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ABSTRACT

We have obtained CCD photometry, in the UBV system, for 23 open clusters in order to explore the star
formation history of the Cassiopeia region of the Perseus spiral arm of our Galaxy. Magnitudes and colors of
35,788 stars were measured, making this the most comprehensive, homogeneous single study of open cluster

properties in one part of the Galaxy.

This paper presents an atlas of open cluster photometry that serves as the database for an investigation of cluster
properties such as their ages, distances, reddenings, sizes, and richnesses. This information provides insight into
the spatial and temporal formation sequence of the clusters and allows an investigation of the stellar content of the

clusters to be undertaken.

Subject headings: atlases — open clusters and associations: general — stars: evolution — techniques: photometric

1. INTRODUCTION

An important class of objects, the optically revealed or post-
embedded open clusters, have generally been neglected in star
formation studies. The development of infrared array cameras
and millimeter and submillimeter telescopes allows the dusty
environments where open clusters form to be explored in de-
tail never before possible, resulting in a concentration of re-
search efforts on the embedded open clusters rather than their
more evolved counterparts. The advent of CCDs, however,
makes it possible to exploit more fully the information that
optically revealed open clusters can provide. The ability to
obtain improved photometry of tens of thousands of stars
means that large-scale studies of open clusters can now be con-
ducted on unprecedented scales. The precision of CCD pho-
tometry is also significantly higher than that obtained by the
photographic photometry which has traditionally been used
for large-scale cluster studies. With CCD photometry, greatly
improved information on cluster distances and ages as well as
stellar content can be obtained. Without such information, our
knowledge of the star formation process will remain incom-
plete. How can one understand the star formation process it-
self without an understanding of its end result?

We have undertaken a CCD photometric study of open clus-
ters in the Cassiopeia region of the sky to explore the star for-
mation history in this part of the Galaxy. In the Cassiopeia
region, in the range 105° </ < 140°, near the Galactic plane,
the Lund Catalog of Open Cluster Data (Lynga 1987) lists no
fewer than 80 clusters, most with little known about them. In
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particular, the Palomar Observatory Sky Survey (POSS) print
centered on « = 01835™22%, 6 = 60°29'08” (/ ~ 128°8, b ~
—1°4) reveals 12 rich to moderately rich clusters, most of
which are quite young, based on previous studies. The two
POSS prints proceeding westward show an equally large num-
ber of clusters, although they are generally less rich and less
well defined. To the east lies the active star formation regions
associated with the young open clusters IC 1795 (W3), IC
1805 (W4), and IC 1848 (W5), as well as the famous Double
Cluster consisting of h and x Persei. Many of these clusters
have been studied in the past with photographic and/or photo-
electric photometry, indicating that the majority of them are
relatively young and are a part of the Perseus spiral arm of our
Galaxy.

We have obtained CCD UBYV photometry for 23 of the clus-
tersin the region 116° </ < 131° (see Table 1). The clustersin
the region were chosen for several reasons. The large number
of relatively young clusters suggests that some sort of triggering
mechanism may be responsible for cluster formation. With
modern CCD photometry of numerous clusters in a relatively
small region of space, the sequence of cluster formation can be
determined, thus shedding light on the triggering mechanism.
Also, the apparent angular sizes of these clusters (Table 1) are
ideally suited to the field of view obtainable with small tele-
scopes and CCDs. For instance, the KPNO 0.9 m telescope,
operated at f/7.5 with a TEK 512 X 512 CCD gives a field of
view of 6.6. With the addition of photometry for nearby field
regions it is possible to construct meaningful statistical lumi-
nosity functions for these clusters. An added advantage is that
older photometry can be used for the brightest stars, since they
saturate quickly in the CCD images, even with the shortest
exposures. Additionally, the distribution of CO around several
of these clusters has been mapped (Leisawitz, Bash, & Thad-
deus 1989; Liu et al. 1988), and a large portion of the region
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TABLE 1
OBSERVED CLUSTERS
Trumpler

Name I b «(1950) 6(1950) Diameter Class
Be7 ............ 130°13 +0°37 01"50™6 62°07 4 I2p
NGC663 ....... 129.46 —0.94 01 42.6 61 00 14 M3r
NGC659 ....... 129.34 -1.51 01 40.8 60 27 5 I12m
NGC654 ....... 129.09 —0.35 01 40.6 61 38 5 I2r
NGC 637 ....... 128.55 +1.70 01 39.4 63 45 3 I2m
Trl .ooooeeen... 128.22 —1.14 0132.3 61 02 3 I2p
NGC 581 ....... 128.02 —-1.76 0129.9 60 27 5 I2m
NGC 457 ....... 126.56 —4.35 01 15.9 58 04 20 3r
NGC436 ....... 126.07 =391 0112.5 58 33 5 I12m
NGC433 ....... 125.90 -2.60 01 12.1 59 52 4 n2p
NGC 381 ....... 124.94 —-1.22 0105.2 61 19 6 Il 1m
NGC 366 ....... 124.68 —0.59 0103.3 61 58 4 II13m
Be62 ........... 123.99 +1.10 00 57.9 63 41 5 III12m
Cz2 ... 121.97 -2.70 00 40.8 59 53 10 IV2m
St24 ........... 121.55 —0.88 00 36.8 61 41 5 i 1p
NGC 146 ....... 120.87 +0.49 00 30.2 63 01 5 I2p
King 15 ......... 120.75 —0.95 00 30.1 61 35 3 IV2p
NGC 129 ....... 120.25 -2.54 00 27.1 59 57 12 I2m
NGC103 ....... 119.80 —1.38 00 22.5 61 04 5 I1lm
Be60 ........... 118.85 —1.64 00 15.0 60 41 3 Mip
Bel ............ 117.79 -2.03 00 07.0 60 09 5 ip
Be58 ........... 116.75 —-1.29 23 57.6 60 41 5 I1lm
NGC 7790 ...... 116.69 —1.01 23 55.9 60 56 5 I2m

has been mapped in H 1 (Leisawitz & de Geus 1991). This
provides additional data for interpreting the formation history
of the clusters.

This first paper in the series presents the photometric data
for the 23 observed open clusters. In particular, a detailed dis-
cussion of the reddenings, distances, and ages of the clusters,
along with their uncertainties, is presented. Additional discus-
sions cover the determination of the cluster sizes and the num-
ber of cluster members, along with their associated uncertain-
ties.

2. OBSERVATIONS

Data for this program were collected over a 3 year period at
Kitt Peak National Observatory. The 1988 and 1989 observa-
tions were made with the KPNO No. 1 0.9 m telescope, operat-
ing at f/7.5 and using the TEK 1 512 X 512 CCD. The TEK 1
CCD has pixel sizes of 27 um on a side, resulting in a scale of
0777 pixel ! and a field of view of 6!6. The CCD gain was set at
3.5 e~ ADU™!. The KPNO Harris B and V filters and a stan-
dard KPNO CuSO, + UG2 U filter were used.

The 1990 observations were made with the relocated KPNO
0.9 m telescope, again operating at f/7.5 but with the TEK
1024 X 1024 CCD. This larger format chip, with 24 um pixels,
gives a scale of 0768 pixel ! and an 1168 field of view. For this
run the CCD gain was set at 9.6 e~ /ADU ', The same set of
filters used in the 1988 and 1989 observing runs was used for
the fall 1990 observing run.

Because of the relatively young age of the clusters, there
typically was at least one bright (V' ~ 8-9) B-type star in the
field of view. Multiple short exposures (20-300 s), with expo-
sure times depending upon the presence of brighter stars and
the filter being used, were co-added in order to achieve a total
integration time of 10 minutes for the B and V filters, and 15

minutes for the U filter when possible. The autoguider was
used during the observations. The tracking of the telescope was
good enough (to within ~1”) to permit a straight co-adding of
the images without resorting to coordinate transformations.
For the V and B filters, where 10 or more individual frames
were obtained for each field, co-adding of the images was per-
formed using the average-sigma-clipping algorithm in the
IMRED package of IRAF.3 This algorithm rejects a pixel if its
value deviates significantly from the average value for that
pixel. A 3 o threshold for rejection of spurious data points,
such as cosmic rays, was used. Generally only a few U frames,
with longer integration times, were obtained for each field. For
these frames, a straight averaging of the frames was performed.

When possible, the observations were undertaken when the
clusters were near the zenith. The maximum air mass, X, at the
time of observations was X = 1.78, with the vast majority of the
observations being undertaken with X < 1.40. Landolt (1973,
1983) standard stars and the so-called “Dipper Asterism” stars
in M67, observed over the same range in air mass as were the
clusters, were observed for calibration of the final photometric
data.

3. DATA REDUCTION

Regions of the sky relatively devoid of stars (Schoening
1988) were imaged during twilight to construct flat-field
images. Approximately 10 exposures, each a few thousand
ADU above bias, were obtained with the telescope position
randomly moved several tens of arcseconds between expo-
sures. The images were subsequently co-added using the

3 IRAF is distributed by the National Optical Astronomy Observatories,
which are operated by the Association of Universities for Research in As-
tronomy, Inc., under contract with the National Science Foundation.
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sigma-clipping algorithm in IRAF to remove stellar images
from the sky images.

Sky images were used exclusively to construct the U and B
flat fields. Dome flats were occasionally used for the V filter,
since it was not always possible to obtain enough sky images.
Bias subtraction and flat-fielding were performed by standard
techniques with the NOAO IRAF package.

Instrumental magnitudes were obtained with the stellar pho-
tometry software (SPS) point-spread function ( PSF) photome-
try package (Janes & Heasley 1993). The package is similar to
DAOPHOT (Stetson 1987), with the primary differences be-
ing the method of finding stars and the solution for overlap-
ping stellar images. The details of the package can be found in
Janes & Heasley (1993).

The instrumental magnitudes were transformed into stan-
dard UBYV colors using a variation of the algorithm discussed
by Harris, FitzGerald, & Reed (1981). As they pointed out,
one should fit the standard colors and magnitudes to the ob-
served instrumental magnitudes, rather than the other way
around as is frequently done. We have, therefore, chosen to
transform the photometry with the following relations:

Vin=V+al +blX,,+cl(B-V), (1)
b,=V+a2+b2X,,+2(B-7V)

-003X,,(B-V), (2)

Un =B+ a3+ b3X,, + c3(U— B), (3)

where v, b, and u are the instrumental magnitudes for the star
in question on frames i, j, and k of night », respectively; the
a’s, b’s, and ¢’s are the transformation coefficients; X is the air
mass for a given frame; and V, (B — V'), and (U — B) are the
corresponding standard magnitude and color indices of the
star. Note that for each night #» there may be more than one
frame in some colors, so the equations are solved by least
squares as two sets of simultaneous equations. The first set of
equations consists of the first two of the above equations,
which are solved simultaneously for all v and b frames on all
nights to get the standard V and (B — V). The second set of
equations consists of all of the u frames on all nights, which are
also solved by least squares for the standard (U — B). The error
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estimates consist of the standard errors from the least-squares
solutions, which depend entirely on the internal consistency
among the frames making up the solution. No separate error
estimates are computed for measurements on different nights.

The instrumental magnitudes were tied to the Landolt stan-
dard star observations (Landolt 1973, 1983). For the 1988 and
1990 observations, stars in M67 (Schild 1983) were also ob-
served and used as standards. For the M67 stars, corrections to
the Schild (1983) data of 0.04 mag have been reported by
Joner & Taylor (1990) and Montgomery, Marschall, & Janes
(1993). The final values chosen for the M67 stars are those of
Montgomery, Marschall, & Janes (1993).

The standard stars were observed at an air mass less than
X ~ 1.8. Because of the relatively small number of standard
stars which were typically observed in the course of the night,
and because our observations indicate that the extinction at
Kitt Peak was quite stable over the period of our observations,
mean extinction coeflicients were used for the photometric
reductions. The eruption of Mount Pinatubo in 1991 has signif-
icantly altered extinction coefficients, but no such events oc-
curred during the period of our observations. The extinction
coefficients b1, b2, and b3 are the mean extinction coefficients
for Kitt Peak (cf. Pilachowski et al. 1991) and are listed in
Table 2.

The standard star observations for each observing run were
combined to solve for the mean scale factors (c1, ¢2, and c3)
for the entire run. The zero points (al, a2, and a3) were deter-
mined separately for each night. The derived coefficients for
each night of the three observing runs, and the clusters for
which those coefficients apply, are listed in Table 2. The resid-
uals of the fit to the standard stars for the various observing
runs are shown in Figures 1-3. The transformation to the stan-
dard system resulted in typical rms residuals of 0.02 in V, 0.02
in (B — V), and 0.03 in (U — B). The residuals tend to be
larger, especially for the U transformations, for the 1989 data.
The 1989 run was especially affected by occasional cloud cover
during the evenings, making observations of standard stars
during photometric conditions difficult. This is likely to be the
explanation for the larger than normal residuals.

An estimate of the external error, as a function of magni-
tude, is illustrated in Figure 4, which shows differences in the
magnitudes derived in overlapping frames for the cluster NGC
663. The errors in the ¥ and (B — V') photometry are ~0.02

TABLE 2
TRANSFORMATION COEFFICIENTS

Run Night a, b, ¢ a, [ as b C3 Transformed Clusters
1988 ...... Nov 4/5 34212 0.15 0.0525 3.5689 0.27 09321 53002 057 0.9232 NGC457
Nov 6/7 34301 0.15 0.0525 3.5792 027 09321 53658 0.57 0.9232 NGC637
1989 ...... Sep 22/23 32109 0.15 0.0506 3.3758 0.27 09258 55687 0.57  0.8530
Sep 23/24 32705 0.15 0.0506 34337 0.27 09258 5.6557 0.57 0.8530
Sep 24/25 32190 0.15 0.0506 3.3707 0.27 0.9258 5.5406 0.57 0.8530 NGC 436, Be 7
Sep 26/27 3.1993 0.15 00506 3.3363 0.27 0.9258 55325 0.57 0.8530 NGCS581,Trl
Sep 27/28 3.1804 0.15 0.0506 3.3185 0.27 0.9258 54939 057 0.8530 NGC 663, NGC 654
Sep 28/29 3.1743  0.15 00506 3.3132 0.27 09258 54394 0.57 0.8530 NGC659
1990 ...... Nov21/22 40631 0.15 0.0198 42102 027 09311 59796 0.57 09744 NGC 103
Nov 22/23 40708 0.15 0.0198 42105 027 09311 59947 0.57 09744 NGC 381, NGC 433,
NGC 366, Be 62
Nov 23/24 4.0406 0.15 00198 4.1742 0.27 09311 6.1229 0.57 0.9744 Cz2,St24,King 15
Nov 26/27 4.0973 0.15 0.0198 4.2682 027 09311 6.1243  0.57 09744 Be 60, Be 58, Be 1, NGC 146
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FiG. 1.—Residuals of the fit to the standard stars for the 1988 observing
run.
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FiG. 2.—Residuals of the fit to the standard stars for the 1989 observing
run.

FiG. 3.—Residuals of the fit to the standard stars for the 1990 observing
run.

and ~0.03, respectively, to a ¥ -magnitude of ~18. The errors
in (U — B) are ~0.03 to a V' -magnitude of ~ 17, after which
they increase substantially to the limiting magnitude of V" ~
18.5-19.0. The two-color diagrams for V' > 16, corresponding
to U > 17, begin to deviate from the standard sequence be-
cause the stars are near the limiting magnitude of the photome-
try, and interpretations of the two-color diagrams for the later
type stars should be made with caution. The deviations of the
later type stars from the standard sequence do not severely
affect the reddening estimates, since the reddening is deter-
mined from the early-type stars.

