stragglers

in M67 show a significantly higher central concentration
than single stars. Our data seem to bear this out, though we
cannot attach much statistical significance to any further
apparent differences in concentration of stars of different
mass, especially between the faint and the bright end of the
main sequence.

4.5 The Luminosity Function and Total Cluster Mass

Determining the number of stars as a function of lumi-
nosity in a cluster is a difficult procedure because of the
presence of background stars in the same line of sight. In
his photographic survey, Racine (1971) used a comparison
field outside the cluster to determine the amount of field-
star contamination. Francic (1989) used proper motion
studies to determine membership. Neither method was
suitable for this study, since our fields did not go out even
to the cluster edge, and since the available proper motion
data does not go faint enough. Instead, we applied a sta-
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FIG. 7. Finding chart to locate standard stars in Table 7. North is up, east is to the left, and the scale of the
image is given by the arrow at the bottom. The numbers in the figure correspond to the star closest to the

number and refer to column 2 in Table 7.

tistical correction to our data based on the distribution of
stars in the color-magnitude diagram. The method in-
volved counting the number of field stars of a given mag-
nitude within a region just blue of the main sequence and
equal in area to that covered by the main sequence. The
resulting brightness distribution of field stars was then used
to correct the raw data to determine the number of main-
sequence stars within each magnitude bin.

The agreement with published luminosity functions is
quite good, and a comparison of our luminosity function
with Francic’s is shown in Fig. 19.

Despite this observational consistency, the luminosity
function of M67 does not resemble those found for young
clusters or for field stars, which all continue to increase
toward fainter magnitudes. This turnover in the luminosity
function was first noted by van den Bergh & Sher (1960).
The age of M67 may indeed be the critical factor in pro-
ducing the anomalous turnover. Francic (1989) deter-
mined a relaxation time for M67 of 17.4 million yr, during
which an equipartition of energy among the stars will be
established. Accordingly, the lower-mass stars will attain

higher velocities and will more easily escape from the clus-
ter, evaporating, on the average, on a time scale of 100
crossing times (Spitzer & Harm 1958). During the 5 bil-
lion yr life of the cluster, some 290 crossing times have
elapsed, more than enough time to modify profoundly the
distribution of low-mass stars in the cluster.

But it is also likely that a systematic selection bias af-
fects all the results, including ours, to some degree.
Mathieu (1983) points out that if the sample of stars does
not extend to the edge of the cluster, it will undersample
the low-mass stars which are not as centrally concentrated.
Further, stars of low luminosity may sometimes escape
detection if they happen to be close to a star of higher
luminosity, while the converse is not the case.

We determined the total mass of the cluster by separat-
ing the main sequence into bins of absolute magnitude, and
assigning a mass to each bin according to the calibration in
Schmidt-Kaler (1982). For all stars above the main se-
quence we assumed a mass of 1.2 solar masses, based on
the corrected turnoff color and the assumption that the
stars above the main sequence are all of relatively the same
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FIG. 8. Color-magnitude diagram of ¥ vs B— V for all stars listed in
Table 3. The stars with ¥ magnitude brighter than 12 are taken from
outside sources which are listed in Table 4. Note the binary sequence at
0.7 mag above the main sequence, and the stars below the main se-
quence which are presumably field stars.

mass. To account for the binary sequence a line was drawn
between the main sequence and the binary sequence 0.7
mag above the main sequence. Stars which fell above the
line were considered to have twice the mass of the stars on
the main sequence. Using these procedures, we derived a

8 —' T 1 7T T I T 1 T T ’ LB ITI T 1 T r‘l T 1 T I I—
M67 — all stars

1or . . : .".:' . N
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FIG. 9. Color-magnitude diagram of ¥ vs ¥—I for all stars listed in
Table 3. The stars with ¥ magnitude less than 12 are taken from outside
sources which are listed in Table 4. Note that the main sequence is still
visible to the limit of the photometry and the well-defined binary se-
quence.
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FIG. 10. Color-magnitude diagram of proper motion members deter-
mined by Girard et al. (1989). The lack of stars below the main se-
quence shows that stars at these locations on Figs. 8 and 9 are most
likely field stars.

total mass of 802 solar masses. To correct for field-star
contamination, the mass attributed to the field-star distri-
bution was subtracted from the calculated mass of the clus-
ter. This gives a mass for M67 of 724 solar masses.
Mathieu (1983), studying an area much larger than ours,
but to a brighter limiting magnitude, found a mass for the

14<v<i18 ]
E(B-V)=0.05
ol 6(U-B)=0.025

FI1G. 11. Color—color diagram of main sequence stars with ¥ magni-
tudes between 14 and 18. The solid line is an empirical curve of
Schmidt-Kaler shifted to best match the data. The values of color-excess
and 8(U— B) were derived from the shift of the empirical curve which
best matched the data.
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FIG. 12. Color—color diagram with B— ¥ vs V—1I colors. Note the
spread in stars is less than in Fig. 11 due to the errors in the photometry
being less for V—1I as compared to U— B.

cluster of 903 solar masses, and Francic (1989) found a
mass for the cluster of 553 solar masses.

