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ABSTRACT

New photoelectric UBV photometry of 45 stars and spectroscopic observations of 24 stars are presented
for NGC 1647, the cluster associated with the 3915 Cepheid SZ Tauri. The resulting photometry,
spectral classifications, and radial velocities are used with previously published photoelectric, photo-
graphic, spectroscopic, and proper motion studies of NGC 1647 for a detailed cluster analysis. The
newly-obtained cluster distance modulus is ¥—M ;,=8.67+0.02 s.e. (d=542+4 pc), and a value of
R=A4y/Ep_,=3.09%0.16 s.e. is found to describe the dust extinction in the field. A space reddening
of Ez_=0.29+0.01 is derived for SZ Tau from two B-type companions which are located east—west
of the Cepheid, and its resulting luminosity as an outlying cluster member is (M) =—3.09+0.04. A
cluster radial velocity of —2.3+1.6 km s~! and cluster age of ~1.9X 10® yr are both consistent with
the likely membership of SZ Tau. It is argued from its luminosity that this Cepheid is pulsating in the
first overtone mode, as is also implied by its light curve and Wesselink radius. In particular, a newly
derived period—luminosity relation for cluster Cepheids of the form (M,)=—1.15-2.941log P, is
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consistent with the results for SZ Tau only if its observed variability is due to overtone pulsation.

1. INTRODUCTION

The possible membership of the 39415 Cepheid SZ Tau in
the extended corona of the nearby open cluster NGC 1647
was first suggested by Efremov (1964a, b) on the basis of
considerations such as: (i) spatial coincidence, (ii) similar
radial velocities for SZ Tau and bright cluster stars, and
(iii) implied luminosity of the Cepheid as a cluster mem-
ber. The age of the cluster inferred from its main-sequence
turnoff point is also gratifyingly close to the value pre-
dicted for SZ Tau based upon its pulsational period (e.g.,
Tammann 1970), and the interstellar reddening of the
Cepheid (e.g., Schmidt 1971) also matches the range of
color excesses observed for members of NGC 1647
(Turner 1976). Although SZ Tau lies ~2° from the pro-
jected center of NGC 1647, marginally within the observed
coronal limits of the cluster projected near the Cepheid
(Kovalenko 1968), it appears otherwise to be an excellent
candidate for outlying cluster membership (Turner 1984).
This possibility is discussed in more detail here on the basis
of new photometric and spectroscopic observations for
cluster stars.

This paper is the third in a series of investigations of
open clusters associated with Cepheid variables. The pre-
viously studied clusters NGC 6087 (Turner 1986, Paper I)
and NGC 129 (Turner et al. 1992, Paper II) differ from
NGC 1647 in having been the subject of numerous previ-
ous studies. NGC 1647 has not attracted much attention
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from photometric or spectroscopic observers, presumably
because its associated Cepheid is so distant from the main
body of the cluster. In addition, SZ Tau has itself been the
subject of some controversy owing to the unusual nature of
its light curve—which has given rise to the suggestion that
it may be a Type II Cepheid (see Schaltenbrand & Tam-
mann 1971)—and to its exotic period changes (Szabados
1977; Trammell 1987). The Wesselink radius of SZ Tau
(Gieren 1985; Moffett & Barnes 1987b) is also unusually
large for the star’s pulsational period, and, combined with
its sinusoidal light curve, leads one to suspect that SZ Tau
may be an overtone pulsator. This possibility is discussed
here in conjunction with the star’s likely membership in
NGC 1647.

2. OBSERVATIONS AND DATA COMPILATIONS
2.1 Photoelectric Photometry

Published photometric data for stars in NGC 1647 are
not numerous, despite the cluster’s relatively nearby dis-
tance of ~550 pc and its location 17° below the galactic
plane. To our knowledge, the only previous photoelectric
UBYV study of the cluster is that of Hoag et al. (1961), who
also presented photographic data for stars located in the
cluster nucleus. Additional photographic UBV and BV
data for cluster stars are given by Hassan (1972) and
Francic (1989), respectively, this last reference being pri-
marily a comprehensive investigation of cluster member-
ship from proper motion data. Schmidt (1984) has also
published DDO and uvby photometry for three late-type
stars in NGC 1647, but none of these objects are cluster
members.

A program of photoelectric UBV photometry for NGC
1647 was carried out on several nights in September 1981
and August 1982 using the 0.4 and 0.9 m telescopes at Kitt

© 1992 Am. Astron. Soc. 1865
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TABLE 1. New photoelectric data for NGC 1647 stars.

CDS Hoag \% B-V UB n
45 888 +028 -011 3
22 2 908 +020 -0.11 2
44 29 925 +025 -004 3

3 31 962 +032 -006 1
94 5 9.69 4023 015 1
42 30 970  +033 4022 1
51 1003  +039 +009 2
54 7 10.10  +0.36 +0.00 2
37 34 1016 +030 +0.13 1
10 1025 +048 +0.08 1
55 1031  +0.43  +0.03 1
39 8 1032 +0.93 +048 1
29 9 1070 +0.31  +0.17 2
13 1082 +0.54 +044 1

4 38 1092 4035 4031 1
30 10 11.00  +0.40 +034 2
403 11 11.14  +0.87 +039 1
41 39 11.17  +040 +027 1

224 40 1122 +040 +034 1
28 12 1137 +0.50 +035 2
52 . 1142 +093 +048 2
53 .. 1148 +0.49 +042 2

9 13 1159 +0.62 +048 2
93 14 1171  +042 +035 1
46 43 C 1172 4051  +0.39 3
97 15 1178 +0.52 +0.44 1
11 47 1194 +0.66 +046 1

351 1216 +0.60 +0.47 1
98 16 1242 +0.88 +0.44 1

350 1254 +0.67 +0.50 1
9 17 1265 +0.66 +0.49 1

178 18 1274 +0.77 +031 2

179 19 1279 +0.66 +049 2

243 58 1315 +093 +040 2
s1sb 1320 +0.75 4035 1

256 1337  +0.75 +024 1
95 65 1355 +0.79 +023 1

214 20 1364 4093 +027: 2

249 21 1401  +0.79 +030 2

242 2 1409 +0.83 +034 2

173 23 1411 4087 +032 2

358 24 1447 4099 4031 1

426 25 1521  +148 +143 1

427 26 1558 +0.88 +0.99 1

428 27 1564 +1.05 +1.32: 2

@ Close double. Both stars in diaphragm.
b South of CDS 51.