Several of the clusters were observed on multiple nights to
cover larger areas of the cluster than a single CCD frame would
allow. Some of these frames, as well as several entire clusters,
were observed on nonphotometric nights and calibrated using
short-exposure frames taken on other, photometric nights, or
by the overlap in the mosaicked cluster frames which were
obtained on other, photometric nights. Generally “nonphoto-
metric” refers to nights which were clear for part of the time
but on which occasional cloud cover prevented the observa-
tion of a sufficient number of standard stars. During observa-
tions of two clusters, NGC 129 and NGC 7790, there was a
thin layer of cirrus clouds during the observations; calibration
was obtained through previous UBV photometric studies of
them.

4. ANALYSIS

4.1. Ratio of Total to Selective Absorption

Johnson (1965) performed an extinction curve analysis of
the Double Cluster, h and x Persei, located in the vicinity of
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F1G. 4.—Typical errors in the photometry as a function of ¥ -magnitude. Errors are for stars with measured magnitudes within overlapping CCD images
of the cluster NGC 663. The values of ¢( U — B) = 0.0 for V"> 18 are an artifact of the transformation routine; the U photometry reaches only to ¥ ~ 18-18.5.

our program clusters, and determined a ratio of total to selec-
tive absorption, R,, of 3.0. His analysis in another region in
Perseus also gives a value of R, = 3.0, although inspection of
his extinction curve suggests that R, = 3.1-3.2 is more appro-
priate. The cluster method for determining R, (Mihalas & Bin-
ney 1981, p. 191) was used for several of our program clusters
(NGC 581, NGC 663, and NGC 654) with R, = 3.1, 3.1, and
3.2, respectively, although the dispersion in these values is
quite large (+0.4) due to the small range in reddening toward
these clusters. A value of R, = 3.1 was therefore chosen for all
of the clusters, with an assumed uncertainty of oz, = 0.1.

4.2. Interstellar Reddening

To determine the reddening to the clusters, stars along the
Schmidt-Kaler (1982, hereafter SK82) main-sequence two-
color curve (MSTCC) were shifted in the two-color diagram
along an appropriate reddening line until a match between the
MSTCC and the stellar distribution was found. The coefhi-
cients of the reddening line, as a function of the intrinsic color
of a star, were extensively tabulated by Crawford & Mandwe-
wala (1976) and are the coefficients used in this study. This
standard method was used for most of the clusters in this study.
Several clusters, however, showed evidence of variable redden-
ing in the color-magnitude diagram (CMD) and/ or two-color
diagrams, and an individual dereddening analysis was per-
formed for them. Details of the individual dereddening analy-
sis can be found in Phelps (1992).

Stars were chosen for the reddening analysis only if their

position in the two-color diagram indicated that they were
spectral type A or earlier, regardless of whether the individual
dereddening or standard technique was used. This choice was
dictated by several factors:

1. Metallicity.—The effect of metallicity on the colors of
the later type stars is large, with lower metallicity resulting in
substantial UV excesses (Cameron 1985a, b, ¢). The use of
stars with spectral type A0 and earlier minimizes the uncer-
tainty in E(B — V) as a result of unknown metallicities.

2. Binaries.—Unresolved binary stars have colors which
may be different from those of single stars (Golay 1974). In the
two-color diagram, increasing the mass ratio of an early-type
binary star moves the system nearly parallel to the two-color
line, but moves A-F systems nearly perpendicular, toward
lower (U — B) (Golay 1974, p. 92). The use of earlier type stars
minimizes reddening errors resulting from the presence of
unresolved binary stars.

3. Rotation.—The (B — V') index is primarily an indicator
of temperature, while the (U — B) index includes temperature
and luminosity effects. Rotation reduces the effective tempera-
ture and luminosity of a star (Sweet & Roy 1953) and thus will
also change its color. Maeder & Peytremann (1970) modeled
the effects of rotation and orientation on the observed colors of
stars and found that changes in (U — B) can be as great as 0.14
mag. For higher mass stars (5 M, ) this maximum color change
occurs for an inclination of 0°, resulting in an increase in (U —
B) with little contribution to (B — V). As the inclination ap-
proaches 90°, their models show that the effect of rotation is

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


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1994ApJS...90...31P&db_key=AST

JS. T.090C D3P T

]

r 992

36 PHELPS & JANES

along the reddening line, so that rotation effects do not signifi-
cantly affect the reddening determination for an early-type
star.

4. Pre-main-sequence (PMS) stars.—In clusters with ages
such as those we are studying (mostly in the 1-30 Myr range),
the higher mass stars will have already reached the main se-
quence or evolved away from it, while the lower mass stars,
with evolutionary timescales longer than this, will not have
reached the main sequence and will be PMS objects ( Stahler
1983). Lower mass, classical T Tauri stars (CTTSs) have been
found to have significant UV excesses (Bertout 1988; Bertout
& Basri 1991), which are thought to arise in the transition
region between the protostellar disk and the stellar surface.
Reddening determinations for the higher mass main-sequence
stars are more reliable, since they are not PMS objects, al-
though many B-type stars in these clusters may be Be stars,
with circumstellar material that affects the reddening of the
star. When Be stars are present (e.g., in NGC 663 ), a great deal
of scatter is seen in the CMD and two-color diagram, and it is
possible to deal with these stars by an individual dereddening
analysis when appropriate.

5. Errors in photometry.—As discussed in § 3, the errors in
the U photometry become large for V' > 16 (U > 17), which,
for typical clusters in this survey, corresponds to observed
main-sequence colors of ~ 1. For most of the observed clusters
this corresponds to A-type stars.

An estimate of the uncertainty in the value of the E(B — V)
is difficult, and errors quoted in the literature are rarely if ever
the result of a quantitative analysis. Since variations in individ-
ual clusters are difficult to quantify, the following analysis is
intended to establish a typical uncertainty in reddening esti-
mates rather than uncertainties for individual cases.

Systematic errors in reddening determinations arise from
uncertainties in the intrinsic colors of the stars which make up
the MSTCC itself, and uncertainties in the slope of the redden-
ing vector (gyeqor) along which a star moves in the two-color
diagram as reddening increases. The uncertainties o(z_;, and
0(u-y, are the uncertainties associatéd with the MSTCC and
are taken to be Gaussian-distributed. The systematic uncer-
tainty is taken to be of the form

2 2 2 2
OEB-V)ys — T(U-B) + 0 (B-V) *+ G Jector > (4)

where ., is the uncertainty in the reddening line. SK82 has
estimated that ¢ 3_y,, ~ 0.04 and oy, ~ 0.03 on the upper
main sequence, where these values represent intrinsic scatter
about the mean colors at a given spectral type. For stars with
spectral type O V to B8 (the spectral range used to determine
the reddening), the Crawford & Mandwewala (1976 ) redden-
ing vector slope is 0.69 = 0.01, neglecting the higher order
terms in the reddening vector. Using o, ~ 0.01, and the
values of o(5_y, and o, p), as above reduces equation (4) to
TEB-v),, ~ 0.05.
The random uncertainty is assumed to be of the form

2 2 2 2 :
OEB—V)an ~ O(v-B) T 0(8-v) T 05t » (5)

where ¢_y, and o _p, are associated with the photometry,
and oy, is associated with the visual fit of the MSTCC to the
two-color diagram.
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FiG. 5.—Comparison of the fit of the Schmidt-Kaler (1982) main-se-
quence two-color curve, reddened by E(B — V') = 0.44,0.49, and 0.54, to
the observed two-color diagram of NGC 457.

Typical formal uncertainties in transforming the instrumen-
tal magnitudes to the standard system are 0.02-0.03 mag in
(U — B) and 0.01-0.02 mag in (B — V). Based upon experi-
ence in fitting the SK82 main-sequence two-color line to the
observed two-color diagrams of our clusters, and the con-
straints on the reddening determination imposed by the fit in
the CMD of the SK82 ZAMS to the bend in the main sequence
of clusters (see below), the uncertainties in the reddening deter-
minations are estimated to be typically +0.03 mag (see Fig. 5).
This results in a random uncertainty of o gy, ~ 0.05.

The typical total uncertainty in the reddenings is likely to be
og@-1) ~ 0.07, including random and systematic effects, a
more conservative estimate than is usually expressed in such
studies (e.g., Tapia et al. 1984), where the random uncertainty
is frequently quoted instead of total uncertainty.

4.3. Distances

We have elected to estimate the apparent distance moduli of
the clusters by the traditional method of shifting a fiducial
zero-age main sequence (ZAMS) to match the observed stellar
distribution in the V' -(B — V') CMD, once the reddening has
been fixed. The ZAMS of SK82, based on an assumed distance
modulus to the Hyades of (m — M), = 3.28, is used in this
study.

The fainter photometry of this program, compared with
most previous studies of these clusters, reaches the bend in the
main sequence at M, ~ 2 and allows a match of the ZAMS to
the stellar distribution in the CMD to be more tightly con-
strained than is possible when only the upper, more vertical,
and often evolved portion of the main sequence is fitted. The
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degree of the problem is illustrated for NGC 436 (Fig. 6),
where ZAMS fits for (m — M), = 12.55 (3200 pc) and (m —
M)y = 11.67 (2150 pc) are shown. The former distance modu-
lus is that determined for the cluster in § 5.9, while the latter is
that determined by Becker (1971) using the data of Becker &
Stock (1958).

In this study, the ZAMS has been fitted to the lower enve-
lope of the main sequence, in the region where the bend occurs
in the main sequence. This choice was dictated by several fac-
tors:

1. Binary stars.—It is well known that the effect of binary
stars in the CMD results in a spread of the main sequence
toward brighter magnitudes (cf. Golay 1974, p. 91). A fit to
the mean location of the main sequence tends to underesti-
mate the distance of the cluster, since the ZAMS is fitted to-
ward brighter magnitudes.

2. Rotation.—Maeder & Peytremann (1970) have shown
that rotation and axial inclinations of stars have the effect of
spreading the main sequence toward brighter magnitudes and
redder colors. Since most stars on the upper main sequence are
rapidly rotating, this could significantly affect the observed
width of the main sequence.

3. Evolutionary effects.—In the clusters under study, with
typical ages of 1-30 Myr, the low-mass stars will be PMS ob-
jects and will be located in the region of the CMD where severe
contamination by field stars is present, while the higher mass
stars will have evolved off the main sequence. The stars with
M, ~ 2 have main-sequence lifetimes of more than 1 Gyr
(Maeder & Meynet 1991, hereafter MM91) and PMS time-
scales of ~3 Myr (Stahler 1983), so that stars with A7, ~ 2 will
likely be main-sequence stars.

= L] ' LI ' LRI l LB l Ty ' '-
6 NGC 436 _
E(B-V) = 0.50
B (m-M)o = 12.55 .
8 D = 3250 pc —
k E(B-V) = 0.47 -
10 (m=~M)o = 11.87 _
D = 2160 pec
12 I~ -
=~ 14 =]
16 —
18 —
20 —
- N
2 =
24 1 l LA 1 1 l L1 1 1 l L a1l I L1 1 1 1
0 05 1 15 2
B-V

FiG. 6.—ZAMS fits to NGC 436 using (m — M), and E(B — V') values
from this study (lower curve) and from Becker (1971) (upper curve).
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All three of these effects would tend to produce an underesti-
mate of the distance modulus. However, by fitting to the lower
envelope of the main sequence, the existence of observational
errors could lead to an overestimate of the distance modulus.
Fortunately, since the random photometric errors in the pres-
ent study are of the order of a few hundredths of a magnitude,
this is not a serious issue.

The standard visual match of the ZAMS to the cluster se-
quences as described here does not easily lend itself to a quanti-
tative determination of the uncertainty in the derived dis-
tances. A simple expression for the uncertainty in the distance
modulus was given by Clarid & Rosenzweig (1978), but is
more appropriate to evaluating the errors in the determination
of the distance modulus of a single star rather than an entire
cluster. The problem of fitting a fiducial ZAMS to an observed
CMD s a subtle pattern-matching process, involving a compar-
ison of a solid curve to a pattern of dots. While the human
brain is remarkably good at this, it remains an inherently non-
quantitative process.

Nevertheless, it is possible to quantify many aspects of the
problem. The determination of the true distance modulus,
(m — M),, requires a knowledge of the terms in the familiar
equation

(m—M)=(m—-M),-REB-V), (6)

The uncertainty in the true distance modulus, o, is
composed of uncertainties in the apparent distance modulus,
o(,,,_M, , as well as uncertainties associated with the second
term in equation (6), which can be written as R2o% 5y +
ok, E*(B-V).

The uncertainty in the apparent distance modulus, 6¢,,_,
is itself made up of uncertainties in the fit to the luminosity
width of the main sequence, ¢2, the ZAMS used in the fitting,
0% ams» and the uncertainty in the fit due to reddening, which is
given by the reddening times some typical slope (S) in the
region used in the ﬁttlng, S%0%5-v)-

The uncertamty in the reddening, R?2 a £(8-v), and the un-
certainty in the fitting of the ZAMS, S?0 % 5-y,, are correlated,
however. If the reddening is overestimated, the fit of the ZAMS
is forced to fainter magnitudes, thus compensating, to some
degree, for the overestimation of the reddening. Similarly, if
the reddening is underestimated, the fit of the ZAMS is forced
to brighter magnitudes, again compensating for the error in the
reddening determination. The total contribution of the uncer-
tainty in the reddening to the true distance modulus is, there-
fore, of the form (S — R,)?0% 5y, assuming the effects of S
and R, to be equal

The term o% -y, 1tself is made up of a random error due
to the observations, o%(s_v),,, and a systematlc error due to
uncertamtles in the two-color line itself, o% - Vimsroc: 1DE
terms o2 4ps and o% %,E*(B — V) are also systematic errors
which affect the calibration of the data, while the term o2 is a
random error.

The systematic uncertainty in the true distance modulus can
thus be written as

2 _ 2 2 2
T (m-M)o,,, ~ TzAMS + ‘TR.,E (B-71)

+(S- Rv)szi'(la—V)MSTCC , (7)
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while the random uncertainty in the true distance modulus can
be written as

= 03 +(S— Rv)za%(B—V)ob, . (8)

As discussed in § 3, the transformation of our instrumental
magnitudes to the Landolt standard system results in typical
rms residuals of 0.02 mag in V. The uncertainty ¢2, however,
is the uncertainty due to the luminosity width of the main
sequence in the cluster, of which the errors in the photometry
are but one part. Other uncertainties include the effects of bi-
nary stars, stellar rotation, and effects of stellar evolution and
are discussed above. Fitting the ZAMS to the lower portion of
the main sequence reduces these errors but does not eliminate
them. The intrinsic luminosity width of the main sequence of a
typical cluster, such as NGC 457, is ~0.1 mag. The uncer-
tainty ¢2 in the fit of the ZAMS in luminosity is much better
than this but can be no better than 0.02 mag, which is the
photometric error. We therefore assume that ¢, is 0.05 mag. In
§ 4.2, 0g(p-vy,, Was estimated to be 0.05 mag. In the region of
the bend in the main sequence at M, ~ 2, the slope of the main
sequence, .S, with the chosen 5-to-1 scaling of the (B — V')-axis
relative to the V'-axis, is ~4.7 over 12.5 < V' < 14. Using R, =
3.1 reduces equation (8) to

morryg,. = 0.007 , (9)

2
T (m—-Mo,,

OT G (m-pr),,, = 0.08.

