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Abstract We present the first CCD photometric observations of open cluster NGC 744, as part of the
50BiN Open Cluster Survey. The color-magnitude diagrams of this cluster were derived from absolute

BV RI photometry on a good photometric night. A brief isochrone fitting gives a distance modulus of
(m—M)y = 11.58+0.2 and areddening of E(B—V') = 0.35+0.05 with an age of log t = 8.30+0.05.
By carefully examining the BV time-series data, we discovered four new variable stars in a 20’ x 20’
field around the cluster. We classified them as three eclipsing binary stars and one § Scuti pulsating star,
mainly based on the light-curve shape, the detected periods and the positions on the color-magnitude

diagrams.

Key words: open clusters and associations: individual (NGC 744) — stars: variables: general

1 INTRODUCTION

Open clusters are gravitationally bound stellar systems
containing from several hundred to tens of thousands of
coeval stars with nearly the same distance and chemi-
cal composition (Kalirai & Richer 2010; de Grijs 2010;
Friel 2013). They have served as ideal laboratories for
the study of a vast array of astrophysical phenomena on
many scales. Since open clusters provide valuable in-
formation about fundamental physical parameters (age,
reddening, metallicity and distance) of stars in the clus-
ter, they are excellent targets to understand stellar inte-
riors and evolution. Besides, open clusters are found at
almost all locations in the Galactic disk, making them
superb tracers of Galactic structure and evolution. Most
kinds of variable stars are discovered in open clusters,
and such variable stars provide an ideal opportunity to
test the stellar theoretical models and explore some im-
portant physical processes such as mass transfer and
common-envelope evolution (Jiang et al. 2009; Ivanova
et al. 2013).

Although there are about 2000 open clusters in the
catalog of Dias et al. (2002), only ~400 clusters have
been studied by modern high quality CCD observa-
tions (Netopil et al. 2012). We have started the 50 cm
Binocular Network (50BiN) Open Cluster Survey (Deng
et al. 2013; Wang et al. 2015; Tian et al. 2016), a
project dedicated to providing homogeneous photom-
etry of a sample of Galactic open clusters using the
50BIN. The primary science goals are to determine fun-
damental physical parameters of a large number of open
clusters and perform studies of stellar variability in se-
lected open clusters. In this paper we report the results
of the open cluster NGC 744, with coordinates ajo000 =
01"58™36.0%, d12000 = +55°28’00” (Kharchenko et al.
2005).

NGC 744 is a poorly studied open cluster and has
no CCD photometry so far. The Catalogue of Open
Cluster Data lists the basic parameters of this cluster as:
E(B—-V)=0.381, log(t) = 8.375 and (mgs — Mks)
= 10.825 (Kharchenko et al. 2013). This paper is orga-
nized as follows. In Section 2, we present the observa-
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tions and data reductions. The photometric calibration
and cluster parameters are investigated in Section 3. The
variable selection procedures and their physical proper-
ties are discussed in Section 4 and a brief summary is
given in Section 5.

2 OBSERVATIONS AND DATA REDUCTION

All images analyzed in this paper were collected with
the 50 centimeter binocular telescope (50BiN proto-
type telescope) at Qinghai Station of Purple Mountain
Observatory, Chinese Academy of Sciences. This tele-
scope employs a binocular equatorial mount system
and has two parallel camera systems. Each of them is
equipped with an Andor 2048 x 2048 pixel CCD, re-
sulting in an image scale of about 0.59” pixel~! and a
20" x 20’ field of view. Details of this telescope can be
found at the website (http://song.bao.ac.cn).

Time-series observations were performed on 13
nights from 2015 October 15 to November 3. Two stan-
dard Johnson BV filters, incorporated in the two camera
systems respectively, were used for simultaneous two-
color photometry. The time-series observing log is pre-
sented in Table 1. Image reduction was done with an
automated reduction pipeline (Wang et al. 2015), which
is mainly based on DAOPHOT II (Stetson 1992). The
main steps include bias subtraction, flat-fielding, astrom-
etry and photometry extraction.

We took calibration images on the night of 2016
February 1 under photometric conditions. Two sets
of standard Johnson-Cousins-Bessell BV RI filters, in-
stalled on the two parallel camera systems respectively,
were used for photometry. A total of ten standard stars
in two Landolt standard fields SA20 SF4 and SA23
SF1 (Landolt 2013) were observed to derive the trans-
formation equations between the instrumental and stan-
dard systems. These stars have a color range of 0.09
< (B — V) < 1.88. The details of BV RI observa-
tions are provided in Table 2. Aperture photometry was
done on the standard star frames by using the associ-
ated IRAF tasks and packages'. Point-spread function
(PSF) photometry of the target images was carried out
with an automated reduction pipeline, just like the pre-
vious time-series data processing. Frame-by-frame aper-
ture corrections were determined by computing the dif-
ferential magnitude between the PSF and aperture pho-
tometry of 55 relatively bright, isolated stars in the clus-

! Image Reduction and Analysis Facility (IRAF) is distributed by
the National Optical Astronomy Observatories.