Peak National Observatory; roughly 70% of the observa-
tions, and all of those for faint program stars, were ob-
tained with the larger telescope. The photomultiplier and
filter sets for these observing runs were similar to those
described in Paper II, and, as noted there, an effort was
made to investigate the internal consistency of the resulting
data to assure that they were tied closely to the UBV sys-
tem of Johnson & Morgan (1953). Small systematic effects
were found in the color data published earlier by Turner
(1984) for stars in the immediate vicinity of SZ Tau, and
these are corrected here. The primary source of star num-
bering in the cluster, as adopted by Mermilliod (1976a)
and the Stellar Data Center (CDS) at Strasbourg, is an
extension of that used in the survey by Cuffey (1937). We
have followed this scheme in the present study.

The photometric data are presented in columns 3-5 of
Table 1, with star identifications from the CDS and Hoag
et al. (1961, see description of numbering scheme adopted
in Paper II) given in columns 1 and 2, respectively. The
number of individual nights of observation for each star is
listed in column 6. Relative uncertainties in magnitudes

1866

and colors are similar to those cited in Paper II, and the
data are an excellent match to the photoelectric photome-
try of Hoag et al. for the 23 stars in common. The mean
differences in ¥, B—V, and U—B (This paper—Hoag et
al. ) are +0.004£0.006 s.e., —0.002+0.005 s.e., and —
0.004+0.012 s.e., respectively, excluding CDS 249 (for
which the single observation by Hoag et al. is suspect) and
CDS 427 (for which our single observation is suspect). A
combination of the photoelectric data from Hoag et al,
Turner (1984, corrected), and this paper is given in Table
2. We have assumed for this purpose that the Hoag et al.
data are all single observations, as determined from the
remarks in the U.S. Naval Observatory Catalogue. Cluster
membership probabilities from Francic (1989) are in-
cluded along with the photometric data.

In previous papers of this series we have commented
upon the need for additional photoelectric observations of
Cepheid cluster stars, particularly faint cluster members.
The situation for NGC 1647 is less critical in this regard
owing to the relative proximity of the cluster. Its main-
sequence is not expected to be populated to stellar magni-
tudes much fainter than V=14, which is fortunate given
the fact that the accuracy of the photoelectric data in Table
2 is suspect for stars with ¥'> 15. As a precautionary mea-
sure, we restricted our analysis to stars with ¥V < 15.

2.2 Photographic Data

A large sample of cluster stars is still desirable for a
thorough study of NGC 1647. Because of this, we have
included in our analysis an extensive selection of stars ob-
served only by means of photographic photometry. The
UBYV data of Hoag et al. (1961) and Hassan (1972) were
carefully examined and adjusted to the system of Table 2
for this purpose, and combined with the BV data of Fran-
cic (1989) where possible. The photographic data appear
to have rather sizable associated uncertainties for V> 14.5,
so we have generally omitted such stars from this compi-
lation. The combined data for the stars in the resulting
sample are presented in Table 3 along with the associated
cluster membership probabilities from Francic (1989).

2.3 Spectroscopic Data

The brightness of cluster stars makes NGC 1647 an
attractive object for spectroscopic observations, yet most
previous studies of this type (Zug 1933; Svolopoulos 1962;
Hoag & Applequist 1965) have been for the sole purpose of
spectral classification. We undertook a more ambitious
spectroscopic program for NGC 1647 using the Cassegrain
spectrograph on the 1.8 m telescope of the Dominion As-
trophysical Observatory during 10 nights in October 1984,
September 1985, October 1990, and September/October
1991. The 1984/85 observations were photographic image-
intensifier spectra at a dispersion of 16 A mm ", while the
1990/91 observations were CCD spectra at a dispersion of
60 A mm~! (see Paper II) with mean signal-to-noise ra-
tios ranging between 130 and 400. Both sets of spectra were
centered in the blue spectral region around 4000 A.

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System
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TABLE 2. Combined photoelectric data for NGC 1647 stars.

CDS/HD Hoag V B-V U-B n MP

CDS Hoag V BV UB n MP

29023 ... 807 +020 -0.16 2 .2
29181 ... 839 +028 +0.12 2 ..b
29403 ... 851 +021 -012 2 .2
15 1 861 +036 -005 1 1.00
45 ... 888 +028 -0.11 3 1.00
22 2 908 +020 -0.10 3 1.00
4 29 925 +025 -0.04 3 1.00
102 3 934 +032 +001 1 1.00
16 4 934 +090 +057 1 0.00
20402 ... 935 +029 +026 2 ..b
3 31 962 +032 -006 1 1.00
94 5 969 +023 -0.16 2 1.00
42 30 970 4033 +022 1 1.00
51 ... 1003 +0.39 +009 2 1.00
29527 ... 1006 +033 +032 2 .b
99 6 1009 +041 +0.12 1 1.00
54 7 1010 +036 +0.00 3 1.00
37 34 1016 +030 +0.13 1 1.00
10 ... 1025 +0.48 +0.08 1 1.00
55 ... 1031 +043 +0.03 1 1.00
39 8 1033 +091 +047 2 0.00
20 9 1070 +0.31 +0.17 3 1.00
13 ... 10.82 +0.54 +0.44 1 1.00°
4 38 1092 +035 +031 1 1.00
30 10 11.00 +0.40 +034 3 0.00
40 11 11.13 +086 +040 2 0.00
41 39 11.17 +040 +027 1 1.00
224 40 1122 +040 +034 1 1.00
28 12 1137 +0.51 +035 3 1.00
52 ... 1142 +093 +048 2 0.00

53 ... 1148 +0.49 +042 2 1.00
9 13 1160 +0.60 +0.48 3 1.00°
93 14 11.71 +0.42 +0.35 2 1.00
46 43 1172 +0.51 +0.39 3 1.00
97 15 11.79 +0.53 +0.44 2 1.00
11 47 1194 +066 +046 1 098