As dlscussed in § 4. 1 our estimate for ¢%_is 0.1. The uncer-
tainties o2 oy, and o5y  are calibration errors asso-
ciated with the SK82 ZAMS and MSTCC SK82 estimates that
0 »,, On the main sequence, is ~0.3 mag, while ¢ _,,is ~0.04
and o ;g on the upper main sequence is ~0.03, where these
values are typical intrinsic scatter in stars of a given spectral
type. For the ZAMS the uncertainty is dominated by o,, . We
therefore assume oz,vs = 04, = 0.3 mag, with o 55_1),, ;0 ~
0.05 mag (see § 4.2). Equation (7) therefore reduces to

ot = 0.10 + 0.01EX(B — V), (10)

Using a value of E(B — V') = 0.60, which is typical of clusters
in this study, a total uncertainty of o ,,_ss,, ~ 0.32 results. This
large zero-point uncertainty in the distance modulus of a clus-
ter is dominated by the intrinsic uncertainty in the ZAMS and
the MSTCC. The uncertainty in the zero point of the cluster
distance scale is, therefore, quite large. The uncertainty in the
relative distances, however, is much less if the same ZAMS and
MSTCC are used for all clusters in the sample. In this case the
systematic error reduces to

orny,,, = 0.01EX(B— V), (11)

where the remaining term is the uncertainty due to variations
in R, from cluster to cluster. Again using a typical value
of E(B — V') = 0.60, the total relative uncertainty becomes
O (m-sny, ~ 0.10.
The uncertainty in the distance, o, is directly related to the
uncertainty in the distance modulus by
2 - 2 aD 2
ap U("'_M)°(6(m—M)0) (12)

Vol. 90
(see Bevington 1969). Using
D = 1Qln—M)o+51/5 (13)
reduces equation (12) to
= 0.213D%0}-r1y, » (14)

where D is in parsecs.

Using a typical distance of 2700 pc and o ,,—sr), ~ 0.32
results in o ~ 400 pc. The uncertainty in the relative dis-
tances, however, is much less. Again using a typical distance of
2700 pc, but an uncertainty in the relative distance modulus of
O (m-any, ~ 0.10, results in g, ~ 125 pc.

4.4. Cluster Ages

Cluster ages were obtained with the convective overshooting
and mass-loss models of Maeder & Meynet (1988, 1989, 1991)
and Maeder (1990). The program to compute isochrones
from the evolutionary models was kindly provided by A
Maeder and G. Meynet. Details of the conversion between
evolutionary models and isochrones are given in MM91.

The models are for Population I stars with (X, Y, Z) =
(0.70, 0.28, 0.02) and masses between 120 and 0.85 M. The
Los Alamos opacities (Huebner et al. 1977) were used. For
stars with M > 1.0 M, the distance of overshooting from the
convective core is given by d,.., = 0.25H,, where H, is the
pressure scale height at the edge of the classically defined core.
Empirical mass-loss rates as parameterized by de Jager, Nieu-
wenhuijzen, & van der Hucht (1988) were used. Details of the
transformation from log T qto (B — V') and from L/ L, to M,
can be found in MM91.

For stars with masses less than 1.2-1.6 M, there is no evi-
dence for convective overshooting, so it is not used in the mod-
els. The shapes of the isochrones are uncertain in this region,
which is precisely the region that is used to determine the dis-
tances of the clusters. For this reason the reddenings and dis-
tances have been determined, as described in §§ 4.2 and 4.3,
with the SK82 ZAMS and MSTCC, while the ages have been
determined with the MM91 isochrones, with the reddenings
and distances fixed.

Variable reddening in clusters results in scatter in the CMD,
making isochrone fits difficult. Clusters with tight main se-
quences, indicating that variable reddening is not important,
may also have high-mass stars that cannot be fitted by a single
isochrone, suggesting that star formation occurred over an in-
terval of time corresponding to the difference in ages between
the isochrones needed to fit the stars. Several clusters in this
survey, with no evidence of variable reddening, require
isochrones separated in age by ~10 Myr in order to fit the
evolved stars.

A typical example of an isochrone fit is shown in Figure 7.
The isochrones are those for 37, 42, and 47 Myr. The accuracy
of the age determination depends critically on the presence of
evolved stars in the cluster. The fit near the turnoff is satisfac-
tory for all isochrones, but it is only the fit to the single star
with V' =9.6 and (B — V') = 0.7 that results in the adopted age
of 42 Myr.

The fit of the isochrones often is constrained by the brighter
blue stars (blue supergiants). As pointed out by the referee,
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Fig. 7.—Comparison of the fit of several Maeder & Meynet (1991)
isochrones to the CMD of NGC 436.

24

these stars spend most of their time on the blue end of the blue
loop in their evolutionary track. The length of the loop de-
pends on the chemical composition (here assumed to be solar)
and mass loss. In many cases, an older isochrone will give the
right magnitude for the blue supergiants, even if the models do
not correctly predict the color, meaning that the inference of a
younger age may not be required.

A minimum uncertainty in the age is estimated to be 5 Myr.
Clusters that have luminous evolved stars can be fitted with a
more limited range in ages and thus have lower uncertainties
than clusters without evolved stars. This discussion of the un-
certainties in the ages, however, ignores the controversy over
the need for convective overshooting and the degree of mass
loss in determining stellar ages (cf., Chiosi, Bartelli, & Bressan
1992) as well as the fact that the observed clusters may not be
of solar metallicity, as is assumed with the isochrone fits.

4.5. Cluster Radii

In order to determine the radius of a cluster, its center must
first be found. Since there are few young blue stars in the field,
but many in young clusters, luminous blue stars were used to
define the cluster center by constructing marginal distributions
in x and y (pixels), at 30 pixel intervals (23" for clusters ob-
served with the 512 X 512 CCD, and 20" for clusters observed
with the 1024 X 1024 CCD). The cluster centers, therefore, are
defined by the higher mass end of the main sequences. The
marginal distribution for NGC 436 is shown in Figure 8 as an
example. A Gaussian fit to each of the distributions was used to
obtain an estimate of the x and y center, in pixels, of the
cluster.

YOUNG OPEN CLUSTERS AS PROBES OF STAR FORMATION 39

Cumulative distributions were then used to determine the
radii of the clusters. A cumulative distribution is shown in
Figure 9a for a field region where no cluster is present. The
distribution of stars is well represented by a straight line, indi-
cating that no localized enhancement of stars, representing a
cluster, is present. The background line is determined by a
least-squares fit to the data.

Figure 95 shows the cumulative distribution for NGC 436.
The straight line represents the stellar background and is deter-
mined from a least-squares fit to the region, which appears,
from a visual inspection, to be a straight line. Because of in-
complete coverage of some clusters in the CCD images, the
cluster “edge” may not have been reached and the derived
slope of the line is therefore a maximum value.

The outer cluster radius, Rg,,, is found by subtracting the
background line from the cumulative distribution, and is
taken to be the radius at which the net number of stars first
reaches zero, moving outward from the cluster center. An ex-
ample of the resulting distribution for NGC 436 is shown in
Figure 10. A half-width at half-maximum radius, Rgwuwm, 1S
also calculated for each of the clusters and is found from the
same distribution as is Ry, . The radii of the clusters are lower
limits, since the stellar background is often poorly defined.

4.6. Number of Stars

The cumulative distribution plots, with the background
level subtracted, can also be used to estimate the minimum
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FIG. 8.—(a) Marginal distribution, at 30 pixel intervals, in the x-direc-
tion of the CCD image, for the cluster NGC 436. (b) Same as (a), but in
the y-direction.

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


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1994ApJS...90...31P&db_key=AST

JS. T.090C D3P T

R

r 992

40
500 T T T T T . . T T T
: ! Eied,Reeion 3 )l
400 F . 3
3 C ]
é 300 - E
2 200 4
100 F X ]
r b
0 C 1 1 | 4| 1 1 | 4| 1 1 ‘4
0 2x10 4x10 6x10
800 R**2 (pixels**2)
K T T T T l T T T T I T T T T kGI-CI4E;6| l T T T d) l-
- R < 230 pixels E
600 |- —
& - ]
B .. T
g 400 |- N -
3 i TS ]
Z B >~ J
200 |- A .
0 i 11 11 ‘ ) S . I 1 1 1 1 IALI 1 1 ! 11 1 y
0 10* 2x10* 3x10* 4x10* s5x10*

R**2 (pixels**2)

F1G. 9.—(a) Cumulative distribution for a field region. (») Cumulative
distribution for the cluster NGC 436. See text for details.

number of stars in clusters, to the limiting magnitude of the
photometry. The net number of stars is simply the number of
stars at zero radius in figures such as Figure 10. This represents
a lower limit because of incompleteness of the photometry at
fainter magnitudes, as well as uncertainties in the derived slope
of the background.

5. RESULTS

This section presents an atlas of photometric data for the 23
clusters which were surveyed in Cassiopeia. The CMDs which
appear in the following pages include 35,788 stars, represent-
ing the most comprehensive single study of open clusters in a
specific region of the sky ever undertaken. The majority of
these clusters are located in the Perseus spiral arm, although
several clusters have distances which place them outside
the arm.

Because of the large number of stars observed during the
survey, it is impractical to publish tables of the photometry. It
is anticipated that the photometry will become available
through a suitable electronic database in the near future.

For some clusters, photometry from other studies has been
added, since the brightest stars were often saturated on the
CCD images. Some stars were included in the CMDs even
though they were outside the observed field, such as in NGC
457, where the presence of the Sth magnitude cluster member
¢ Cas required that a portion of the cluster field be avoided.
The star ¢ Cas was included in the CMD but is not represented
in the photometric maps.

PHELPS & JANES
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In most of the CMDs, a characteristic wedge-shaped group-
ing of stars can be seen. This distribution is a result of fore-
ground and background field stars, which are not associated
with the cluster. CMDs for two isolated field regions, located
away from any cluster, are shown in Figure 11 and clearly
show the wedge-shaped distribution. As the distance from the
Sun increases, a given cone of space will contain stars with
similar distance moduli, which results in a “cluster-like”
CMD, with a characteristic age of ~8-10 Gyr, for that annu-
lus. This age corresponds to the age of the Galactic disk (Janes
& Phelps 1994). More distant annuli, with similar distribu-
tions of stars, will result in the smearing toward fainter magni-
tudes of this sequence of stars. The net result in the CMD is a
distribution of dwarf stars with a sharp left edge, and a sloping
redward edge, along with a nearly vertical distribution of
glants.

The derived quantities from the analysis of each cluster are
given in Tables 3 and 4. Table 5 contains a summary of pre-
vious studies for the clusters when available. For E(B — V') the
numbers in parentheses indicate values of E(B — V') converted
from the authors’ values of E(G — R), using equation (15).
Table 6 contains a comparison of our photometry with that of
previous studies, when available, with the A’s indicating the
difference between the two studies in the sense of our photome-
try minus that of the previous studies, with a dispersion in the
mean of ¢, and having N, available for comparison.