K. Wang et al.: The First CCD Photometric Study of NGC 744

Tube 1

0.05F
f . rms=0.022 .
Z 000f ¢ g ! i i ! b
: : | . .
~0.05fF .
= 0.05¢ :rms=04024 . .
$ oo § g i ! P L
< _o0.05}F
0.05F . . . .
= li . rms=0.019 |
L N I T |
< _o0.05F
,
.
0.05F :
] . irms:0.033 .
4o0.00fF 8 ¢ H ! i i
=1 4 o i ¢
—-0.05F = .
9.5 10.5 11.5

Fig.1 Star-by-star comparison of our observed photometry
from Tube 1 with Landolt (2013) catalog values.

ter frame. These corrections were then applied to the
original PSF photometry.

3 PHOTOMETRIC STUDY OF THE OPEN
CLUSTER NGC 744

3.1 Photometric Calibration

The PHOTCAL package within IRAF was applied to
construct the following transformation equations:

b=B+c+kX+mi(B-V), (1)
v=V +es+ kX +mo(B-V), )
r=R+cs+kX+ms(V—-R), 3)
t=1+ci+kiX+my(V—=1), %)

where B, V, R and I represent the standard magnitudes,
b, v, r and ¢ are the instrumental magnitudes, and X is
the airmass. The coefficient values, including zero points,
extinction and color terms, are reported in Table 3.

Figures 1 and 2 display the differences between
transformed magnitudes and colors of standard stars and
the Landolt (2013) catalog values. Tube 1 has a pho-
tometric solution with root mean square (rms) of ~
0.02mag in BV R and ~ 0.03 in I while Tube 2 shows a
better photometric solution with rms less than 0.015 mag
per filter. In addition, a comparison between the two
tubes is displayed in Figure 3.

3.2 Comparison with Previous Photometry

Instrumental magnitudes of NGC 744 in BV RI bands
were transformed into the standard system by using the
transformation Equations (1)—(4) above. Stars that were
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Table 1 Log of Time-series Observations for NGC 744

Date Start Length Exp. (in seconds) Frames
(HID 2457300+) (h) (B, V) (B, V)
2015 Oct 15 11.056 8.2 70, 30 374, 840
2015 Oct 18 14.201 4.8 70, 30 218, 502
2015 Oct 21 17.105 7.0 100, 50 230, 405
2015 Oct 22 18.001 9.3 100, 50 288, 582
2015 Oct 23 19.100 6.7 100, 50 203, 439
2015 Oct 24 20.107 6.6 100, 50 201, 531
2015 Oct 26 22.003 9.0 100, 50 284, 542
2015 Oct 28 23.987 9.2 100, 50 289, 527
2015 Oct 29 25.012 1.7 100, 50 39,83
2015 Oct 30 26.010 8.5 100, 50 210, 409
2015 Nov 01 28.062 7.0 100, 50 235, 445
2015 Nov 02 29.053 8.1 100, 50 274, 525
2015 Nov 03 30.008 5.8 100, 50 1717, 367

Table 2 Log of BV RI Observations

Tube Object B \%4 R 1 Airmass
(nx Exp.) (nx Exp.) (nx Exp.) (nx Exp.)

Tube 1 NGC 744 4 % 200 4 x 100 4 x 70 4 x 70 1.16-1.24
4 x 40 4 x 20 4 x 10 4 x 20 1.16-1.25

SA20 SF4 12 x 20 12 x 10 12 x 7 12 x 10 1.24-1.69

SA23 SF1 16 x 30 16 x 15 16 x 8 16 x 10 1.00-1.07
Tube 2 NGC 744 4 % 200 4 x 100 4 x 70 4 x 70 1.16-1.24
4 x 40 4 x 20 4 x 10 4 x 20 1.16-1.25

SA20 SF4 12 x 20 12 x 10 12 x 7 12 x 10 1.24-1.69

SA23 SF1 16 x 30 16 x 15 16 x 8 16 x 10 1.00-1.07

Table 3 Coefficients of the Calibration Equations

Tube Zero point Extinction Color Term rms
Tube 1 c1 = 3.741 £ 0.007 kp = 0.286 £ 0.005 m1 = —0.034 £ 0.002 0.015
c2 = 3.386 £ 0.009 ky = 0.196 £ 0.007 mg = 0.021 + 0.003 0.021
c3 = 3.363 £ 0.007 kr = 0.138 £ 0.005 m3 = 0.114 + 0.004 0.016
. cy =4.793 £0.017 k; = 0.131 £0.012 my4 = 0.070 = 0.004 0.034
Tube 2 c1 = 3.774 £ 0.007 ky = 0.298 £ 0.005 my1 = —0.047 £ 0.002 0.015
c2 = 3.468 + 0.006 ky = 0.214 £ 0.004 ma = —0.003 £ 0.002 0.014
c3 = 3.388 £ 0.007 kr = 0.166 + 0.005 m3 = 0.067 = 0.004 0.015
cq = 4.687 £ 0.011 k; = 0.141 4+ 0.008 my4 = 0.031 £ 0.003 0.023

detected in at least two images were averaged. Since this
cluster has not been intensively observed in the past,
we just compared our results with the UCAC4? cata-
log (Zacharias et al. 2013) and APASS? catalog (Henden
et al. 2016). Due to a higher photometric accuracy, the
photometric data derived from Tube 2 were used to con-
duct the comparison. Such a comparison is shown in
Figure 4 where we plot the differences AV and A(B —
V') as a function of V' magnitude from the present study.