$Z-1 .. 1209 +2.06 +l46 1 .b
351 ... 12.16 +0.60 +0.47 1 1.00
98 16 1244 +0.89 +0.44 2 0.00
350 .. 1254 +0.67 +0.50 1 1.00
9 17 1266 +0.67 +0.49 2 1.00
178 18 1274 +0.76 +0.31 3 0.00
179 19 1280 +0.66 +0.49 3 0.00°
243 58 13.15 +0.93 +0.40 2 0.00
51s .. 1320 +0.75 +035 1 .2
256 .. 1337 +0.75 +024 1 1.00
95 65 13.55 +0.79 +023 1 1.00
214 20 1363 +093 +0.28 3 097
249 21 1401 +0.80 +0.29 3 0.98
242 22 1410 +0.84 +0.31: 3 0.98°
173 23 1411 +0.88 +0.31 3 0.00

SZ2 .. 1421 +0.83 +064 1 ..b
358 24 1446 +0.98 +0.41: 2 097
426 25 1519 +1.49 +143 2 ..
427 26 1540: +1.03: +0.99 2
428 27 1561: +1.05 +1.32: 3
429 28 1611 +0.88 1

2 Probable cluster member.
b Probable non-member of cluster.
¢ Likely background star.

The image-intensifier spectra were scanned and mea-
sured for radial velocity using the PDS microdensitometer
at the David Dunlap Observatory, University of Toronto,
while the CCD spectra were processed using the IRAF
software package and reduced for radial velocity and rota-
tional velocity measurement as in Paper II using the soft-
ware routines REDUCE and VCROSS developed by Graham
Hill (Hill 1982; Hill er al. 1982; Hill & Fisher 1986). The
CCD spectra were also suitable for reliable spectral classi-
fication due to their high signal-to-noise ratios (see Paper
II). The image-intensifier spectra encompass a smaller
spectral region which does not include all of the spectral
lines appropriate for standard MK spectral classification.
However, the plates do cover the region of Ca K and a few
lines of He 1, in addition to the lines of higher Balmer series
members, and it was possible to use these features in an
intercomparison of the spectra to derive reasonably accu-
rate classifications for the observed stars. All are of late B
and early A spectral type. It was also possible to infer
luminosity classes and degrees of rotational broadening
from the spectra by using the hydrogen line wings and the
widths of the He I lines, respectively. The resulting spectral
classification information for cluster stars is summarized in
Table 4. Table 5 presents the new radial velocity data.

Unlike previous spectroscopic surveys of NGC 1647,
the present program was restricted to the early-type mem-

bers of the cluster. The late-type stars in NGC 1647 are all
field stars according to the available proper motion (Fran-
cic 1989) and radial velocity (Glushkova & Rastorguev
1991) data. Of the 24 stars in Table 5, 20 have proper
motion membership probabilities of 1.00 (Francic 1989),
although one of these, CDS 13, seems likely to be a non-
member on photometric grounds. The three HD stars near
SZ Tau lack information of this type; however, the AGK3
proper motions for HD 29023 and HD 29403 are consis-
tent with outlying cluster membership. Of the remaining
two stars, HD 29527 lacks proper motion data, and CDS
30 is not a cluster member according to Francic. Both stars
are only marginal candidates for cluster membership ac-
cording to the photometric data, and foreground status
seems very likely. Their velocities are also slightly more
positive than those of proper motion members, which is
consistent with their nonmembership status. The mean ve-
locity for the 21 recognized members of NGC 1647 is
—2.3%1.6 s.e. kms™ . It is not possible to properly ad-
dress the effects of velocity variability on this sample with
so few observations, but it does seem unlikely to affect the
cluster mean velocity by more than 1-2 km s™h

The most extensive radial velocity measurements for SZ
Tau are those published by Haynes (1914), Gieren
(1985), and Barnes et al. (1987), which are based upon
the analysis of photographic spectra, CCD spectra, and

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System
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TABLE 3. Combined photographic data for NGC 1647 stars.

CDS Hoag V BV UB MP

CDS Hoag V BV UB MP

49 32 999 1041 +0.20 1.00
50 33 10.13 +021 -0.18 1.00
5 35 1020 +0.24 -0.09 1.00
31 37 1036 +0.28 +0.04 1.00
48 36 1039 +0.34 +0.07 1.00
14 41 1143 +0.51 +0.35 1.00
226 .. 1146 +1.92 +1.95 0.00
33 42 1147 +0.38 +0.37: 1.00
35 45 1174 +0.41 +0.35: 1.00
176 44 1179 +047 +0.30: 1.00
6 48 12.18 +1.44 +1.69 0.00
38 46 1228 +0.61 +0.36 1.00
47 49 1240 +0.75 +0.41 1.00
7 51 1241 +0.80 +0.27 1.00b
92 50 1242 +1.22 +0.98 0.00
210 52 1245 +0.61 +031 1.00
8 53 1252 +0.64 +0.39 1.00
36 54 1262 +0.96 +0.69 0.00
177 56 12.88 +0.70 +0.22: 1.00
3255 1289 +0.69 +0.24 1.00
356 ... 1298 +1.86 +1.96 0.00
43 57 1311 +0.78 +0.45 0.99
202 59 13.12 +0.78 +041 1.00
237 62 13.15 +0.76 +0.37 099
212 60 1320 +0.80 +0.32 1.00
211 61 1321 +0.76 +0.32 100
238 63 1327 +1.28 +1.39: 0.00
205 64 1331 +0.75 +025 1.00
217 66 1336 +091 +0.64 1.00
250 67 1341 +0.84 +0.40 0.00

223 68 13.58 +0.86 +0.41 0.99
225 72 1364 +1.30 +L.11 0.00
174 69 13.66 +1.17 +1.04 0.00
254 .71 1371 +0.81 +045: ..©
188 70 1374 +1.03 +0.52: 0.99b
258 73 1375 +0.93 +0.45 0.00
221 74 1376 +1.04 +0.58 0.00
215 76 13.85 +0.91 +0.34 0.99
416 75 13.86 +0.83 +0.35 0.00°
204 77 13.88 +1.00 +0.51 0.99
255 78 1395 +0.85 +0.42 097°
222 79 1395 +096 +0.44 096
359 80 1399 +1.10 +0.63 0.99P
190 81 14.16 +0.83 +0.37 0.98°
208 82 1432 +1.03 +0.68 0.00
40 ... 1436 +1.16 +0.82 0.8
353 83 1438 +0.95 +0.48 098
251 86 1442 +145 +0.93 0.93
357 84 1443 +1.01 +0.27 0.00
213 85 1446 +1.15 +0.73 0.00
354 87 1451 +0.73 +0.26 0.40°
201 90 1454 +0.98 +0.47 098
430 88 1454 +1.02 +052 ..a
218 92 1456 +1.12 +0.58 0.00
360 89 1458 +0.96 +049 0.98
355 ... 1460 +0.99 +0.80 098
361 91 1461 +1.20 +0.64: 0.98
220 96 14.63 +1.03 +0.68: 0.07
207 95 1466 +1.05 +0.37 098