5.1. Berkeley 7

To our knowledge, no previous photometric studies of
Berkeley 7 (Be 7) exist. A map of the observed cluster field is
shown in Figure 12, while the CMD and two-color diagram
(TCD) are shown in Figures 13a and 13b, respectively. The
brighter portion of the main sequence is well defined and dis-
tinct from the field star distribution, and no obvious binary
sequence is detected. Using the standard reddening analysis,
the reddening toward the cluster is found to be E(B — V) =
0.80 (Fig. 14b), and the observed distance modulus is (m —
M), = 14.53 (Fig. 14a), corresponding to a true distance mod-
ulus of (m — M), = 12.05, or a distance of 2570 pc. The fit of
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FiG. 10.—Cumulative distribution for NGC 436, with the apparent
background line of Fig. 95 subtracted.
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FIG. 11.—CMD:s for two isolated field regions
the SK82 ZAMS in the CMD (Fig. 14a) shows that the stars in 5.2. NGC 663
Be 7 show no significant evolution off the main sequence, al-
though the exact age cannot be determined because of the lack NGC 663 has been the subject of numerous studies. In addi-
of higher mass stars. A 4 Myr isochrone is also shown in Figure tion to its location in the region under investigation, NGC 663
14a for comparison, indicating that Be 7 is ~4 Myr old. is of interest because it contains the largest number of Be stars
TABLE 3
OPEN CLUSTERS: DERIVED SPATIAL PROPERTIES
Cluster Age
Number Name ! b EB-YV) (m— M), D, X Yoo Zy (Myr)
(1 (2) (3) C)) (5) (6) (N (®) ) (10) (11
| P Be 7 130°13 +0°37 0.80 12.05 2570 1965 1656 17 0-4
2 ... NGC 663 129.46 -0.94 0.80 12.25 2818 2176 1791 —46 12-25
3. NGC 659 129.34 —-1.51 0.63 12.70 3467 2681 2198 -91 22
4...... NGC 654 129.09 -0.35 0.90 12.15 2692 2089 1697 -16 8-25
S NGC 637 128.55 +1.70 0.65 12.30 2884 2255 1797 86 0-4
6...... Tr1 128.22 —-1.14 0.61 12.10 2630 2066 1627 -52 27
7...... NGC 581 128.02 —1.76 0.44 12.15 2692 2121 1658 —83 10-22
8 ...... NGC 457 126.56 —4.35 0.49 12.40 3020 2426 1799 —229 7-19
9 ...... NGC 436 126.07 -3.91 0.50 12.55 3236 2616 1905 -221 42
10 ...... NGC 433 125.90 -2.60 0.86 11.83 2323 1882 1362 -105 79
11 ...... NGC 381 124.94 -1.22 0.36 10.13 1062 871 608 -23 1100
12 ...... NGC 366 124.68 -0.59 1.37 12.50 3163 2601 1800 -33 6
13....... Be 62 123.99 +1.10 0.82 12.16 2704 2242 1512 52 10
14 ...... Cz2 121.97 -2.70
15...... St 24 121.55 -0.88 0.50 12.25 2818 2401 1474 —43 120
16 ...... NGC 146 120.87 +0.49 0.70 13.40 4786 4108 2456 41 10
17 ...... King 15 120.75 -0.95 0.46 12.29 2871 2467 1468 —48 3000
18 ...... NGC 129 120.25 -2.54 0.57 11.20 1738 1501 876 =77 50
19 ...... NGC 103 119.80 —1.38 0.55 12.90 3802 3299 1889 -92 20
20 ...... Be 60 118.85 —1.64
20 ...... Be | 117.79 -2.03
22 ... Be 58 116.75 -1.29 0.55 12.95 3715 3317 1672 -84 251
23 ...... NGC 7790 116.69 —1.01 0.55 12.75 3548 3170 1594 -63 71
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TABLE 4
OBSERVED CLUSTERS: DERIVED PROPERTIES
Cluster R Rau Ruwnm Ruwnm Nojuster Nobservea
Number Name (arcmin) (pc) (arcmin) (pc) (V <20-21) (V < 20-21)
1 2 (3) 4) (5) 6) @ (®)
L...... Be 7 2.05 1.53 1.19 0.89 71 723
2 ... NGC 663 442 3.62 2.69 2.21 413 3012
3. NGC 659 2.25 2.27 1.44 1.45 56 637
4 ...... NGC 654 3.34 2.62 1.39 1.09 330 582
S NGC 637 1.16 0.97 0.94 0.79 55 629
6...... Tr1 2.57 1.97 1.28 0.98 104 670
T NGC 581 4.62 3.62 4680
8...... NGC 457 6.22 5.46 3.59 3.15 588 3503
9...... NGC 436 2.31 2.17 1.40 1.32 189 891
10...... NGC 433 3.29 2.22 2.40 1.62 82 2119
11...... NGC 381 3.17 0.98 1.81 0.56 71 2254
12...... NGC 366 2.38 2.19 1.05 0.97 101 1014
13...... Be 62 3.46 2.72 2.46 1.93 98 1572
14 ...... Cz2 2337
15...... St 24 3.40 2.79 2.07 1.70 102 2121
16 ...... NGC 146 3.40 4.73 2.10 2.92 79 620
17 ...... King 15 4.53 3.78 2.55 2.13 150 1936
18 ...... NGC 129 3.00 1.52 2.04 1.03 59 1158
19...... NGC 103 3.85 4.26 1.90 2.10 295 2807
20 ...... Be 60 206
21 ...... Be | 182
22 ...... Be 58 2.15 2.32 1.59 1.72 41 412
23 ...... NGC 7790 3.57 3.68 1.64 1.69 160 1723
TABLE 5
SUMMARY OF PREVIOUS RESULTS
D Age
Cluster A, R, EB-Y) (m— M), (pc) (Myr) Reference
NGC663 ....... 0.8-1.0 11.55 2000 van den Bergh & de Roux 1978
0.84 12.0 2512 Hoag 1966
1.98 2.73 0.73 12.03 2500 9 Tapia et al. 1991
NGC659 ....... ... ... 0.54 11.80 2290 ... McCuskey & Houk 1964
(0.63) 11.79 2280 Steppe 1974
12.39 3000 Alter 1944
NGC654 ....... 2.9 0.77-1.13 11.9 2400 17 Stone 1980
0.79-1.18 12.3 2900 Pesch 1960
0.74-1.16 11.85 2400 Joshi & Sagar 1983
NGC 637 ....... (0.43) 11.95 2450 Grubissich 1975
. 0.66 11.99 2500 15 Huestamendia et al. 1991
Trl oooooael. 1.73 11.70 2190 McCuskey & Houk 1964
0.61) 12.37 2980 Steppe 1974
0.52 11.6 2089 26 Joshi & Sagar 1977
NGC 581 ....... 1.15 11.61 2100 McCuskey & Houk 1964
0.39 11.94 2440 Moffat 1972
(0.44) 12.46 3110 Steppe 1974
... ... 0.40 11.84 2334 31 Osman et al. 1984
NGC457 ....... 0.50 12.3 2880 Pesch 1959
0.45 12.50 3160 Moffat 1972
0.45 12.59 3300 Baade 1983
NGC436 ....... ... ... 0.48 12.06 2582 63 Huestamendia et al. 1991
NGC433 ....... ... ... 0.82 11.61 2100 <170 Battinelli et al. 1992
e e e 13.27 4500 Alter 1944
NGC 381 ....... 0.35 10.97 950 320 Crinklaw & Talbert 1988
Be62 ........... 3.0 0.86 11.56 2050 10 Forbes 1981
NGC 146 ....... 12.64 3370 Kimeswenger & Weinberger 1989
NGC129 ....... 0.53 11.0 1590 Arp et al. 1959
11.11 1670 Turner et al. 1992
10.93 1535 Schmidt 1980
NGC 7790 ...... 0.54 12.65 3388 50-100 Romeo et al. 1989
0.52 12.8 3630 Sandage 1958
0.64 12.3 2884 Pedreros, Madore, & Freeman 1984
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COMPARISON WITH PREVIOUS PHOTOMETRY
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vV B-V) (U- B)
AV 7 Nyars AB-7V1) o Nyars A(U - B) 7 Nyars DATA
0.09 0.03 12 -0.03 0.03 12 0.01 0.06 6 pe Hoag et al. 1961
0.06 0.09 33 0.10 0.11 33 ... ... ... pg McCuskey & Houk 1964
0.00 0.04 34 0.00 0.05 34 —-0.11 0.06 34 pg Stone 1980
0.01 0.07 21 0.00 0.03 21 —-0.09 0.05 21 Pesch 1960
0.10 0.03 7 -0.02 0.02 7 —0.11 0.04 7 Hoag et al. 1961
—0.02 0.10 36 —-0.01 0.05 36 —-0.13 0.10 36 Joshi & Sagar 1983
NGC637 ...... 0.01 0.04 17 —0.03 0.03 17 —-0.11 0.03 16 Huestamendia et al. 1991
Trl ..ooo...... —0.14 0.14 43 0.14 0.11 43 —0.03 0.24 43 McCuskey & Houk 1964
0.17 0.21 19 0.12 0.11 17 0.06 0.18 17 Joshi & Sagar 1977
NGC 581 ...... 0.13 0.17 31 0.06 0.09 31 —-0.10 0.20 31 McCuskey & Houk 1964
-0.02 0.05 14 0.02 0.05 14 —-0.01 0.07 13 Hoag et al. 1961
NGC457 ...... —-0.01 0.04 20 0.01 0.05 20 -0.03 0.03 20 pe Hoag et al. 1961
NGC436 ...... 0.00 0.16 28 -0.01 0.14 20 0.02 0.09 20 pe Huestamendia et al. 1991
NGC 381 ...... 0.01 0.36 31 0.02 0.12 31 —-0.01 0.16 31 pe Crinklaw & Talbert 1988
Be62.......... —-0.01 0.14 13 -0.02 0.15 13 -0.03 0.07 13 pe Forbes 1981

in any open cluster (Sanduleak 1990). Among the photomet-
ric studies (Table 5) are UBV investigations by van den Bergh
& de Roux (1978), Hoag (1966 ), McCuskey & Houk (1964),
and Hoag et al. (1961), as well as near-IR and Stromgren pho-
tometry by Tapia et al. (1991). Van den Bergh & de Roux
(1978) find variable reddening across the face of NGC 663.
Tapia et al. (1991) observed the brighter stars in NGC 663
with near-IR and Stromgren photometry and determined that
the ratio of total to selective absorption, R,, toward NGC 663
is 2.73 = 0.20, below the average Galactic value of 3.1 (Whittet
1989). As they point out, however, the scatter in their E(V —
K) versus E(B — V') diagram, which they used to determine
R,, is too large to conclude that R is definitely anomalous.

Our preliminary results for NGC 663 have been reported in
Phelps & Janes (1991a). A map of the observed cluster field,
based on the photometry from three mosaicked 1024 X 1024
pixel CCD images, is shown in Figure 15. The CMD and TCD
for NGC 663 are shown in Figures 16a and 16b. The variable
reddening in the cluster makes it difficult to determine
whether a binary sequence is present. The characteristic wedge
in the CMD, caused by field stars, is much less pronounced in
the CMD of NGC 663 compared with other clusters in this
region. The lack of field stars is consistent with the CO obser-
vations of this region (see Fig. 28 of Leisawitz et al. 1989), and
suggests that NGC 663 is in front of a molecular cloud, quite
possibly having emerged from it in the recent past. Because of
the deficiency of field stars in the CMD, it is possible to trace
the main sequence to faint magnitudes, indicating that NGC
663 contains a substantial number of low-mass stars.

Because of possible cloud cover during the portion of the
evening when the cluster was observed, and the close agree-
ment of the Hoag et al. (1961) photometry for other program
clusters (see NGC 457 and NGC 581), our photometry was
brought onto the system of Hoag et al. (1961) after applying
the corrections listed in Table 6. Even with the shortest expo-
sures, the brightest stars in the cluster were saturated on the
CCD images, so values from Hoag et al. (1961) were used for
these stars.

A fit of the SK82 MSTCC, using the standard reddening
analysis, yields E(B — V') = 0.80 (Fig. 17b). The value of
E(B — V') = 0.80 is consistent with the ZAMS fit in the CMD
(Fig. 17a) between 16 < V < 19, where the main sequence is
tight and the fit is well constrained. A fit of the SK82 ZAMS
gives an observed distance modulus of (m — M), = 14.73,
corresponding to a true distance modulus of (m — M), =
12.25, or a distance of 2818 pc (Fig. 17a).

Because variable reddening is indicated in the cluster, an
individual dereddening analysis of the stars with (B — V') < 0.7
was also performed. The seven brightest stars, which deviate
from the ZAMS in Figure 174, were assumed to be of luminos-
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FiG. 12.—Map of Be 7 generated from the list of stars appearing in the
color-magnitude diagram (CMD). The scale is 0777 pixel ™!, giving a field
of view of 6'6. North is up, and east is to the left.
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FI1G. 13.—(a) Color-magnitude diagram for Be 7. (b) Two-color diagram for Be 7.

ity class Ib for the individual dereddening analysis, and the rest a substantial flaring at the high-mass end, so that a single

were assumed to be of luminosity class V. A range in color isochrone cannot be fitted to the data. The data can be fitted
excess of 0.7 < E(B — V') < 1.0, with a strong peak at E(B — reasonably well if it is assumed that there was an age spread in
V') = 0.80, is found. The reddening-corrected CMD is shown star formation of ~13-15 Myr, with some stars having been
in Figure 18a. A narrow lower main sequence is observed with formed as recently as ~10-12 Myr ago (Fig. 18b). Data com-

-‘|"I1 LI l Teh 'l"']ll LI J |-
a) Be 7 b)
6 - E(B—va- 0.80 - E(B-V) = 0.80 1
» m-M)v = 1463 - 5 -
gm—lo-t 12.05
8 - D=2570 pc | 1 =
- Age = 4 Myr E - <
10 = - -
12 = B 7
- - 0 —
m
> 14 | - -
B 4 D | .
16 = - -
18 |~ 1 -]
20 - - E
- = - -
22 - .
» - 2 —
24 AN ETENE PN TN AER N N ENENE NN RN N Ul PN W)
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FiG. 14.—(a) Fit of the Schmidt-Kaler (1982) ZAMS and 4 Myr isochrone of Maeder & Meynet (1991) to Be 7. (b) Fit of the Schmidt-Kaler (1982)
main-sequence two-color curve to Be 7.
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FiG. 15.—Map of NGC 663 generated from the list of stars appearing
in the CMD. The scale is 0768 pixel ™', giving a field of view of 19'5. North
is up, and east is to the left.

piled by Leisawitz (1988) from various studies of young clus-
ters gives a median age of 21-22 Myr for NGC 663. The dis-
tance determined from the visual fit of the ZAMS in Figure
17a was used in the isochrone fitting in the dereddened CMD
of Figure 185 and supports the distance derived from the full
CMD of Figure 17a.
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A noticeable deviation of stars from the ZAMS occurs for
V> 18 (Fig. 17a), corresponding to M, ~ 3. While the errors
in the photometry begin to get large for the fainter magnitudes
(Fig. 4), this deviation of stars above the main sequence is
consistent with a PMS population of stars, assuming the
younger 12 Myr age for the cluster (Stahler 1983). The lack of
a substantial number of field stars in this direction, and the
indications of a PMS population, make this cluster an ideal
target for future studies of low-mass PMS stars.

5.3. NGC 659

Published photometry of NGC 659 includes a photographic
UBYV study by McCuskey & Houk (1964) and RGU photome-
try from Steppe (1974) (Table 5). The cluster was also cata-
loged by Alter (1944), who determined a distance of 3000 +
250 pc.

Derived diagrams for NGC 659 are shown in Figures 19 and
20. For stars which were saturated in the images, the values of
McCuskey & Houk (1964) were used, after adding offsets
listed in Table 6, since the night of our observations was
deemed to be photometric. The cluster exhibits no obvious
binary sequence, although the scatter in the CMD makes an
assessment of the binary content difficult.

Because of telescope problems, no U-band observations
were obtained, so the reddening toward the cluster is uncer-
tain. The McCuskey & Houk (1964 ) determination of E(B —
V') (Table 5) is most certainly incorrect, since no satisfactory
fit of the SK82 ZAMS can be made in the CMD using this
value. An estimate of E(B — V') can be made using the RGU
photometry of Steppe (1974). Using the relation in Alfaro &
Garcia-Pelayo (1984) for the conversion of E(G — R) to

MMM BM AL B ML EMAARL
| NGC 663 b)

-1 ) -
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1+ H =
- .\.:l-. e
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0 0.5 15 2 2.6
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FIG. 16.—(a) Color-magnitude diagram for NGC 663. (b) Two-color diagram for NGC 663. Crosses represent stars whose photometry is taken from

Hoag et al. (1961).
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FIG. 17.—(a) Fit of the Schmidt-Kaler (1982) ZAMS to NGC 663. (b) Fit of the Schmidt-Kaler (1982) main-sequence two-color curve to NGC 663.
Crosses represent stars whose photometry is taken from Hoag et al. (1961).

E(B-V), M), = 12.70, or a distance of 3467 pc (Fig. 20b). This distance
B _ oy 20 is considerably greater than that found by McCuskey & Houk
E(B=V)=0.72E(G ~ R) = 0.006E*(G ~ R), (15) (1964) and Steppe (1974), but is in general agreement with
gives E(B — V) = 0.63. With this value a fit of the SK82 that found by Alter (1944 ). The age of NGC 659 is inferred to

ZAMS gives (m — M), = 14.65, which corresponds to (m — be 12 Myr (Fig. 20b).
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F1G. 18.—(a) Reddening-corrected CMD for stars with (B — V') < 0.70. (b) Fit of the 12 and 25 Myr isochrones of Maeder & Meynet (1991) to the
reddening-corrected CMD of NGC 663. Crosses represent stars whose photometry is taken from Hoag et al. (1961).
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FIG. 19.—Map of NGC 659 generated from the list of stars appearing
in the CMD. The scale is 0”77 pixel ', giving a field of view of 6'6. North is
up, and east is to the left.

5.4. NGC 654

NGC 654 has been observed by Pesch (1960), Hoag et al.
(1961), McCuskey & Houk (1964), Moffat (1972), Samson
(1975), Stone (1980), Joshi & Sagar (1983), and Sagar & Yu
(1989) (Table 5), but none of these investigations were based
on CCD photometry, nor did they reach the fainter magni-
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tudes of this study. The reddening across the cluster is highly
variable and has been interpreted as being due to residual mate-
rial from the cluster’s formation (Samson 1975) or as a local
cloud in the direction of the cluster (Stone 1977; McCuskey &
Houk 1964).

Because of bright stars in the cluster field, our CCD images
were restricted to a single field covering only a portion of the
cluster. The resulting diagrams for NGC 654 are shown in
Figures 21-24. A comparison of 36 stars in common with Jo-
shi & Sagar (1983) shows good agreement in ¥ and (B — V),
but the Joshi & Sagar data are systematically offset in (U — B)
by —0.126 mag (Table 6 ). Comparisons between our photome-
try and that of Pesch (1960) and Stone (1980) give similar
results, but the Joshi & Sagar (1983) and Stone (1980) studies
used the Pesch (1960) values as local standards, so the agree-
ment is not surprising. A comparison of seven stars we ob-
served in common with Hoag et al. (1961) shows good agree-
ment in (B — V), but poorer agreement in ¥V and (U — B)
(Table 6). In a detailed comparison of their photometry of
NGC 654 with that of Pesch (1960), McCuskey & Houk
found significant zero-point differences, with the Pesch values
being nearly 0.1 mag fainter in "and ~0.03 mag bluer in (B —
V') (both in agreement with Hoag et al.), and ~0.06 mag red-
der in (U — B) (in agreement with this study). There is no
trend in the comparisons to establish which set or sets of data is
closest to the UBV system. Based upon this comparison, and
the likely photometric nature of the sky during our observa-
tions, there is no compelling reason to make corrections to our
data set to bring it onto one of the other systems, although the
difference in (U — B) remains unexplained. The brighter stars
from Joshi & Sagar (1983), which were not included in the
present photometry either because of saturation on the CCD
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F1G. 20.—(a) Color-magnitude diagram for NGC 659. (b) Fit of the Schmidt-Kaler (1982) ZAMS and 12 Myr isochrone of Maeder & Meynet (1991)to

NGC 659. Crosses represent stars taken from McCuskey & Houk (1964 ).
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F1G. 21.—Map of NGC 654 generated from the list of stars appearing
in the CMD. The scale is 0777 pixel !, giving a field of view of 6'6. North is
up, and east is to the left.

or because they were outside the observed field, were trans-
formed onto the system of the present study. Stars in the Joshi
& Sagar list which are outside the field observed in this study
were included only if they have membership probabilities
(Stone 1977) greater than 0.80.