5. CONCLUSIONS

From a mosaic of CCD images of the M67 cluster we
have derived the following information.

10

18 .

B-V

FIG. 13. Isochrones of Castellani et al. (1992) of 3, 4, and 6 billion yr,
and our data near the turnoff point. The isochrones were shifted using
E(B—V¥)=0.05 and a distance modulus of (¥—M)=9.6 was deter-
mined. The main sequence turnoff falls halfway between 3 and 4 billion
year old isochrones.
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12k . . . . -

16 -

B-V

FIG. 14. Isochrones of VandenBerg (1985) of 4, 5, and 6 billion yr, and
our data near the turnoff point. The isochrones were shifted using
E(B—V)=0.05 and a distance modulus of (V' —M)=9.6 was deter-
mined. The best fit of the subgiant branch is obtained with the 5 billion
year old isochrone. None of the isochrones match the turnoff region.

(1) We have tabulated U, B, V, and I colors for 1468
stars within 15 arcmin of the center of M67. The photom-
etry is presented with equatorial coordinates for each star
and cross references to other studies to make it handy and

14 -

18 PR PR L L0
0.5 1 15

V-I

FIG. 15. 5 billion year old Isochrone of VandenBerg (1985) compared
to the ¥, ¥ —1I color-magnitude diagram using parameters determined
from the ¥, B— V color-magnitude diagram. The B— ¥ color excess of
0.05 was converted to a ¥ —1 color excess of 0.065. The distance mod-
ulus was left as 9.6. Note that the distance modulus should be increased
which would also change the age determination of the cluster. The good
fit of the isochrone to the subgiant and giant branch in Fig. 14 does not
exist in this diagram.
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Number of Stars

Distance From Main Sequence

FIG. 16. A plot of the distance a star is from the main sequence on the V,
¥V —1I color-magnitude diagram. The secondary peak at 0.7 mag in the
distribution is caused by the near equal mass binaries. The dashed line is
a Gaussian fit to the distribution of stars along the main sequence. The
dotted line is a fit through the background distribution of field stars. From
this diagram the cluster was found to have a high proportion of binary
stars.

useful for further research on the cluster. A comparison
with previous studies shows that the photometry fits well
into the standard system defined by the Landolt (1973,
1992), with a rms error of, typical 10 to 20 mmag, depend-
ing on color.
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FIG. 17. A plot showing the variation in the stellar surface density with
distance. The density was determined using annuli of 100 pixel width
centered on the cluster center, and counting the number of stars within
each annulus and dividing by the area of the annulus.
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FIG. 18. A comparison of the change in surface density for different
groups of stars. Notice that the greatest change in surface density occurs
for the blue stragglers, giants, and binaries. The field stars and lower
main-sequence stars all show fairly flat distributions.

(2) We present a sample of stars suitable for use as
internal standards in the cluster and as a standard calibra-
tion for general CCD photometry.

(3) Based on color—color plots of the cluster, we derive

0.2 [T T T

015

0.05 —

Number of Stars / Total Number of Stars (V < 15.5)
=)
T

Apparent V Magnitude

FI1G. 19. The luminosity function of M67 is shown as the solid line. The
luminosity function of Francic (1989) is given as the dotted line. The
distribution was normalized to the number of stars with V< 15.5. The
stars in Table 3 were used to create this diagram, but a statistical correc-
tion determined from the color-magnitude diagram was applied to the
totals in order to account for field-star contamination.
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a reddening, E(B—V), of 0.05+0.01, and a metallicity,
[Fe/H]= —0.05=+0.03.

(4) The color-magnitude diagram of M67 shows a well-
defined binary sequence, from which we find at least 38%
of the stars in the cluster are binary systems. The stars on
this photometric binary sequence merit further spectro-
scopic study to investigate the characteristics (mass ratio,
eccentricity distribution) in a sample of solar age.

(5) From cluster fitting to theoretical isochrones, we
derive ages between 3 and 5 billion yr. None of the current
isochrones fit our data consistently, pointing out the need
for further work on the models to remove or explain the
discrepancy.

(6) The stellar density profile of M67 indicates a ten-
dency for more massive cluster members to concentrate
toward the center. This, along with an observed turnover
in the luminosity function of the cluster at low mass, may
indicate the effect of dynamical relaxation on the cluster.
Such conclusions, however, are subject to several sources
of systematic bias, and further studies of the low-mass end
of the main sequence, covering a larger region in space and
incorporating proper-motion and/or radial velocity mea-

219

surements of cluster membership, will be of value for re-
ducing these problems.