2 Probable cluster member.
b Probable non-member of cluster.
¢ Likely background star.

radial velocity scanner data, respectively. Four additional
short series of radial velocity measurements for SZ Tau
available in the literature are listed by Szabados (1991).
The proper phase matching of these velocities is made dif-
ficult by the rather exotic period variability observed for
this Cepheid (Szabados 1977; Trammell 1987), but can be
accomplished in a fairly reliable fashion. The velocity data
published by Gieren exhibit smaller internal scatter than
those of Haynes and Barnes e al., but they are 4.1 km s ™!
more positive than the latter (Moffet & Barnes 1987a).
This discrepancy may be either an instrumental effect or
evidence for duplicity (see Szabados 1988a, 1991). Gieren
(1985) has demonstrated that there is no evidence for a
hot companion to SZ Tau in the star’s photometric data,
and this is confirmed by spectroscopic observations in the
ultraviolet (Bohm-Vitense & Proffitt 1985) and for the
Ca 11 K line (Evans 1985). The possibility that the Ceph-
eid is a spectroscopic binary, however, has not been ruled
out. Additional observations would seem to be essential for
a proper investigation of this possibility, as noted by Sza-
bados (1991).

If Gieren’s radial velocity measurements for SZ Tau are
adjusted to the system defined by the measurements of
Haynes and Barnes et al, the systemic velocity for the
Cepheid is found to be —3.5+1.0 kms™! (our estimate).
Gieren (1985) derived a value of +40.5+0.85 (s.e.)

km s~! from his measurements, while Caldwell & Coulson
(1987) obtain a value of +0.3 km s~} with the same data.
The various estimates for the systemic velocity of the Cep-
heid cited by Szabados (1991) yield a mean velocity for SZ
Tau of —1.420.8 km s~ !, which is in excellent agreement
with the value of —2.3%1.6 km s~! found here for NGC
1647..Combined with the Cepheid’s proper motion from
the AGK3, the space velocity data present a strong case for
cluster membership of the Cepheid. Foreground status
would seem to require a velocity for the Cepheid ~6
km s~! more positive than the observed value, which is
outside the range of the various estimates cited by Szaba-
dos. The membership of SZ Tau in NGC 1647 has never
been questioned previously in the literature. However, its
spatial location at the outer edge of the cluster corona
makes it imperative to use tests such as these to demon-
strate its likely cluster membership in convincing fashion.

3. ANALYSIS
3.1 Interstellar Reddening

The color excesses of cluster stars deduced from their
spectral classifications and observed colors are presented in
Fig. 1. The stellar sample used here was restricted to stars
having classifications from this paper or Turner (1984),
and gives a fairly clear picture of the slope of the reddening
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TABLE 4. Spectral classification information for NGC 1647 stars.

CDS/HD Hoag  Spectral Type  Source CDS/HD Hoag  Spectral Type  Source
15 1 B7 1 22 2 B8 1
B8 III 2 B9II 2
B7 Ve 3 B8 IO 3
B7.5 Illev 5,6 B8IVn 6
102 3 B8 1 94 5 A0 1
B9 III 2 BO IO 2
B8 IVnn 6 B7 Vn 5
29023 B7.51I 6 29181 A7V 4
29403 B8 Il 6 16 4 KOV 2
45 B9 1 44 29 B9 1
B7.51Vn 6 B8 IVnn 6
29402 A2V 4 49 32 A0 1
3 31 B9 1 42 30 A0 1
B7.51V 5 B9.5S IV 5
51 A0 1 37 34 A0 1
B9 IVnn 5 B9.5 IV 5
29527 A2V 6 50 33 B7 1
99 6 B9 1 54 7 B8 1
B9 IV 2 A0V 3
B9 IVn 5 B8 IVn 5
5 35 B7 1 31 37 A2 1
10 B9 1 55 B9 1
B7.5: 1V 5 B7V 5
39 8 GO 1 13 A3 1
G8 111 2 A3V 5
48 36 AQ 1 40 11 G3 1
29 9 A2 1 4 38 Al 1
A0 IV 2 A0 Vn 5
B9.5 Vn 5
30 10 A2 1 41 39 A2 1
A2V 5 B9.5V 5
224 40 A0 1 28 12 A3 1
A0V 5 A3 Vn 5
53 A5 1 9 13 A3 1
93 14 Ad 1 46 43 A2 1
210 52 A7 1
Sources: 1. Zug (1933). 2. Svolopoulos (1962), 3. Hoag & Applequist (1965), 4. Turner (1984),

5. This paper (photographic spectra), 6. This paper (CCD spectra).

law for the NGC 1647 field. A regression analysis yields
Ey_p/Ep_p=0.76+0.02 s.e. for the sample of 26 stars,
and 0.77+0.04 s.e. if the data for HD 29181 and CDS 28
are excluded. Both of these stars are mid-to-late A-type
stars, where stellar rotation affects the expected intrinsic
colors, and both depart from the main trend in Fig. 1. If
the analysis is further restricted to the eight stars with
spectral classifications based on high signal-to-noise ratio
CCD spectra, the resulting reddening slope is 0.77 +0.02
s.e., identical to the second value derived above as well as
to the value found for this region of the Galaxy in the
survey by Turner (1976). A reddening slope of Ey_p/
Ep_,=0.77 seems to be the preferred result for this field,
and is consistent with the nature of the reddening expected
for dust clouds belonging to this portion of Gould’s Belt, as
noted by Turner (1989). This value was therefore adopted

for the dereddening of cluster B, A, and F-type stars.
Steeper reddening slopes are expected for late-type cluster
stars due to bandwidth effects on their UBV colors (e.g.,
Fernie 1963), and we have consequently used reddening
slopes for these program stars which follow the color-
dependent trends predicted theoretically by Buser (1978)
for stars of late spectral type.