The striking aspect of the CMD (Fig. 22a) is the lack of the
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characteristic wedge-shaped distribution of field stars that is
seen in most of the other CMDs. This allows the main se-
quence to be seen to faint magnitudes and indicates that NGC
654 contains a substantial number of low-mass stars. The main
sequence is quite wide, but the lower edge is sharply defined,
indicating that a substantial number of binaries may be present
in the cluster, although the high and variable nature of the
reddening makes the binary content difficult to ascertain. Pre-
sumably, NGC 654 lies front of a molecular cloud, reducing
the visibility of background field stars. This conclusion is con-
sistent with radio observations (Leisawitz et al. 1989) which
show a great deal of CO toward the cluster.

A visual fit of the SK82 MSTCC gives a mean reddening of
0.90 (Fig. 23b). A fit of the SK82 ZAMS gives (m — M), =
14.94, corresponding to (m — M), = 12.15, or a distance of
2692 pc (Fig. 23a). The substantial scatter in the upper end of
the CMD and two-color diagrams indicates that the reddening
is variable, but the well-defined lower edge to its main se-
quence suggests that the variations are intrinsic to the individ-
ual stars rather than being caused by a patchy distribution of
dust in or around the cluster. An individual dereddening analy-
sis of the stars in NGC 654 was therefore performed. The ma-
jority of the stars were dereddened as luminosity class V stars,
but since the brightest star (star 111 in the list of Joshi & Sagar
1983) is classified as an F5 Ia star (Stone 1977), and star 68
[V =19.56,(B— V)= 0.88] in Joshi & Sagar’s (1983) list is
classified as an AO Ib star, intrinsic colors for the appropriate
luminosity classes were taken from SK82 to obtain the red-
dening.

A range in reddening of 0.75 < E(B — V') < 1.1 was found,
in good agreement with previous studies. The reddening-

BV Y
B-V

0 0.6 1

FiG. 22.—(a) Color-magnitude diagram for NGC 654. (b) Two-color diagram for NGC 654. Crosses represent stars whose photometry is taken from

Joshi & Sagar (1983).
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F1G. 23.—(a) Fit of the Schmidt-Kaler (1982) ZAMS to NGC 654. (b) Fit of the Schmidt-Kaler (1982) main-sequence two-color curve to NGC 654.
Crosses represent stars whose photometry is taken from Joshi & Sagar (1983).
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FIG. 24.—(a) Reddening-corrected CMD for NGC 654. () Fit of the 8 and 25 Myr isochrones of Maeder & Meynet (1991) to the reddening-corrected
CMD of NGC 654. Crosses represent stars whose photometry is taken from Joshi & Sagar (1983).
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F1G. 25.—Map of NGC 637 generated from the list of stars appearing
in the CMD. The scale is 0”77 pixel ™', giving a field of view of 6:6. North is
up, and east is to the left.

corrected CMD is shown in Figure 244, with membership prob-
abilities (Stone 1977) for selected stars indicated. Even after
restricting the sample to stars with high membership probabili-
ties, the CMD cannot be fitted by a single isochrone. Figure
24b shows isochrones of 8 and 25 Myr. It thus appears that the
time spread of star formation in NGC 654 is at least ~20 Myr,
and possibly longer if one were to include the star with a mem-
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bership probability of 0.92 (star 5 in Joshi & Sagar 1983 with
Vo =9.368, (B — V), = —0.090).

5.5. NGC 637

NGC 637 was observed by Grubissich (1975) in the RGU
system, and by Huestamendia, del Rio, & Mermilliod (1991)
in the UBV system (Table 5).

Diagrams for NGC 637 are shown in Figures 25-27. The
photometric values of Huestamendia et al. (1991) for the stars
which were saturated on our CCD frames (their stars num-
bered 1, 3, 4, 6, 7, 73, and 74) were used after applying the
offsets listed in Table 6 to put them onto our system. The
differences in ¥ and (B — V') are small, but a much larger offset
in (U — B) is found which is unexplained.

As pointed out by Huestamendia et al. (1991), there is a
noticeable gap in the main sequence in the range 11 < V' < 12
(Fig. 26a). The fit of the SK82 MSTCC gives a reddening of
E(B— V) =0.65 (Fig. 27b), while the fit of the SK82 ZAMS
gives (m — M), = 14.32, corresponding to (m — M), = 12.30,
or a distance of 2884 pc (Fig. 27a). Our derived distance is
larger than the distance determined by Huestamendia et al.
(1991), most likely because they were only able to fit the more
nearly vertical portion of the CMD. The isochrones best match
the cluster for an age of ~4 Myr (Fig. 27a), a considerably
younger age than Huestamendia et al. (1991) found, but con-
sistent with the MSTCC fit in the two-color diagram, and in
general agreement with the earliest main-sequence spectral
type of BO as given by Becker (1971). We find a nearly identi-
cal cluster reddening to that found by Huestamendia et al.

In the CMD of Figure 26a there is no apparent binary se-
quence, although the contrast between the cluster and the field
is less in this cluster compared with some of the other clusters,

0 05 1 15 2
B-V

FIG. 26.—(a) Color-magnitude diagram for NGC 637. (b) Two-color diagram for NGC 637.

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


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1994ApJS...90...31P&db_key=AST

JS. T.090C D3P T

]

r 992

No. 1, 1994 YOUNG OPEN CLUSTERS AS PROBES OF STAR FORMATION 51
;'j]'Tll"1T ll‘llll’Tllll[l o _""ll'llllllllllllllllll-
6 g(G;.' 837 0.65 a) NGC 637 b)
— ~V) = 0. " E(B-V) = 0.65 .
5 zm—)?v = 14.32 R @ -
m-M)o = 12.30 )

8 D = 2884 pc 1 n

- Age = 4 Myr - -
10 [ -
12 -
- 0 -
> 14 mf B
N o R
6 .
18 1 +
20 B
22 L -

- 2 - —

24 II'IJJIIIIII'I!IIIIIIII !llllllllllLllill'llllll

0 05 1 1.5 2 0 05 1 15 2
- B-V

F1G. 27.—(a) Fit of the Schmidt-Kaler (1982) ZAMS and 4 Myr isochrone of Maeder & Meynet (1991) to NGC 637. (b) Fit of the Schmidt-Kaler

(1982) main-sequence two-color curve to NGC 637.

making a determination of the binary content difficult. A main
sequence is clearly visible to a V' -magnitude of 18, with little
trace continuing into the field star distribution.

5.6. Trumpler 1

McCuskey & Houk (1964) included Trumpler 1 (Tr 1) in
their photographic study of several clusters in Cassiopeia;
Steppe (1974) obtained RGU photometry of the cluster along
with NGC 581 and NGC 659; Oja (1966) did a proper-motion
study of the cluster; and Joshi & Sagar (1977) conducted a
photoelectric study of the cluster (Table 5). Despite the differ-
ences between our data set and that of McCuskey & Houk
(1964) and Joshi & Sagar (1977) (Table 6), our data set is
likely to be the closest to the UBV system. Photometry of NGC
581 (see below), obtained just before Tr 1, on the same night,
showed no significant differences relative to previous photome-
try by Hoag et al. (1961), indicating that the night was photo-
metric. No change in the sky was noted during the night. The
close agreement of our photometry for NGC 581 with Hoag et
al. (1961) suggests that there is no compelling reason to doubt
the accuracy of the Tr 1 photometry. In order to add the bright-
est stars, which were saturated in the CCD images, stars 1143
and 1158 in the list of Joshi & Sagar (1977) were included after
correcting for the offsets between our data and those of Joshi &
Sagar (1977).

Our derived diagrams for Tr 1 are found in Figures 28-30.
The CMD of Figure 29a shows a distinct main sequence down
to V' ~ 18 before it merges with the field star distribution. At
fainter magnitudes there remains a trace of the main sequence,
indicating that Tr 1 contains lower mass stars. There is no
obvious binary sequence in the cluster, although the main-se-

quence width may be due to binary stars or simply due to
reddening effects.

The fit of the SK82 MSTCC gives a reddening of E(B —
V) = 0.61 (Fig. 30b), while a fit of the SK82 ZAMS gives
(m — M), = 13.99, corresponding to (m — M), = 12.10,or a
distance of 2630 pc (Fig. 30a). An age of 27 Myr is found (Fig.
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FiG. 28.—Map of Tr 1 generated from the list of stars appearing in the
CMD. The scale is 0777 pixel ", giving a field of view of 6!6. North is up,
and east is to the left.
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FIG. 29.—(a) Color-magnitude diagram for Tr 1. (5) Two-color diagram for NGC Tr 1. Crosses represent stars taken from Joshi & Sagar (1977).
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FI1G. 30.—(a) Fit of the Schmidt-Kaler (1982) ZAMS and 27 Myr isochrone of Maeder & Meynet (1991) to Tr 1. (b) Fit of the Schmidt-Kaler (1982)
main-sequence two-color curve to Tr 1. Crosses represent stars taken from Joshi & Sagar (1977).
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F1G. 31.—Map of NGC 581 generated from the list of stars appearing
in the CMD. The map is composed of a mosaic of seven CCD frames. The
scaleis 0”77 pixel ™!, giving a field of view of 19'3. North is up, and east is to
the left.

30a), in good agreement with the age determined by Joshi &
Sagar (1977).
5.7. NGC 581

Previous studies of NGC 581 (Messier 103) include the pho-
tographic UBV studies of Hoag et al. (1961), McCuskey &
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Houk (1964), Moffat (1972), and Osman et al. (1984), and
an RGU study by Steppe (1974) (Table 5).

Our preliminary results for NGC 581 have been reported in
Phelps & Janes (1991b). Those results are expanded upon
here, with the derived diagrams shown in Figures 31-33.

A mosaic of seven 512 X 512 CCD frames was used to ob-
serve the cluster. The photometric values from Hoag et al.
(1961) were used, with the small corrections listed in Table 6
for the six brightest stars which were saturated in our CCD
images. One red star, classified as spectral type M0.5 Ib by
Keenan & Pitts (1985), was observed by McCuskey & Houk
(1964) (star 27) but not by Hoag et al. (1961). The McCuskey
& Houk (1964 ) photometry for this star was put onto the sys-
tem of this study with the offsets listed in Table 6, and its
position is indicated by an open box in Figures 32 and 33.

Our CCD photometry shows NGC 581 to have a mean red-
dening of E(B — V') = 0.44 (Fig. 33b), (m — M), = 13.51,
(m — M), = 12.51, or a distance of 2692 pc (Fig. 33a). While
the 10 Myr isochrone fits the distribution of stars in the CMD
quite well (Fig. 33a), several stars which would be expected to
have evolved off of the main sequence at an age of 10 Myr
remain on the ZAMS. The MO0.5 Ib star can be fitted with an
isochrone of ~22 Myr. NGC 581, therefore, appears to have a
spread in formation times of its stars of at least ~10 Myr.
MMOI1 have used NGC 581 in a study of the role of convective
overshooting in stellar isochrone models. For NGC 581 they
find E(B— V) =0.40,(m— M), = 13.40,(m — M), = 12.16
(2704 pc), and an age of 22 Myr, in excellent agreement with
the current results.

Our photometry of the central field of NGC 581 suffers from
incompleteness because of the shorter exposures needed due to
the presence of three 7th to 9th magnitude stars in that region.

NGC 681 b)

T
a1

B-V

Fic. 32. —(a) Color-magmtude diagram for NGC 581. (b) Two-color diagram for NGC 581. Crosses represent stars taken from Hoag et al. (1961). The

open square is star 27 in the list of McCuskey & Houk (1964).
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FIG. 33.—(a) Fit of the Schmidt-Kaler (1982) ZAMS and 10 and 22 Myr isochrones of Maeder & Meynet (1991) to NGC 581. (b) Fit of the
Schmidt-Kaler (1982) main-sequence two-color curve to NGC 581. Crosses represent stars taken from Hoag et al. (1961 ). The open square is star 27 in the

list of McCuskey & Houk (1964).

It was not, therefore, possible to obtain the half-width at half-
maximum (HWHM) radius, Rywim (Table 4).

The main sequence of NGC 581 continues into the field star
distribution, indicating that NGC 581 contains numerous
lower mass stars. Another striking aspect of the CMD is the
tightness of the main sequence for 15 < V< 17 (1.5 <M, <
3.5), just below the portion of the CMD where evolution off of
the main sequence results in a spread. There is no obvious
binary sequence in this range, in contrast to NGC 457 and
NGC 436, where obvious binary sequences are observed.

58. NGC457

NGC 457 is a bright cluster that has been the subject of
numerous photometric studies (e.g., Pesch 1959; Jones &
Hoag 1968; Hoag et al. 1961; Moffat 1972; Baade 1983; see
Table 5).

Our diagrams for NGC 457 are shown in Figures 34-36.
CCD photometry is difficult because of the 5th magnitude star
¢ Cas at the edge of the cluster. The CCD photometry of this
study consists of a mosaic of eight 66 frames with the TEK 1
512 X 512 chip (Fig. 34). The mosaic avoided the region
surrounding ¢ Cas for practical reasons and therefore missed a
portion of the cluster.

Photometric values from the Hoag et al. (1961 ) study for the
brightest stars which were outside the CCD mosaic, as well as
the stars in the images that were saturated, were included in
our study of the cluster after applying the offsets listed in Table
6. Additionally, a red supergiant has been included (Boden 25)
from the study of the cluster by Boden (1946). A distinct main
sequence, along with a very pronounced binary sequence
~0.75 mag above the main sequence, is evident in the CMD

(Fig. 35). The fit of the SK82 MSTCC gives E(B — V') = 0.49
(Fig. 36b), while the SK82 ZAMS fit gives (m — M), = 13.92,
or (m — M), = 12.40 (3020 pc) as seen in Figure 36a. The
brightest stars in the NGC 457 CMD can be fitted quite well by
an isochrome of 7 Myr (Fig. 36a). The distribution of stars in
the CMD in the range 10 < ¥V < 14, however, is too nearly

1000 -

500

FiG. 34.—Map of NGC 457 generated from the list of stars appearing
in the CMD. The map is composed of a mosaic of eight CCD frames. The
scale is 0”777 pixel ™', giving a field of view of 20'5. North is up, and east is to
the left.
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FIG. 35.—(a) Color-magnitude diagram for NGC 457. (b) Two-color diagram for NGC 457. Crosses represent stars taken from Hoaget al. (1961). The
open square is the star Boden 25, with measurements taken from Boden (1946).
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Fi1G. 36.—(a) Fit of the Schmidt-Kaler (1982) ZAMS and 7 and 19 Myr isochrones of Maeder & Meynet (1991) to NGC 457. (b) Fit of the Schmidt-
Kaler (1982) main-sequence two-color curve to NGC 457. Crosses represent stars taken from Hoag et al. (1961 ). The open square is the star Boden 25, with
measurements taken from Boden (1946).
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FiG. 37.—Map of NGC 436 generated from the list of stars appearing
in the CMD. The scale is 0777 pixel !, giving a field of view of 6/6. North is
up, and east is to the left.

vertical to be satisfactorily fitted by such a young isochrone. A
more reasonable fit to these stars is found with the 19 Myr
isochrone (Fig. 36a). It is possible, therefore, to infer an age
spread of ~12 Myr for the stars in NGC 457.