Because of its low reddening and moderate distance
modulus, M67 will continue to be an object of great inter-
est for a wide variety of studies. The current study shows
that much can be learned as our sample becomes more
internally consistent and extends to lower luminosity. At
the same time, the new photometry raises problems which
may be addressed even better with large-format CCDs and
mosaics of CCDs, with astrometry spanning a wider range
in time and brightness, and with spectroscopy of the faint
single stars and binaries on the cluster main sequence.

L.A.M. was supported in part by the Professional De-
velopment Grant program of Gettysburg College and in
the early stage of this research K.A.J. was supported in
part by National Science Foundation Grants No. AST-
8818360 and AST-8915444. Thanks also to Randy Phelps
and to Tianxing Liu for taking additional images of the
cluster. We would also like to thank the referee and Robert
Mathieu for their careful reading of the paper, and the
helpful comments.

REFERENCES

Abt, H. A, & Levy, S. G. 1976, ApJS, 30, 273

Arribas, S., & Martinez, R. C. 1989, A&A, 215, 305

Buser, R., & Kurucz, R. L. 1978, A&A, 70, 555

Cameron, L. M. 1985, A&A, 147, 39

Castellani, V., Chieffi, A., & Straniero, O. 1992, ApJS, 78, 517

Chevalier, C., & Ilovaisky, S. A. 1991, A&AS, 90, 225

Crawford, D. L., & Mandwewala, N. 1976, PASP, 88, 917

Dean, J. F., Warren, P. R., & Cousins, A. W. J. 1978, MNRAS, 183, 569

Demarque, P., Green, E. M., & Guenther, D. B. 1992, AJ, 103, 151

Eggen, O. J., & Sandage, A. R. 1964, ApJ, 140, 130

Fagerholm, E. 1906, Inaugural dissertation, Uppsala

Francic, S. P. 1989, AJ, 98, 888

Gilliland, R. L., & Brown, T. M. 1988, PASP, 100, 754

Gilliland, R. L., & Brown, T. M. 1992, AJ, 103, 1945

Gilliland, R. L., et al. 1991, AJ, 101, 541

Girard, T. M., Grundy, W. M., Carlos, E. L., & van Altena, W. F. 1989,
AlJ, 98, 227

Harris, W. E., Fitzgerald, M. P., & Reed, C. B. 1981, PASP, 93, 507

Hobbs, L. M., & Thorburn, J. A. 1991, AJ, 102, 1070

Janes, K. A., & Heasley, J. N. 1993 (in press)

Janes, K. A., & Smith, G. H. 1984, AJ, 89, 487

Johnson, H. L., & Morgan, W. W. 1953, ApJ, 117, 313

Johnson, H. L., & Sandage, A. R. 1955, ApJ, 121, 616

Joner, H. L., & Taylor, B. J. 1990, PASP, 102, 1004

Kurucz, R. L. 1979, ApJS, 40, 1

Landolt, A. U. 1973, AJ, 78, 959

Landolt, A. U. 1983, AJ, 88, 439

Landolt, A. U. 1992, AJ, 104, 340

Maeder, A. 1968, Publ. Obs. Geneve, 75, 125

Mathieu, R. D. 1983, Ph.D. dissertation, University of California,
Berkeley

Mathieu, R. D. 1985, in Dynamics of Star Clusters, IAU Symposium No.
113, pp. 427-448

Mathieu, R. D. & Latham, D. W. 1986, AJ, 92, 1364

Mathieu, R. D., Latham, D. W., & Griffin, R. F. 1990, AJ, 100, 1859

Mathys, G. 1992, A&AS (in press)

Murray, C. A., Corben, P. M., & Allchorn, M. R. 1965, Roy. Obs. Bull.,
No. 91

Nissen, P. E., Twarog, B. A., & Crawford, D. L. 1987, AJ, 93, 634

Racine, R. 1971, ApJ, 168, 393

Sanders, W. L. 1977, A&AS, 27, 89

Sanders, W. L. 1989, RMxA, 17, 31

Schild, R. E. 1983, PASP, 95, 1021

Schmidt-Kaler, T. 1982, in Landolt-Bornstein VI, 2b (Springer, Berlin)

Spitzer, L., Jr., & Hidrm, R. 1958, AJ, 127, 544

Stauffer, J. 1984, ApJ, 280, 189

Taylor, B. J. 1978, PASP, 36, 173

Taylor, B. J., & Joner, M. D. 1985, AJ, 90, 479

VandenBerg, D. A. 1983, ApJS, 51, 29

VandenBerg, D. A. 1985, ApJS, 58, 711

VandenBerg, D. A., & Bell, R. A. 1985, ApJS, 58, 561

van den Bergh, S., & Sher, D. 1960, Publ. David Dunlap Obs., 2, 203

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1993AJ....106..181M&amp;db_key=AST