Figure 2 is the color—color diagram for cluster stars
based upon the data of Tables 2 and 3. Spectral types are
available for most of the bright stars, and it appears that
the cluster field is devoid of unreddened B-, A-, and F-type
stars, with a minimum reddening of roughly Ez_;=0.30
applying to all likely cluster members. The combined in-
formation on proper motion membership probabilities,
spectral types, and radial velocities (for the brighter stars)
proves to be an effective mixture for the analysis of the
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TABLE 5. New radial velocity data for NGC 1647 stars.

CDS/HD  HID 2440000+ VR Adopted VR Vsini
km s~} km s~} km st
29023 85150209 -5 +7 -5 140 £14
29403 63280212 -3 £3
85150482  +13 +8 -1 137 £15
15 60049614 -1 +8
8180.8691  -16 +7 —9 72 £17
45 60049722 +16 +2
81809417  +11 +7 +16 250 +4
» 60050111 -6 +1
85410443 -1l t6 -6 285 +7
44 60049864 -3 15
85420846 -3 £6 -3 283 +15
102 60049975 19 1
85449594  -19 6 19 298 £10
3 63290295 -4 +9 —4
04 60050534 -4 +7 —4
4 63319457 -5 +1 _s
51 63319308  +1 +1 +1
29527 63280309  +5 +1
85150853  +5 +6 +52 165 420
99 63319440 -7 £7 -7
54 63319371 +0 £7 +0
37 63290218  +4 6 +4
10 63290107  +7 6 +7
55 6327.0369  +0 +4 +0
29 63269713 +1 £3 +1
13 63270286 -0 +7 ~0sa
4 63270157  +2 £5 +2
30 63269789  +9 5 +9a
41 63269893 15 +1 -1s
224 6327.0019 -5 +4 =5
28 63269612 +3 +10 +3
Cluster Mean=  -23 +1.6 s.e.

4 Rejected from mean as a likely non-member of cluster.

photometric data. The dereddening of the photometric
data for cluster stars was therefore fairly straightforward,
and was assisted by the existence of a spatial dependence of
color excesses across the field.

Figure 3 is the variable—extinction diagram resulting
from this analysis, with the derived color excesses being
equivalent to that of a BO star observed through the same
amount of extinction. The luminosity estimates adopted for
each star were obtained from either the star’s MK type in
Table 4 or the zero-age main-sequence (ZAMS) absolute
magnitude corresponding to the star’s intrinsic color
(Turner 1979). There are no ambiguities in the derived
color excesses for bright cluster stars, and the reddening of
these stars correlates directly with the spatial location of
the star. From the visibility of faint stars on the POSS
survey for the NGC 1647 field, one can detect a number of
elongated dust clouds running through the cluster. The
densest portions of these tenuous clouds correspond to re-
gions of high reddening for the colors of cluster stars,
which makes it possible to map the clouds in some detail.
Figure 4 illustrates the location of some of the more prom-
inent dust lanes running through NGC 1647. Although
none of these were detected in the survey by Lynds (1962),
they all follow the general trend of Gould’s Belt as it runs
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FIG. 1. Derived color excesses for NGC 1647 stars
with well-established spectral types. The adopted red-
dening relation has a slope of E;;_p/Ep_,=0.77.

through this field. They clearly belong to the local dust
system.

Field star contamination of open cluster fields usually
increases in importance in direct proportion to the faint-
ness and lateness of spectral type of the stars considered.
Francic’s (1989) proper motion survey of NGC 1647 is
extremely useful for separating cluster members from fore-
ground stars in the same line of sight. However, it appears
to be less reliable at separating cluster members from back-
ground stars. There are three stars in Fig. 3 which have
distance moduli indicating that they lie beyond NGC 1647,
despite membership probabilities of 0.97-0.98. All are pho-

u-B

00

05

NGC 1647

0.0 05 1.0 1.5
B-v

FIG. 2. Color—color diagram for NGC 129 stars. Photo-
electric observations are plotted as dark circles, and pho-
tographic data as open circles. The continuous line is the
intrinsic relation for main-sequence stars, while dashed
lines represent the intrinsic relation reddened by Ez_,
=0.33 and 0.55, as well as reddening lines from (B—¥),
=—0.12 (spectral type B7) and +0.07 (spectral type
A2).
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FIG. 3. Variable-extinction diagram for NGC 1647 stars
based upon ZAMS-fitting (circles) and luminosities in-
ferred from spectral types (diamonds). Filled symbols
refer to stars with proper motion membership probabili-
ties in excess of 50%, while open symbols refer to stars
with smaller probabilities or without proper motion
membership data. The line of slope R=3.09 represents a
lower envelope fit for likely ZAMS members of NGC
1647.

tometrically identified as F-type stars, which are relatively
common field stars. We have assumed here that they are
background stars.

The true run of apparent distance modulus with color
excess for members of NGC 1647 in Fig. 3 should follow a
relation similar in slope to the value of R=A4,/Ep_j
=2.86+0.30 p.e. found by Turner (1976) in a previous
variable-extinction study of this cluster. The spectroscopic
distance moduli for bright cluster members do follow a
relation of this slope, and it proves possible to use these
objects as a guide for selecting a sample of 16 lower enve-
lope points from the data for ZAMS-fitted cluster stars.

FIG. 4. Shaded regions denote areas of NGC
1647 for which the interstellar reddening is
Ez_,=0.50 or more. Circles represent the
spatial location of adopted cluster members.
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These points correspond to true, single, ZAMS members of
NGC 1647, and their data yield a value of R=3.00+0.12
s.e. from regression and nonparametric straight line fits.
The isolated point at Ez_ ;=0.75 corresponds to CDS 217,
which lies in the dust lane on the west side of the cluster.
In order to avoid undue bias in the derived R value,
straight line fits were also made without this star. The
result in this case was R=3.09+0.16 s.e., which was
adopted as our final result. Most ZAMS-fitted cluster stars
fall above this relation in Fig. 3 simply because they lie
above the ZAMS in the cluster color-magnitude diagram.