5.9. NGC 436

NGC 436 has recently been observed photoelectrically
(UBV') by Huestamendia et al. (1991) (Table 5). A compari-
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son of our photometry and that of Huestamendia et al. (1991)
is given in Table 6. Earlier observations include photographic
work by Alter (1944) and by Boden (1950). Becker & Stock
(1958) studied the cluster in the RGU system.

The diagrams for NGC 436 are shown in Figures 37-39. A
well-defined main sequence is observed in the cluster CMD
(Fig. 38), extending far into the field star distribution, indicat-
ing that a large number of lower mass stars are present in the
cluster. A very distinct binary sequence of stars is also visible.
The fit of the SK82 MSTCC gives E(B — V') = 0.50 (Fig. 39b),
in good agreement with that found by Huestamendia et al.
(1991). The fit of the SK82 ZAMS gives (m — M), = 14.10
and (m — M), = 12.55, corresponding to a distance of 3236 pc
(Fig. 39a), considerably larger than that found by Huestamen-
dia et al. (1991) (Table 5). Our CCD photometry reaches
fainter magnitudes, and thus the fit of the ZAMS is more
tightly constrained compared to the Huestamendia et al. fit to
the more vertical portion of the ZAMS. Our derived age of 42
Myr (Fig. 394a) is also younger than the 63 Myr value found by
Huestamendia et al. (1991).

5.10. NGC 433

NGC 433 has generally been ignored since the study by Alter
(1944), who found the cluster to be at a distance of 4500 pc.
This current study, and a recent investigation by Battinelli,
Capuzzo-Dolceta, & Nesci (1992) (Table 5), provide a more
reliable determination of the cluster distance and age, placing
it much closer to the Sun.

The derived diagrams for NGC 433 are presented in Figures
40-45. The CMD (Fig. 41a) of the cluster is dominated by
field stars, with little trace of a cluster. There are, however, two
apparent sequences of late B-type stars in the two-color dia-
gram of Figure 41b, reddened by two distinct amounts. To test

0 05 1 15 2
B-V

FiG. 38.—(a) Color-magnitude diagram for NGC 436. (b) Two-color diagram for NGC 436.
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F1G. 39. —(a) Fit of the Schmidt-Kaler (1982) ZAMS and 42 Myr isochrone of Maeder & Meynet (1991) to NGC 436 (b) Fit of the Schmidt-Kaler
(1982) main-sequence two-color curve to NGC 436.

this conclusion, an individual dereddening analysis of the stars 2323 pe) fits the distribution of stars quite well and also fits the

within the enclosed region of Figure 42a was performed. distribution of stars in the full CMD of Figure 45. Battinelli et
The results of the individual dereddening analysis are shown al. (1992) find a maximum age of 170 Myr based upon the
in the histogram of Figure 42b. The distribution is bimodal, presence of a B5 main-sequence star at the turnoff point and a

with peaks at E(B — V') = 0.64 and E(B — V') = 0.86. The distance of 2100 pc + 100 pc, both of which are consistent with
locations of those stars with E(B — V') > 0.75 are plotted in this study.
Figure 43a, while Figure 43b shows the locations of stars with
E(B — V) < 0.75. The reddening across the region is highly
nonuniform, with the higher reddening occurring to the north.
Leisawitz et al. (1989) observed NGC 433 in '>CO and found 1000 [L
molecular clouds along the line of sight to NGC 433, with the i
molecular clouds located toward the north of the cluster and [

=
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extending to the cluster center (see their Fig. 44). This is en- 800
tirely consistent with Figure 43, showing patchy reddening .
across the smaller observed field, with the majority of the - T
higher obscuration occurring toward the north. - e
A definite clustering of stars is seen in Figure 434, since the 600 — C.riC
clustering occurs in the region where the highest obscuration is b
found, it must be genuine and not the result of higher extinc- .
tion elsewhere in the field. The reddening to NGC 433 was 400 |
estimated by Battinelli et al. (1992), on the basis of spectra and Lo
low-precision BV photometry to be E(B — V') = 0.82. The -
stars in Figure 43a have reddening values that peak at E(B —
') = 0.86 (Fig. 42b), in good agreement with the value found 200~ 7
by Battinelli et al. (1992). :
The reddening-free CMD for those stars with E(B — V') > I A SR i 1]
0.75 is shown in Figure 44a. The locations of most of the stars P T 7S T Al SIS el A RSP SO )
in this CMD are consistent with being members of the cluster, 1000 800 600 400 200 0
although highly reddened by the intervening cloud. The stars Y
indicated by a cross are likely field stars, at a greater distance, FIG. 40.—Map of NGC 433 generated from the list of stars appearing
which are also reddened by the intervening cloud. The 79 Myr in the CMD. The scale is 0”68 pixel ™!, giving a field of view of 11'6. North
MM91 isochrone (Fig. 44b) shifted by (m — M), = 11.83(D = is up, and east is to the left.
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F1G. 41.—(a) Color-magnitude diagram for NGC 433. (b) Two-color diagram for NGC 433.
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FIiG. 42.—(a) Subset of stars used in the analysis of NGC 433. (b) Histogram of individual reddening values from the subset shown in (a). A bimodal
distribution of reddening is apparent.

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


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1994ApJS...90...31P&db_key=AST

JS. T.090C D3P T

]

[T992A

YOUNG OPEN CLUSTERS AS PROBES OF STAR FORMATION

1000 — T L L S B B S S S wa S s
L a) i
F o _
800 - . _
- LY .
— N L] ° . . -
600 — ° —
L o . .
> N R .
— .. ® -
400 — o —]
200 — ° —
I . ]

0 I PN S U AN T R T NN T T (NN SO S S N SO S
1000 800 600 400 200 0

Y

59

1000 _LI T T ' T T T | T T T | T T T I T T T
L . b) -
800 — . ~
L .
600 — . —
> L . o
- ’ -
400 —
- .
L . o
200 - : ©
: [ « :
0 _| PETERTI RY U RSN RS S S ]
1000 800 600 400 200 0

Y

FIG. 43.—(a) Spatial positions of stars within the region of Fig. 42a with E(B — V') > 0.75. (b) Spatial positions of stars within the region of Fig. 42a with

E(B-V)<0.75.

The derived radii and net number of cluster stars (Table 4)
are surely affected by the patchy reddening. Alter (1944)
found a full radius of 3!4, while Battinelli et al. (1992) found a
radius of 18. From the cumulative distribution the net num-
ber of cluster stars is estimated to be 82 + 9. The large redden-
ing in the region of the cluster means that the number of clus-
ter stars is likely to be greater than this number, since many of
the cluster stars will be more obscured. This result contrasts
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with that of Battinelli et al. (1992), who inferred that the clus-
ter contained few stars.

5.11. NGC 381
Crinklaw & Talbert (1988) have studied NGC 381 in the
UBYV system (Table 5). A comparison of their photometry
with ours is shown in Table 6. Our derived diagrams for the
cluster are shown in Figures 46-49.

L I LI l LB l LA l LELELIL l L) l_
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FIG. 44.—(a) Reddening-corrected CMD of stars in Fig. 43a with E(B — V') > 0.75. (b) Fit of the 79 Myr isochrone to the reddening-corrected CMD.

Crosses indicate stars which are not likely cluster members.
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FIG. 45.—Fit of the 89 Myr Maeder & Meynet (1991) isochrone to the
full CMD of NGC 433.

The CMD of Figure 47a reveals a sequence of stars at
brighter magnitudes which presumably represents the cluster.
Stars in this group with V' < 16 and (B — V') < 1 have been
isolated to determine the reddening. A clear cluster sequence is
seen in the two-color diagram of Figure 48a. A fit of the SK82
MSTCC to these stars gives a reddening of E(B — V') = 0.36
(Fig. 48b), in good agreement with the value of 0.35 deter-
mined by Crinklaw & Talbert (1988).

Using E(B — V) = 0.36, distance moduli of (m — M), =
11.25 and (m — M), = 10.13 (1062 pc) are found for the
cluster (Fig. 49), in good agreement with the value of 950 pc
determined by Crinklaw & Talbert (1988). A fit of the 1.1 Gyr
MMO1 isochrone is also shown in Figure 49. While member-
ship of the stars for which the evolved part of the isochrone is
fitted is uncertain, the apparent turnoff and the fact that the
earliest type star in the two-color diagram of Figure 485 is
roughly AO are consistent with this age determination.

These results support the Crinklaw & Talbert (1988) deter-
mination of a closer distance of NGC 381 to the Sun than
the other clusters in this study. This cluster, therefore, is not
likely associated with the complex of young clusters in the
Perseus arm.

5.12. NGC 366

To the best of our knowledge, this is the first photometric
study of NGC 366. A map of the cluster region is shown in
Figure 50 and shows a compact grouping of stars. However,
the resulting CMD and two-color diagram for the cluster (Figs.
51a and 51b, respectively ) show large scatter about both of the
principal sequences.

In order to better determine the cluster radius, only those
stars with V' < 19 and (B — V') < 1.3 were selected. The spatial

PHELPS & JANES

distribution of these stars is shown in Figure 52. A definite
clustering is evident, indicating that the majority of them are
likely associated with the cluster.

Since a considerable variation in the reddening is present,
stars out to 2:38 from the cluster center were individually de-
reddened, with a resulting mean E(B — V') of 1.37 (og(5_y,
0.18). The reddening-corrected CMD is shown in Figure 53q,
along with the SK82 ZAMS shifted to (m — M), = 12.50, ora
distance of 3163 pc (Fig. 53b). The 6 Myr MM91 isochrone is
also shown, indicating that NGC 366 is quite young. The clus-
ter is likely still associated with the molecular material from
which it formed, since the reddening is so large and variable.

5.13. Berkeley 62

Berkeley 62 (Be 62) has previously been studied by Forbes
(1981), using photoelectric UBV photometry of 14 stars ( Ta-
ble 5). Forbes’s age estimate of 10 Myr was based upon an
earliest spectral type of Bl in the cluster. A comparison of the
Forbes (1981) and our photometry is given in Table 6. For
those stars which were saturated in the CCD frames, the values
of Forbes (1981) were used, corrected by the amounts given in
Table 6.

Figures 54-56 present our derived diagrams for Be 62. A
distinct lower edge to the main sequence is visible in the CMD
(Fig. 55a), indicating that the overall reddening to the cluster
is relatively uniform, despite the scatter in the upper end of the
CMD. A fit of the SK82 MSTCC (Fig. 56b) indicates a redden-
ing to the cluster of E(B — V') = 0.82. The reddening is consis-
tent with that found by Forbes (1981) (Table 5) and with the
fitin the CMD of Figure 56a. The distance moduli are found to
be (m — M), = 14.70 and (m — M), = 12.16 (2704 pc),
considerably larger than the distance, based upon observations
of only 14 stars, as determined by Forbes (1981). The derived
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Y

F1G. 46.—Map of NGC 381 generated from the list of stars appearing
in the CMD. The scale is 0”68 pixel !, giving a field of view of 11:6. North
is up, and east is to the left.
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FiG. 47.—(a) Color-magnitude diagram for NGC 381. (b) Two-color diagram for NGC 381.
_l1_[ LI l—l LI l LILELIL l LI r[ |_‘ _l 1 ' LI l LB I L A ) I LR B l I_
NGC 381 a) NGC 381 b)
- . - E(B-V) = 0.36 -
4 [— 4 4 F -
m O ; 1= °T §
A,
= - R 1 P - -
I ' ] I ]
1 — 1 —
2 - 2
' ENETE FREWE FENEE RN W EREEE FREEE FENEE NN
0 0.5 1 15 2 0 0.5 1 15 2
B-V B-V

FI1G. 48.—(a) Two-color diagram for stars in NGC 381 with V' < 16 and (B — V') < 1. (b) Fit of the Schmidt-Kaler ( 1982 ) main-sequence two-color curve
to the stars in (a).
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FiG. 49.—Fit of the Schmidt-Kaler (1982) ZAMS and 1.1 Gyr isochrone of Maeder & Meynet (1991) to the complete sample of stars for NGC 381.

age for Be 62 of 10 Myr (Fig. 56a) is the same as that found by
Forbes (1981).

5.14. Cz2

The approach of twilight limited the observations of the re-
gion cataloged as Cz 2 to B and V images. The map of the
region observed, based upon the photometry, is shown in Fig-
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FiG. 50.—Map of NGC 366 generated from the list of stars appearing
in the CMD. The scale is 0768 pixel ™!, giving a field of view of 11:6. North
is up, and east is to the left.

ure 57, while the CMD is shown in Figure 58. Stars with "< 13
were omitted from the CMD due to saturation of the CCD.
While several of these bright stars are missing from the CMD,
the remaining stars do not suggest a distinct cluster. The as-
signment of a cluster in the region is doubtful, and therefore Cz
2 is excluded from further consideration as a cluster.

5.15. Stock 24

Balasz (1961) obtained RGU photometry for Stock 24 (St
24). As in the case of Cz 2, we obtained only B and V frames
for this cluster, in the region shown in Figure 59. The CMD is
shown in Figure 60, where a reasonably well-defined main se-
quence is apparent, but with scatter in the brighter portion of
the CMD.

Since no determination of the reddening that U-band pho-
tometry would have provided was available, only those stars
within Ry (Table 4 ) were selected for further analysis to mini-
mize contamination from field stars. The CMD for this subset
of stars is shown in Figure 61a. Because the photometry
reaches the bend in the main sequence, and because there is a
well-defined lower edge to the apparent main sequence, the fit
to the ZAMS is quite constrained, and a reasonable estimate of
the reddening is possible, despite the lack of U-band photome-
try. The SK82 ZAMS can be shifted in both axes until a satis-
factory fit to the shape of the observed main sequence is found,
provided that the cluster is young enough that stellar evolution
has not altered the shape substantially. As can be seen in Figure
61b, the estimated reddening is E(B — V') = 0.50, although the
estimate is uncertain because the cluster appears to be moder-
ately old (120 Myr) based upon the fit of the MM91 isochrone
(Fig. 61b). The fit to the SK82 ZAMS results in (m — M), =
13.80 and (m — M), = 12.25 (2818 pc).
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F1G. 51.—(a) Color-magnitude diagram for NGC 366. (b) Two-color diagram for NGC 366.

5.16. NGC 146

Previous studies of NGC 146 include the RGU study by
Hardorp (1960) and the UBV photographic study by Jasevi-
cius (1964). NGC 146 was observed during photometric con-
ditions, on the same night as Be 60, Be 58, and Be 1 (see
below). Exposure times for these clusters were shorter than for
other program clusters in order to increase the number of clus-
ters for an investigation of the large-scale sequence of cluster
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FIG. 52.—Spatial locations for stars in NGC 366 with V' < 19 and (B —
V)< 1.3,

formation. The photometry, therefore, does not reach as faint
as for other program clusters.