3.2 Cluster Stars

Reddening-free data for likely members of NGC 1647
are summarized in Table 6 and plotted in Fig. 5. The
ZAMS included in the figure corresponds to the mean dis-
tance modulus of (Vy;—M,)=8.67+£0.02 s.e. (+0.065
s.d.) derived for the 16 stars identified in the previous
section as defining the true ZAMS of NGC 1647. This
corresponds to a cluster distance of 542 +4 pc. The scatter
of stars above the ZAMS could be due to several effects,
including evolution (away from the ZAMS at the blue end
and towards the ZAMS at the extreme red end), rotation,
and duplicity. However, the available observational data
are not sufficient to study this in any detail. The present
study differs from previous photometric analyses of NGC
1647 primarily in making corrections for differential red-
dening across the field. The cluster color-magnitude dia-
gram plotted in Fig. 5 is therefore much cleaner in appear-
ance than any published previously. It is otherwise fairly
typical of a cluster similar in age to the Pleiades cluster,
with its main-sequence turnoff point defined by B7.5 stars.
Based upon the observed properties of these stars, the es-
timated age for NGC 1647 is 1.120.1 10® yr when re-
ferred to the evolutionary model/age calibration of Mer-
milliod (1981), and 1.9+0.4X 108 yr when referred to the
more recent evolutionary models of Maeder & Meynet
(1988). By way of comparison, the period-age relation of
Tammann (1970), which is tied to older evolutionary
models, predicts an evolutionary age of about 8.6+1.7
% 107 yr for a classical Cepheid with the period of SZ Tau.

The spatial distribution of likely cluster members is in-
dicated in Fig. 4, which covers the same field as the NGC
1647 finder chart published in the U.S. Naval Observatory
Catalogue (Hoag et al. 1961) and is centered on the same
star. It seems clear from this diagram and from inspection
of large-scale photographs of the field that the core region
of NGC 1647 lies roughly 5'5 northwest of the area usually
considered to be the cluster center. This does not affect the
arguments of Kovalenko (1968) that SZ Tau is projected
against the cluster corona, although the Cepheid does lie
very close to the extreme outer boundary of NGC 1647.

The cluster color-magnitude diagram of Fig. 5 is of
interest with regard to the existence of gaps in cluster
main-sequences (Bohm-Vitense & Canterna 1974; Mermil-
liod 1976b). NGC 1647 presents no evidence for a signif-
icant gap at (B—V)(=0.25, as observed in field stars and
some open clusters by Bohm-Vitense & Canterna (1974),
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TABLE 6. Reduced data for NGC 1647 stars.

CDS

CDS (B-V), Ev?® V, (B-V), Ep_v?* V, CDS (B-V), Egv?* V,
SZTau +0.56 031> 5.58 224 +0.03 038 10.04 212 4039 043 11.87
29023 -0.10 031 7.11 28 +0.17 035 1029 211 +036 042 1191
29403 -0.09 031 755 14 -0.03 055 973 205 +042 035 1223
15 -0.11 048 7.12 33 +0.06 033 1045 217 +0.19 075 11.04
45 0.11 040 7.64 53 +0.07 043 10.15 256 +0.43 034 1232
22 -0.09 030 8.15 9 +0.12 050 10.05 95 +048 0.33 1253
44 -008 034 8.20 93 +0.10 033 10.69 223 +035 054 11.83
102 -0.08 041 8.07 46 +0.13 039 10.51 214 +0.54: 042 1233
3 011 044 826 35 +0.09 033 1072 215 +046 048 1236
94 -0.12 036 857 176 +0.19 029 10.89 204 +0.71 031 12.92
42 -0.02 036 858 97 +0.03° 0.51 1021 222 +0.66 032 1296
49 -006 048 8.50 11 +0.18 0.0 10.39 249 +0.50 032> 13.02
51 -0.08 048 8.54 351 +0.12 0.50 10.61 173 +0.57 0.33 13.09
99 -0.07 049 8.57 38 +0.23 040 11.04 440 +0.88 031 1340
54 -0.10 047 864 47 +027 050 10.85 353 +0.73 0.24 13.64
50 -0.12 034 9.08 210 +0.27 036 11.33 251 +1L16 0.33b 13.40
37 0.04 035 9.08 8 +023 043 1119 357 +0.53: 0.51 12.85
5 010 035 9.12 350 +0.15 0.54 10.87 358 +0.59 042 13.16
10 -0.10 059 842 96 +0.16 0.53 11.02 201 +0.68 0.32 13.55
55 -0.11 055 8.6l 177 +041 031 11.92 430 +0.70 0.35 1346
31 007 036 924 32 +038 033 11.87 360 +0.73 025 1381
48 -0.08 043 9.06 43 +026 054 1144 361 +0.65 0.59 12.78
29 -0.04 036 9.58 202 4029 0.51 11.54 207 +0.73 0.35® 13.58

4 +0.04 032 993 237 +0.32 046 11.72

41 -0.03 044 9.81 S1s +0.33 044 11.84

3 Reddening equivalent to that of a BO star.
b Reddening from nearby stars.

but there is a fairly prominent gap between M= +0.0 and
+0.3 at (B—V)y=—0.10 which matches the B7-B8
main-sequence gap observed for field stars and in several
open clusters of this age group by Mermilliod (1976b).
Our spectroscopic sample of cluster stars is not extensive
enough to investigate the possibility that this gap is related
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FIG. 5. Reddening-corrected color-magnitude
diagram for likely members of NGC 1647. The
extremes of variability for SZ Tau are indicated,
while the continuous line represents the ZAMS
for Vy— M ,=38.67.
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to stellar rotation, although, interestingly enough, most of
the stars on the luminous side of the gap are rapidly rotat-
ing, as expected in this spectral interval (Fukuda 1982).

3.3 SZ Tauri

Since the radial velocity, proper motion, and inferred
age of SZ Tau are an excellent match to the values found
for members of NGC 1647, there is a strong case for clus-
ter membership of the Cepheid. The location of SZ Tau on
the periphery of the cluster corona makes the spatial coin-
cidence with NGC 1647 less than ideal in many respects.
However, one can also argue that this same property tends
to improve the match in distance, since the depth of the
cluster in the line of sight is smaller near the cluster pe-
riphery. The uncertainty in distance modulus of £0.02
(=4 pc) found for members of the cluster core would need
to be increased to +0.08 for SZ Tau if the Cepheid were
coincident with the nucleus of NGC 1647, since the ~19
pc coronal radius of the cluster translates into a spread in
distance modulus of this amount for a line of sight through
the cluster center (spatial coincidence with the cluster nu-
cleus does not necessarily imply location in the cluster nu-
cleus). The depth of the cluster is much smaller at the
periphery of the cluster corona, so it is reasonable to as-
sume that an uncertainty in distance modulus of no more
than +0.02 applies to SZ Tau as well as to members of the
cluster core.

The space reddening of SZ Tau derived by Turner
(1984) can be revised according to the results of the
present study. The two cluster members which bracket SZ
Tau spatially are HD 29023 and HD 29403 (west and east
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of the Cepheid, respectively), and they have identical red-
denings of Ez_ ;(B0) =0.31. There are no dust clouds vis-
ible in this part of NGC 1647, so it is reasonable to adopt
an identical value for the reddening of SZ Tau. The color
excess applicable to a star with the observed colors of the
Cepheid is Ep_ ,;=0.29+0.01 (estimated uncertainty). A
nearly identical value of Ep_;=0.31+0.03 was obtained
by Schmidt (1971) from spectroscopic measurements of
the Cepheid at Ha and the G band. The corresponding
luminosity for SZ Tau under the assumption that it is a
member of NGC 1647 is (M) = —3.09+0.04.

The luminosity of SZ Tau can also be derived from its
radius, for which a few estimates have been made using the
Baade-Wesselink (BW) method. Gieren (1985) derived a
mean radius of 34.2+3.0 R, for SZ Tau using the surface
brightness variant of the BW method, and Moffett &
Barnes (1987b) obtained values of 38.94+3.24 R and
40.42+3.37 R in similar fashion using a fixed projection
factor and period-dependent projection factor, respectively,
for the conversion of the radial velocities to expansion ve-
locities. The difference of ~5 R, in these estimates may
relate to differences in the adopted observational data or in
the treatment of interstellar reddening, to which the tech-
nique is sensitive. A radius for SZ Tau has also been ob-
tained using the version of the BW method described by
Turner (1988), in which the KHG spectral line index is
used to isolate phases of identical effective temperature.
This method is independent of the interstellar reddening
for the Cepheid, but does introduce an empirical line-
blocking and effective gravity factor for the B and V mag-
nitudes which has many similarities to an identical factor
introduced by Ivanov (1984) in his inverted version of the
BW method. The value obtained for SZ Tau (Turner, un-
published) is 34.8+0.8 R (internal error estimate),
which is in excellent agreement with Gieren’s result.

Conversion of these radius estimates into luminosities
requires a value for the mean effective temperature of SZ
Tau, which can be established using the intrinsic color of
({(B)—(¥))=0.56+0.01 derived from the Cepheid’s
space reddening. Various intrinsic color-effective tempera-
ture scales may be used. McWilliam’s (1991) recent F
supergiant calibration gives 7T.z=6062 K for this mean
color, very close to what one obtains using the older cali-
bration of Parsons (1971). The calibration of Teays &
Schmidt (1987) gives a smaller value of T.;=5906 K,
which is close to what one obtains using the model atmo-
sphere calibration of Kurucz (1979). The luminosities cor-
responding to these values and a mean radius of 34.8 0.8
R, for SZ Tau are (M) = —3.12+0.04 (warm T scale)
and (M)=—3.01£0.04 (cool T4 scale), respectively,
which are clearly an excellent match to the value found
from ZAMS fitting. Very similar values are obtained using
Gieren’s (1985) radius estimate, while the radius estimates
of Moffett & Barnes (1987b) result in values which are
0m2-073 more luminous. Even if Moffett and Barnes’ ra-
dius estimate for SZ Tau is not considered systematically
too large, one can safely conclude that the luminosity of
the Cepheid obtained from its likely membership in the
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FIG. 6. Cepheid period-luminosity relation derived from
members of open clusters and associations with distances
based upon ZAMS fitting (dark circles). The data for SZ
Tau as a member of NGC 1647 are plotted under the as-
sumption that its variability is due to fundamental mode
pulsation (open diamond) and first overtone pulsation
(open circle), respectively. The fitted line is defined by
(My)=—1.15-2.94 log P,.

corona of NGC 1647 is well supported by BW estimates
for its radius, as argued previously by Gieren (1988).
The luminosity of SZ Tau derived from its cluster mem-
bership is plotted relative to the luminosities of other
cluster/association Cepheids in Fig. 6, where the data for
the Cepheids used for comparison purposes are summa-
rized in Table 7. There are other calibrators available, but
their luminosities have been obtained via spectroscopic and
Hp parallaxes for associated stars, or ZAMS fits based
upon different principles than those used here, so they are
not included. The tabulated data represent the best results
currently available from an ongoing program to recalibrate
Cepheid luminosities from cluster ZAMS fits. As such,
they constitute an extremely homogeneous and internally
self-consistent set of derived properties for cluster Ceph-
eids, and one that can be usefully compared with existing
calibrations. A least squares fit to the data of Fig. 6 yields
a period-luminosity (PL) relation of the form (M)
=—1.15 (£0.06) —2.94 (£0.06) log P,, with a rms de-

TABLE 7. Cepheid Iuminosities from cluster ZAMS fits.

Cepheid Cluster/Association log P,  <My> Reference
SU Cas Cas R2 0.2899  -1.99  Tumer & Evans (1984)
CV Mon Anon (van den Bergh) 0.7307 -3.35  Tumer (1978)
V367 Sct NGC 6649 0.7989  -3.58 Tumer (1981)
DL Cas NGC 129 0.9031 -3.80  Turner, Forbes & Pedreros (1992)
S Nor NGC 6087 09892 -3.95 Tumer (1986)

{ Gem ADS 5742 AB 1.0065 —4.11 Tumer & Fernie (1978)
WZ Sgr Anon (C1814-191a) 13394  -5.07 Tumer et al. (1992)
SW Vel Vel OBS 1.3700  -5.09  Tumer etal. (1992)

SV Vul Vul OB1 & NGC 6834 1.6532  -6.11 Tumer (1984)
SZ Tau NGC 1647 049822 -3.09 This Paper

0.6515b

@ Assuming observed period results from fundamental mode pulsation.
b Assuming observed period results from first overtone pulsation.
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viation in (M) of £0m07. The corresponding rms devia-
tions in the calibrations of Fernie & McGonegal (1983)
and Caldwell (1983) are +0m16 and +0m135, respec-
tively, values twice as large as that obtained here. Clearly,
sample homogeneity is an important factor for the galactic
calibration of the Cepheid PL relation.