Figure 62 shows the observed field of NGC 146. The CMD
and two-color diagrams (Fig. 63) reveal a populous cluster
with a main sequence widened by variable reddening. An indi-
vidual dereddening analysis was therefore conducted for stars
with (B — V') < 0.70. A mean reddening of E(B — V') = 0.70
was found. The reddening-corrected CMD is shown in Figure
64a. A fit to the SK82 ZAMS gives (m — M), = 13.40, or a
distance of 4786 pc (Fig. 64b). This is substantially larger than
the 3370 pc distance attributed to the cluster by Kimeswenger
& Weinberger (1989), but it reinforces their assertion that
there is a spiral arm beyond the Perseus arm. The 10 Myr
MM91 isochrone is also shown, indicating that NGC 146 is
less than 10 Myr old. At the top of the main sequence is a star
whose (B — V'), color is that of O7-O8 stars, which have main-
sequence lifetimes of 3-6 Myr (Maeder & Meynet 1988).

5.17. King 15

To our knowledge, no published photometric studies of
King 15 exist. A map of the observed field, based upon the
CCD photometry, is shown in Figure 65, and the CMD for
King 15 is shown in Figure 66a. There is a strikingly sharp
lower edge to the stellar distribution in the CMD, suggesting
that the overall reddening toward the cluster is uniform. The
substantial scatter in the upper portion of the CMD may indi-
cate variable reddening, or may simply be caused by field stars
contaminating the diagram. Since the CMDs of other clusters
in this region have a similar appearance, the scatter in the
upper end of the CMD is probably the result of a population of
moderately young stars within the Perseus spiral arm.

U-band photometry was not obtained, so it is necessary to
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F1G. 53.—(a) Reddening-corrected CMD for stars in Fig. 52. (b) Fit of the Schmidt-Kaler (1982) ZAMS and 6 Myr isochrone of Maeder & Meynet

(1991) to reddening-corrected CMD.

rely on a fit of the ZAMS to the CMD for an estimate of the
reddening. The SK82 ZAMS (Fig. 66b) was matched to the
sharp lower edge of the stellar distribution, rather than the stars
at the upper mass end of the CMD. This results in derived
values of E(B — V) = 0.46, (m — M), = 13.72, and (m —
M), = 12.29, or a distance of 2871 pc. The age is ambiguous
because of the uncertainty in cluster membership at the higher
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FIG. 54.—Map of Be 62 generated from the list of stars appearing in the
CMD. The scale is 0”68 pixel ™!, giving a field of view of 11!6. North is up,
and east is to the left.

mass end of the CMD, but with the chosen fit of the ZAMS it
appears that the cluster is considerably older than the other
clusters in this survey. The earliest spectral type star on the
shifted ZAMS has V' ~ 16 and (B — V') ~ 0.65, corresponding
toM,=2.3and (B — V), = 0.19. Based upon the SK82 colors,
this corresponds to an A7 star with a mass of ~1.5 M and a
main-sequence lifetime of ~3 Gyr (Fig. 1 of Maeder &
Meynet 1988). A more accurate age determination is difficult
because of the confusion at the upper end of the main se-
quence.

5.18. NGC 129

NGC 129 is an important cluster because it contains the
Cepheid variable DL Cas. Among the UBV studies are those of
Arp, Sandage, & Stephens (1959), Turner, Forbes, & Pedreros
(1992), and a four-color and Hp study by Schmidt (1980)
(Table 5). Schmidt (1980) compared the photometric values
of Hoag et al. (1961 ) and Arp et al. (1959) and found that the
Hoag et al. color excesses are larger than the Arp et al. values by
0.04 mag. Using the Crawford (1975) relation between E(b —
y)and E(B — V'), Schmidt finds that his color excesses are 0.08
mag larger than the Arp et al. values and 0.03 mag larger than
the Hoag et al. values. The Turner et al. (1992) photometry
agrees quite well with the Hoag et al. (1961) values, showing
only a 0.01 mag difference in V, but shows a somewhat larger
0.03 mag difference with the (B — V') values of Arp et al., with
no difference in V.

Our CCD observations of NGC 129 were obtained during
nonphotometric conditions and thus require the use of local
standards for calibration. Because of the suggestion by
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F1G. 56.—(a) Fit of the Schmidt-Kaler (1982) ZAMS and 10 Myr isochrone of Maeder & Meynet (1991 ) to Be 62. (b) Fit of the Schmidt-Kaler (1982)
main-sequence two-color curve to Be 62.
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FiG. 57.—Map of Cz 2 generated from the list of stars appearing in the
CMD. The scale is 0768 pixel !, giving a field of view of 11'6. North is up,
and east is to the left.

Schmidt (1980) that the Hoag et al. values for U, B, and V are
closer to the UBV system than those of Arp et al., the Hoag et
al. photoelectric values were used as local standards. The sub-
sequent study by Turner et al. (1992) agrees quite well with the
Hoag et al. photometry, indicating that the photometry is reli-
able. The residuals from the fit to the Hoag et al. local stan-
dards were 0.03 mag in V" and (B — V') and 0.04 mag in (U —
B) and are shown in Figure 67.
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FiG. 58.— Color-magnitude diagram for Cz 2
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FiG. 59.—Map of St 24 generated from the list of stars appearing in the
CMD. The scale is 0”68 pixel ™', giving a field of view of 11!6. North is up,
and east is to the left.

The observed cluster field is shown in the map of Figure 68,
and the CMD and two-color diagram are shown in Figure 69.
The brightest stars (V' < 11) were saturated in the CCD frames,
so the Hoag et al. (1961) values were used for them. For the
classical Cepheid DL Cas, the mean photometric values
[{Vy=897,{(B-V))=124,{(U—B))=0.87] of Arp et
al. (1959) were used. The position of DL Cas in Figure 69 is
indicated by the open square.
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FiG. 60.—Color-magnitude diagram for St 24
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F1G. 61.—(a) Color-magnitude diagram for stars within Rg,, of the center of St 24. (b) Fit of the Schmidt-Kaler (1982) ZAMS and 120 Myr isochrone of

Maeder & Meynet (1991) to St 24.

An individual dereddening analysis on the stars with (B —
V') < 0.70 was used to define the reddening to the cluster, and a
mean reddening of E(B — V') = 0.57 was found. A fit of the
SK82 ZAMS to the reddening-corrected CMD is shown in
Figure 70, giving (m — M), = 12.97 and (m — M), = 11.20, or
a distance of 1738 pc for the cluster. The fit of the MM91
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FiIG. 62.—Map of NGC 146 generated from the list of stars appearing
in the CMD. The scale is 0768 pixel ', giving a field of view of 11'6. North
is up, and east is to the left.

isochrone for 50 Myr is also shown. Figure 71 shows the fit of
the ZAMS, MSTCC, and isochrone to the full set of data. The
50 Myr isochrone indicates that the Cepheid is on the first
crossing track, rather than at the end of the blue loop where it
spends a greater time in its evolution. The older isochrone, of
~74 Myr, which would place the Cepheid at the end of the
blue loop, is unable to fit satisfactorily the stars near V' ~ 9,
(B — V) ~ 0.45. We have elected to use the 50 Myr age esti-
mate, although an age of ~74 Myr cannot be ruled out with-
out further information on the membership of the brighter
stars near the main-sequence turnoff.

Based upon radial velocity data, Mermilliod, Mayor, &
Burki (1987) concluded that DL Cas is a probable member of
NGC 129, a fact which our photometric distance and age deter-
mination for NGC 129 tends to support. Star 2 of Hoag et al.
(1961) [V ~ 8.6, (B — V) ~ 2.0] is listed as a nonmember by
Mermilliod et al. (1987).

5.19. NGC 103

NGC 103 has been studied photometrically only once, by
Hardorp (1960) (Table 5). The region observed in this study is
shown in Figure 72, while the CMD and two-color diagram are
shown in Figure 73. These diagrams indicate that NGC 103 isa
populous cluster, with a well-defined main sequence.

Since the CCD frame covers the cluster as defined by Ry,
only those stars within Ry, (Table 4) were used to determine
the cluster parameters, thus minimizing contamination from
field stars. The CMD and two-color diagram for these stars are
shown in Figure 74. The CMD and two-color diagram high-
light the definition of the main sequence and the lack of an
observed binary sequence.
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F1G. 63.—(a) Color-magnitude diagram for NGC 146. (b) Two-color diagram for NGC 146.
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FIG. 64.—(a) Reddening-corrected CMD for stars in Fig. 63 with (B — V) < 0.70. (b) Fit of the Schmidt-Kaler (1982) ZAMS and 10 Myr isochrone of
Maeder & Meynet (1991) to the reddening-corrected CMD.
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FIG. 65.—Map of King 15 generated from the list of stars appearing in
the CMD. The scale is 0768 pixel ™', giving a field of view of 11'6. North is
up, and east is to the left.

A fit of the SK82 MSTCC to the higher mass stars of Figure
75b results in a reddening estimate of E(B— V') = 0.55. A fitof
the ZAMS to the CMD of Figure 754 is also consistent with
this reddening estimate and results in a determination of (m —
M), = 14.61 and (m — M), = 12.90, or a distance of 3802 pc.
This distance is considerably larger than that found by Har-
dorp (1960), but he observed far fewer stars, used a lower
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reddening, and fitted the middle of his observed main se-
quence, which itself had a large amount of scatter. It is interest-
ing to note that the bend in his shifted ZAMS is located at V' ~
15 rather than at V> 16 asis found in Figure 754. It is impossi-
ble to match the shape of the SK82 ZAMS using his reddening
and distance. The 20 Myr MM91 isochrone is also shown in
Figure 754, indicating that NGC 103 is a moderately young
cluster.

5.20. Berkeley 60

Because of time limitations, only short exposures were ob-
tained for Berkeley 60 (Be 60). The map of the observed re-
gion, based upon the photometry, is shown in Figure 76, while
the CMD and two-color diagram are shown in Figures 77a and
77b, respectively. Despite the short exposures, the photometry
reaches ¥V ~ 18, with no obvious cluster present in either the
CMD or the two-color diagram. With identical exposures for
another cluster, Be 58 (see below), a distinct cluster is visible.
It is therefore doubtful that a cluster exists in the location cata-
loged as Be 60, and this location is excluded from further con-
sideration.

5.21. Berkeley 1

As in the case of Be 60, only short integration times were
obtained for Be 1. The resulting photometric map is shown in
Figure 78, and the CMD and two-color diagram are shown in
Figures 79a and 79b, respectively. As in Be 60, there is no
obvious cluster present, although the two-color diagram does
suggest the presence of several mid- to late-type B stars in the
field. Be 1, like Be 60, is another doubtful or very poor cluster
and is excluded from further consideration.
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FiG. 66.—(a) Color-magnitude diagram for King 15. (b) Fit of the Schmidt-Kaler (1982) ZAMS to King 15.

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


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1994ApJS...90...31P&db_key=AST

JS. T.090C D3P T

R

r 992

70 PHELPS & JANES
0.4 ETTITTITTITITTOIG 0.4 FTTTITIITITITY time of ~200-300 Myr from Figure 1 of Maeder & Meynet
02 F 3 0.2 f = (1988). . .
= = —p i > oF P 3 The location of CG Cas in the CMD and two-color diagram
a Of T B 3 bl 3 is also shown in Figure 83. Based upon the derived parameters
0.2 & E 02 - 3 for Be 58, it appears that CG Cas is not associated with Be
04 B, il il 04 Bunbiohilonlo @ 58—a result supported by the proper-motion analysis of Fro-
8 10 12 14 16 05 0 05 1 15 2 lov (1974), who also §hows that CG Cas.is not associated with
v (B-V) the cluster. The questionable photometric nature of the obser-
vations makes these results tentative, and follow-up studies of
this cluster are warranted.
0.4 :_lll]llll] TT I TT lll_: 0'4 El_llllllllllllllllll[llll:
S 02 F 3 S o2 F 3 5.23. NGC 7790
aI:: 0F e 3 :rll 0F Vi 3 NGC 7790 is a well-studied cluster because of its association
302 F 4 02 E with three known Cepheid variables, CE Cas A, CE Cas B, and
04 Bl il 13 04 Bl b CFCas-Romeoetal.(1989)obtaine?BVRICCDphotometry
of a 4.7 X 47 area of the cluster and found E(B — V) =0.54 +
8 10 12V 1418 050 (ZBS—\;) 152 0.04, based on a conversion of E(V — I)to E(B — V) and a
ZAMS fit in the CMD, and (m — M), = 12.65 + 0.15 (3388
pc), based upon the Pleiades sequence of Turner (1976), who
RN ARN RARY RARE RARN RE 0.4 ETTITTIIITTIIIITY assumes a distance modulus for the Pleiades of 5.57 (Feast &
~ . F i ~,.,F 3 Walker 1987). From stellar models without overshooting, Ro-
nﬁ 0.2 F - os 7 cla 0-2 E s E meo et al. find an age of 50 Myr, while from models which use
2 0 F e 1B 0 EovT. 3 convective overshooting they determine an age of 100 Myr.
02 3 ERR -0.2 3 E Using the theoretical period-age relation for Cepheids deter-
04 B bl 04 B bl mined by Kippenhahn & Smith (1969), Romeo et al. (1989)
8 10 12 14 16 A 0 1 2 find that the Cepheids imply a minimum age of 80 Myr for

B (U-B)

FI1G. 67.—Residuals of the fit of the NGC 129 stars of Hoag et al.
(1961), used as local standard stars.

5.22. Berkeley 58

Berkeley 58 (Be 58) is a little-studied cluster that lies in the
general direction of the Cepheid variable CG Cas (Tsvetkov
1989; Frolov 1974). Approaching cloud cover allowed only
short exposures of the cluster to be made, and the photometric
quality of the observations may be suspect. A map of the clus-
ter region is shown in Figure 80. As in the case of Be 1 and Be
60, the photometry reaches only V' ~ 18, but a sequence of
stars is clearly visible in the CMD and two-color diagram of Be
58, where none is visible in the other two clusters (Fig. 81a).
The cross in Figure 81 indicates the position of the Cepheid
variable CG Cas, from the mean photometric values of Fernie
& Hube (1968).

The selection of stars within Ry, (Table 4) minimizes con-
tamination from field stars in the determination of the cluster
parameters. A distinct sequence of stars is visible in the two-
color diagram (Fig. 82a). A fit of the SK82 MSTCC to this
smaller sample of stars (Fig. 82b) results in a determination of
E(B— V) =0.55 for the cluster. A fit of the SK82 ZAMS to the
cluster CMD is shown for the same sample of stars in Figure
83a, where (m — M), = 14.55 and (m — M), = 12.95, or a
distance of 3715 pc is found. Using these values of reddening
and distance, an old age is inferred for the cluster from the
shape of the observed CMD. The fit of the MMO91 isochrone
for 251 Myr is also shown in Figure 83a. This age is consistent
with the two-color diagram where the earliest star on the red-
dened SK82 MSTCC is a B8-B9, with a main-sequence life-

cluster.

Earlier studies of NGC 7790 include photometry by San-
dage (1958), Pedreros, Madore, & Freeman (1984), and Al-
cala & Arellano Ferro (1988). NGC 7790 was also used by the
KPNO video camera/CCD standards consortium as a cluster
for standard star measurements (Christian et al. 1985).