The luminosity of SZ Tau as a coronal member of NGC
1647, (M )= —3.09=+0.04, is clearly overly luminous for
the star’s period of 34148939, which represents the best
long term period fit to the O-C data of Szabados (1977)
and Trammell (1987). However, this discrepancy can eas-
ily be removed if it is assumed that the Cepheid is pulsating
in the first overtone, rather than fundamental, mode.
Known double-mode classical Cepheids of similar period
have period ratios (first overtone/fundamental mode) of
P,/Py~0.7, and a more accurate value of P,/P,=0.7025
can be predicted for SZ Tau using the period ratio data
summarized by Szabados (1988b). The corresponding pul-
sational period predicted for the unobserved fundamental
mode of SZ Tau is 49482059, for which one predicts a
luminosity of (M) = —3.07£0.07 from the data for other
calibrating Cepheids in Fig. 6. Clearly, the derived lumi-
nosity for SZ Tau as a cluster member ({M,)=—3.09
+0.04) is, by itself, a strong argument for the identifica-
tion of this Cepheid as an overtone pulsator.

The case for overtone pulsation is strengthened if one
also considers the light curve of the variable. In recent
years Fourier decomposition of Cepheid light curves has
produced a variety of parameters which appear to be ca-
pable of indicating a star’s pulsation mode (Simon 1988),
and both @,; and R,; for SZ Tau strongly suggest overtone
pulsation (Antonello ef al. 1990). SZ Tau is also recog-
nized to be a member of the class of s-Cepheids based upon
its low amplitude, sinusoidal, light curve. However, this
classification does not itself imply overtone pulsation for
the star, since the s-Cepheids do not as yet represent a
completely homogeneous sample. For example, SU Cas
also belongs to this class (Antonello ez al. 1990), and yet
its luminosity plotted in Fig. 6 appears to indicate funda-
mental mode pulsation for this star.

This point is addressed further in Fig. 7, which plots the
V-band light curves of four Cepheids which seem to fit the
GCVS characteristics of s-Cepheids—light amplitudes AV
<0m5 and M-m=0.4-0.5 (i.e,, a duration for the rise
from minimum to maximum light which is roughly 40%—-
50% of the light cycle). The data plotted in Fig. 7 repre-
sent running averages over pulsational phase for the orig-
inal observations, which are from Schmidt & Gross (1990)
for NO Cas and CN Tau, and from Milone (1970) for SZ
Tau and SU Cas. These particular sources were chosen
because they represent long, homogeneous, data sets with
excellent phase coverage for the respective variables. From
Fig. 7 it should be evident that NO Cas and SZ Tau have
very similar sinusoidal light curves, with M-m ~0.50 and
0.49, respectively, according to our estimates. By analogy
with the light curve models of Stellingwerf ez al. (1987) for
overtone pulsation in RR Lyrae stars, both NO Cas and SZ
Tau have light curve shapes typical of overtone pulsation.
However, CN Tau and SU Cas have light curves more like
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FIG. 7. Phase-smoothed light curves (to the same
scale) for four short period pulsators identified as s-
Cepheids. NO Cas and SZ Tau clearly belong to this
class on the basis of light amplitude and light curve
shape, but CN Tau and SU Cas have light curves
skewed more like those of small amplitude fundamen-
tal mode Cepheids.

those of fundamental mode pulsators, with M-m=0.35
and 0.40, respectively. In fact, with these particular data
sets, CN Tau and SU Cas do not strictly qualify as s-
Cepheids. They seem likely to be low amplitude fundamen-
tal mode pulsators. Supporting evidence for fundamental
mode pulsation in SU Cas will be presented in a separate
study.

The evidence for overtone pulsation in SZ Tau does
affect the arguments regarding its evolutionary age. The
problem, however, lies in the published Cepheid period-
age calibrations, which are based upon out-dated stellar
evolutionary models and age estimates for clusters. If one
uses the slope of the Cepheid period-age relation of Efre-
mov (1977), normalized to the age estimates of Paper II
for DL Cas in NGC 129, the inferred age for SZ Tau from
P,=49482059 becomes ~1.5X 10® yr, which agrees with
the turnoff point age for NGC 1647. The likely match in
age between SZ Tau and NGC 1647 is therefore preserved,
and one can conclude that the Cepheid is almost certainly
a cluster member.

4. SUMMARY

Based upon the observational data and the analysis pre-
sented in this study, the Cepheid SZ Tau is argued to be an
outlying member of the open cluster NGC 1647. The spa-
tial coincidence of the Cepheid with the cluster corona, as
well as coincidences in radial velocity, proper motion, and
age with cluster members, present a convincing case for
cluster membership, which is also supported by indepen-
dent estimates for the mean radius of SZ Tau. Moreover,
the evidence presented by the derived luminosity of the
Cepheid and its light curve strongly indicates that SZ Tau
is pulsating in the first overtone, rather than fundamental,
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mode. The star may also be a spectroscopic binary (Sza-
bados 1991), although there is no evidence for any con-
tamination by the companion of the visible light from the
system (Gieren 1985).

It is of interest to note that SZ Tau is not unique as an
overtone pulsator located in a galactic cluster. The light
curve parameters of EV Sct in NGC 6664, QZ Nor in
NGC 6067 (cf. Coulson & Caldwell 1985), and the binary
Cepheid @ UMi indicate that they are also likely overtone
pulsators. When the double mode Cepheid V367 Sct in
NGC 6649 is also considered, it should be evident that the
presently-established selection of galactic clusters with
member Cepheids constitutes a fairly broad sample which
contains pulsating variables well distributed in both period
(199-4590) and pulsation mode. A detailed knowledge of
the intrinsic properties of these cluster Cepheids should
therefore provide a sound basis for the study of the PL
relation for galactic Cepheids.
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