The photometry of NGC 7790 in this study was obtained on
a nonphotometric night and necessitated the use of local stan-
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FiG. 68.—Map of NGC 129 generated from the list of stars appearing
in the CMD. The scale is 0768 pixel !, giving a field of view of 11'6. North
is up, and east is to the left.
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F1G. 69.—(a) Color-magnitude diagram for NGC 129. (b) Two-color diagram for NGC 129. Crosses represent stars whose photometry is taken from
Hoag et al. (1961). The mean magnitude and color of DL Cas from Arp et al. (1959) are indicated by the open square.
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FiG. 70.—(a)Reddening-corrected CMD for NGC 129. (b) Fit of the 50 Myr isochrone of Maeder & Meynet (1991) to the reddening-corrected CMD of
NGC 129. Symbols are the same as those in Fig. 69.
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F1G. 71.—(a) Fit of the Schmidt-Kaler (1982) ZAMS and Maeder & Meynet (1991) isochrones to the CMD of NGC 129. (b) Fit of the Schmidt-Kaler
(1982) main-sequence two-color curve to the two-color diagram of NGC 129. Symbols are the same as those in Fig. 69.

dards from observations by other authors. Neither the Chris-
tian et al. (1985) nor the Romeo et al. (1989) studies included
U photometry, so they were not used. Instead the photometric
values in Table 1 of Pedreros et al. (1984) were as local stan-
dards. These are values from Sandage (1958) corrected by
A(U — B) = 0.075 mag, which is the offset found by Pedreros
et al. (1984) after a comparison of Sandage’s photometry with
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FiG. 72.—Map of NGC 103 generated from the list of stars appearing
in the CMD. The scale is 0”68 pixel ™', giving a field of view of 11'6. North
is up, and east is to the left.

their own U-band.photometry for 16 stars in common with
Sandage. The residuals of our fit to the Pedreros et al. (1984)
local standard stars were ~0.05 magin V, (B — V) and (U —
B) and are shown in Figure 84.

A map of the observed field is shown in Figure 85, and the
CMD and two-color diagram are shown in Figure 86. The
crosses indicate the positions of the Cepheid variables CE Cas
a, CE Cas b, and CF Cas. The values for CE Cas a [<V> =
10.90,{((B—V))=1.15]and CE Casb [{V') = 11.04,{(B —
V)) = 1.07] are from Opal et al. (1988), while those for CF
Cas[(V)=11.14,{(B—V))=1.24,{(U~— B)) = 0.87] are
from Sandage (1958). The open square indicates the position
of the variable star QX Cas in the NGC 7790 field (Sandage
1958).

A fit of the SK82 MSTCC is shown in Figure 875, where
E(B— V) =0.55is found. A fit of the SK82 ZAMS in Figure
87agives (m — M), = 14.56, which corresponds to (m — M), =
12.75, or a distance of 3548 pc. The age of NGC 7790 is con-
strained by the turnoff of the main sequence as well as the
mean location of the Cepheids, and is well fitted by the MM91
71 Myr isochrone (Fig. 87a). This isochrone, however, places
the Cepheids on the first crossing track, rather than the end of
the blue loop where they are more likely to be found. The 100
Myr isochrone places the Cepheids at the end of this loop but
does not fit the main-sequence turnoff as well. We therefore
use the 71 Myr age, although we cannot rule out an age as high
as 100 Myr.

6. DISCUSSION

The total number of stars which appear in the CMDs in the
preceding pages is 35,788, with only 9.7% of them being cluster
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F1G. 73.—(a) Color-magnitude diagram for NGC 103. (b) Two-color diagram for NGC 103.
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FIG. 74.—(a) Color-magnitude diagram for stars within Rg,, of the center of NGC 103. (b) Two-color diagram for stars within Ry, of the center of NGC
103.
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FiG. 75.—(a) Fit of the Schmidt-Kaler (1982) ZAMS and 20 Myr isochrone of Maeder & Meynet (1991) to NGC 103. (b) Fit of the Schmidt-Kaler
(1982) main-sequence two-color curve to NGC 103.

stars, based on the cumulative distributions (Table 4). The ponents of the cluster distances relative to the Sun, with X
parameters for the individual clusters, as determined in the directed along / = 90°, Y directed along / = 180°, and Z the
previous section, are summarized in Tables 3 and 4. In Table distance above (+) or below (—) the plane. Column (11) lists
3, columns (2)-(7) give the cluster name, Galactic longitude, the derived ages of the clusters. In Table 4, columns (3)-(8)
Galactic latitude, E(B — V'), (m — M),, and distance in par- list Ry, in arcminutes, Rg,, in parsecs, Rywy 1D arcminutes,
secs, respectively. Columns (8)—(10) list the X, Y, and Z com- Rywam in parsecs, the net number of cluster stars (V' < 20-21)

from the cumulative distribution (N, ), and the total num-
ber of stars (V' < 20-21) in the CMDs of the clusters under
I ——— study (N peervea)- These two tables provide the basic informa-
1000+ P ' ) i B tion on the observed open clusters which will be discussed in
o forthcoming papers.
Among the results of this survey are the following:

L .Y 7 1. Spatial distribution of clusters.—Figure 88 shows the
. ' K spatial distribution of the 20 open clusters for which distances
. * ) R were obtained. The numbers correspond to those of column
600 |~ ) - . - (1) in Tables 3 and 4. With the exceptions of NGC 381 (11),
- T : S NGC 129 (18), and NGC 146 (16), the clusters form a com-
’ .. . ' plex, ~ 1000 pc in length, as seen from the Sun, suggesting that
400 L R ’ - the width of the Perseus spiral arm is of this order. The isola-
T a . tion of NGC 103 (19), Be 58 (22), and NGC 7790 (23) from
I o . . . the other clusters in the complex is due to incomplete sampling
e o of clusters toward lower Galactic longitudes.
200 —. - . T o The average displacement of clusters from the Galactic
B S R plane, defined by b = 0°, is —56 pc with a dispersion of 76 pc.
i * o ’ e ] Using the data from Fich & Blitz (1984), the optical H 11 re-
o L R I B I I gions in the range 100° < / < 180°, within 1.5-4 kpc from the
1000 800 600 400 200 0 Sun, have a mean displacement of —7 pc from the plane, witha
Y similar dispersion (89 pc), indicating that the open clusters
FIG. 76.—Map of Be 60 generated from the list of stars appearing in the observed in this survey te?‘d to be systematically farther belpw
CMD. The scale is 0”68 pixel !, giving a field of view of 11’6. North is up, the plane than the H i1 regions, although at least one H i1 region
and east is to the left. (S184) is more than 200 pc below the plane. The nearby young
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F1G. 77.—(a) Color-magnitude diagram for Be 60. (b) Two-color diagram for Be 60.

clusters h and x Per, not observed in this survey, are also lo-
cated more than 200 pc below the plane.

Several old clusters (NGC 381 and King 15) were observed,
and, with the 1.6 Gyr cluster IC 166 (Lynga 1987), indicate
that a small number of old clusters are present throughout the
region. There are, however, no moderate-age (~100 Myr)
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FiG. 78.—Map of Be | generated from the list of stars appearing in the
CMD. The scale is 0768 pixel !, giving a field of view of 116. North is up,
and east is to the left.

clusters located in the nearly completely sampled latitude
range 126° </ < 130°, although such clusters are seen toward
lower longitudes. No obvious correlation of age with distance
from the plane is apparent.

2. Cluster distances.—Large differences in distances, rela-
tive to other studies, are found for several clusters, including
Be 62 and NGC 436. The discrepancies in distances arise pri-
marily from the brighter limiting magnitudes of the previous
studies, resulting in poorly constrained fits of the data to the
ZAMS. This highlights the need for deep photometry of clus-
ters if their spatial distribution is to be reliably determined.

3. Cluster richness.—The median number of stars identi-
fied as cluster members, taken to be a measure of the cluster
richness (Table 4), is ~100. In general, this refers to the num-
ber of stars with masses greater than 1-1.5 M, with the actual
mass limit depending on the limiting magnitude of the photom-
etry, the reddening, and the distance of each cluster. The actual
cluster membership must be substantially larger than this
value. No obvious correlation between cluster richness and
cluster age was found.

4. Cluster radii.—The average cluster radius (Rygwum),
from Table 4, is 1.6 pc with a dispersion of 0.70 pc. This is
consistent with the Janes, Tilley, & Lynga (1988) result that
the majority of young clusters have diameters less than 5 pc.
No obvious correlation of cluster radius with age is seen.

S. Cluster ages.—Several clusters (Be 7, NGC 663, NGC
654, NGC 637, NGC 581, and NGC 457) show evidence of a
spread in ages of the high-mass stars, with the mean age spread
being 10 Myr. The age spreads are determined from the high-
mass stars, rather than from a comparison between low-mass
PMS contraction ages and high-mass turnoff ages. The small-
est clusters (Be 7 and NGC 637), with radii less than 2-2.5 pc,
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FI1G. 79.—(a) Color-magnitude diagram for Be 1. (b) Two-color diagram for Be 1.

have the smallest age spread (4 Myr), while the larger clusters
(NGC 663, NGC 654, NGC 581, and NGC 457), have in-
ferred age spreads of more than 10 Myr.

6. Reddening.—There is no strong correlation of reddening
with cluster age, although the oldest clusters do have slightly
lower reddening than the very youngest ones. The dominant
correlation of reddening is with the cluster distance from the
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F1G. 80.—Map of Be 58 generated from the list of stars appearing in the
CMD. The scale is 0768 pixel ™', giving a field of view of 116. North is up,
and east is to the left.

Galactic plane, with lower reddenings measured for clusters
located farther from the plane. A contribution of E(B— V') =
0.45-0.50 to the observed reddenings appears to be due to the
intervening material between the Sun and the Perseus arm
itself.

7. Cluster age versus gas content.—Standard ideas of star
formation lead to the expectation that the gas around a cluster
will be rapidly dispersed after the cluster forms. Recent investi-
gations of the CO toward several of the program clusters have
tested this hypothesis. Liu et al. (1988) established a gas-clus-
ter association for NGC 654 and NGC 637 (see their Table VI)
but not for NGC 581. They were unable, however, to establish
a correlation of gas content with cluster age, using an age of
218 Myr (Janes et al. 1988) for NGC 637. This study has
shown NGC 637 to be 0-4 Myr old, however. Leisawitz et al.
(1989) investigated the gas-cluster association using a much
larger sample, including many of the clusters studied in this
survey. They concluded that the molecular material around
clusters is disrupted within ~ 10 Myr of a cluster’s formation,
and that clouds that exist are receding at ~10 km s™! from the
clusters.

This study provides an opportunity to reevaluate the Liu et
al. (1988) and Leisawitz et al. (1989) results, with improved
ages for the clusters and improved kinematic velocities which
result from the new distances. New radial velocity measure-
ments for several of the clusters (Liu, Janes, & Bania 1989) are
also available. Table 7 presents the results of this investigation,
with the clusters listed in order of increasing age. Column (2)
lists the adopted ages of the clusters, in units of 10 yr. Because
of uncertainties in the adopted ages, column (3) lists the
adopted age group, in 10 Myr intervals, with H 11 regions repre-
sented by 0, clusters with ages 1-10 Myr represented by 1, and
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so on. Because some clusters exhibit a range in ages, the youn-
gest and oldest derived ages are listed in both columns. Col-
umn (4) lists the adopted LSR velocity of the cluster, in kilome-
ters per second, with the source of the velocity listed in column
(9). The velocities are from direct measurements, taken from
Liu et al. (1989) (LJB), when available, or kinematic veloci-
ties (Kin), using the new distances and the Clemens (1985)
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FiG. 85.—Map of NGC 7790 generated from the list of stars appearing
in the CMD. The scale is 0768 pixel ™!, giving a field of view of 11!6. North
is up, and east is to the left.
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FiG. 88.—Spatial distribution of the program clusters. Numbers correspond to those in col. (1) of Tables 3 and 4.

rotation curve. An “x” in either of columns (5) and (6) indi-
cates that CO gas was detected within 0-10 or 10-20 km s™!,
respectively, with the velocities of the CO near the clusters
taken from Liu et al. (1988) (LJBP) or Leisawitz et al.
(1989) (LBT).

Column (7) is a qualitative assessment of the degree to
which the CO and cluster velocities correlate, from a strong
correlation to no correlation at all. If CO was detected within
10 km s™! of the cluster velocity, it was described as having a
strong correlation. For NGC 659, however, the detected CO is
close to the 10 km s™! limit, and a weak correlation was as-
signed for it.

The results of this reevaluation of the cluster-age/gas-con-
tent relation are consistent with the Leisawitz et al. (1989)
conclusion that little or no molecular material remains in the
vicinity of a cluster after ~ 10 Myr. The only strong correlation

found for CO and a cluster with an age older than 10 Myr is for
NGC 663, although there is also gas at a wide range of veloci-
ties in the region. Without a larger sample of clusters, with
self-consistent age determinations and well-determined radial
velocities, rather than kinematic velocities, it is unlikely that
this age limit can be improved upon.

8. Luminosity functions.—The stellar content of the clus-
ters can be investigated. Two clusters (NGC 663 and NGC
654) appear to lie in front of molecular clouds, minimizing
field star contamination in the CMDs, and reveal a large num-
ber of low-mass stars. Further discussion of the stellar content
of many of the clusters will be presented in Paper II of this
series.

9. Binary stars.—Two clusters (NGC 457 and NGC 436)
show striking binary sequences, while at least two other clus-
ters with similar ages and reddening (NGC 581 and NGC 103)

TABLE 7
CLUSTER AGE VERSUS GAS CONTENT

Age Age Vg Veoqo Veoeo) Reference Reference
Name (Myr) Group (km s7') (km s7") (km s7") Correlation V) Veo)
(1) () 3) C)) (6) @ ®) ©)
IC 1848 ....... 0 0 —41 X Strong LJB LBT
NGC 281 ...... 0 0 -32 X Strong Kin LBT
NGC 637 ...... 0-4 1 —41 X X Strong LJB LJBP
Be62 .......... 10 2 -39 X Strong Kin LBT
NGC654 ...... 8-25 1-3 =29 X Weak LJB LJBP
NGC 581 ...... 10-22 1-3 -37 No LJB LJBP
NGC 457 ...... 7-19 1-2 =20 No LJB LBT
NGC 663 ...... 12-25 2-3 —28 X Strong LJB LBT
NGC659 ...... 22 3 —43 Weak Kin LBT
NGC 103 ...... 20 3 —47 X Weak Kin LBT
NGC 436 ...... 42 5 —43 No Kin LBT
NGC433 ...... 79 8 -35 X Weak Kin LBT
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show no obvious binary sequence. A more detailed discussion
of the binary content of the clusters will be presented in a
forthcoming paper.

10. Cepheid variables in clusters.—Three of the clusters in
the survey (NGC 129, NGC 7790, and Be 58) have Cepheid
variable stars within or near them. The zero point of the pe-
riod-luminosity relation is calibrated by Cepheids within open
clusters. The distances and ages of NGC 129 and NGC 7790
are consistent with Cepheid membership, although the current
photometry indicates that the Cepheid near Be 58 (CG Cas)
may not be a member.

Further results for individual clusters include the following:

NGC 637.—The Lynga (1987) catalog lists the derived age
of this cluster as 218 Myr, although this study finds it to be less
than 4 Myr old. This cluster was surveyed for CO gas by Liu et
al. (1988) to establish a gas—cluster-age relation. The marginal
detection of CO gas within 10 km s™! of the mean cluster
velocity (Liu et al. 1988) is much easier to explain in a cluster
of 4 Myr than in one of 218 Myr.

YOUNG OPEN CLUSTERS AS PROBES OF STAR FORMATION 81

NGC 433.—This cluster had long been classified as an OB
cluster at a distance of 4500 pc (Alter 1944). This study, and
the recent study by Battinelli et al. (1992), indicate that it is
much older (~80 Myr) and much closer (~2300 pc).
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