2 UCAC4 represents the fourth United States Naval Observatory
(USNO) CCD Astrograph Catalog.
3 APASS stands for the AAVSO Photometric All Sky Survey.

The comparison indicates that the (B — V') colors and V
magnitudes obtained in the present work are in general in
agreement with those provided by APASS and UCACA4.
The mean differences with those stars brighter than V' <
14 mag were calculated as follows:

AViapass = 0.03 £ 0.04,
A(B — V) apass = —0.02 = 0.03,
AVicacs = 0.03 +0.07,

and
A(B - V)ucaca = —0.05 + 0.10.
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Fig.2 Star-by-star comparison of our observed photometry
from Tube 2 with Landolt (2013) catalog values.
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Fig.3 Star-by-star photometry comparison between Tube 1 and
Tube 2.

3.3 Color-Magnitude Diagrams

The standard magnitudes given by Tube 2 were used
to construct the color-magnitude diagrams (CMDs). The
three panels of Figure 5 display the CMDs of NGC 744
inthe B—-V,V — Rand V — I passbands. The phys-
ical parameters of the cluster were estimated by fitting
isochrones to the CMDs (Bressan et al. 2012), assuming
a solar metallicity abundance (Z = 0.019). The fitting
has been done with the traditional visual screening ap-
proach. By using the Padova evolutionary code (Bressan
et al. 2012), we made a sequence of isochrones with con-
stant metallicity, Z = 0.019, from log(¢/yr) = 7.5t0 9
in steps of 0.05. The reddening value E(B — V') was set
to be within 0.25-0.45 with step size 0.05. The distance
modulus (m — M), varied in the range from 9.5 to 11.5
with step size 0.2. The fitting is verified by a visual com-
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parison between the theoretical isochrone and the CMDs.
The main sequence and one evolved star, TYC 3688-
1931-1, were treated as criteria in the fitting procedures.
The membership probabilities from proper motion, pho-
tometry and spatial position all suggest that TYC 3688-
1931-1 could be a member of NGC 744 (Kharchenko
et al. 2004). Based on many trials, we obtained a rea-
sonable fitting. The best-fitting theoretical results of the
cluster are: age logt = 8.30 &+ 0.05, reddening value
E(B — V) = 0.35 £ 0.05 mag and distance modulus
(m — M)y = 11.58+0.2. All errors were taken from
the step size. These results are in modest agreement with
Kharchenko et al. (2013).

4 VARIABLE STARS IN THE OPEN CLUSTER
NGC 744

4.1 Identification of Variable Stars

An ensemble normalization technique (Gilliland &
Brown 1988) was applied to calibrate instrumental mag-
nitudes of the time-series BV frames. About 40 isolated
bright stars that showed long-term stability during the
observations were selected to determine the following
transformation equation

V=v4+a+aB-V)+aX+aY, &)

where X and Y are the star positions in a CCD frame.
The coefficients a1, as, az and ay whose values are dif-
ferent for each frame were determined by using the 40
selected stars. An identical equation was applied to the
B time-series images. For each frame, the instrumental
magnitudes v were then calibrated to the standard magni-
tudes V' using the above equation and the mid-exposure
time was converted to Heliocentric Julian Date (HID).
The time-series light curve of an individual star was ex-
tracted in this way.

Following the same procedure used by Wang et al.
(2015), the light variabilities of all detected stars were ex-
amined. Firstly, the Stetson variability index .J (Stetson
1996) for each star was calculated with simultaneous B-
and V-band light curves. Stars with variability indices J
less than 0.4 (Zhang et al. 2003) were rejected. We then
carefully examined the light variations of each variable
candidate by visual inspection and identified four clearly
variable stars, all of which are new discoveries. They are
labeled as V1, V2, V3 and V4, ordered by V' magnitude.

Figure 6 shows the observed CCD field of the open
cluster with the detected variables marked. The main pa-
rameters of these variables are given in Table 4. The
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Fig.4 Comparison of the present photometry with data in the UCAC4 catalog and APASS catalog.
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Fig.5 The CMDs B — V,V — Rand V — I as a function of V" for stars in the field of NGC 744. The dark solid lines represent
the Padova theoretical isochrone (Bressan et al. 2012) with cluster parameters (logt = 8.30, Z = 0.019, E(B — V) = 0.35 and
(m — M)y = 11.58). The red triangular symbols and the big red dot denote variable stars and evolved star TYC 3688-1931-1,
respectively. The red solid lines are the borders of the instability strip for § Scuti (Breger 1979).

coordinates, V' magnitude and colors for the stars were
computed from the current photometry. The periods of
variable stars were estimated by using a package of
computer programs (Period04, Lenz & Breger (2005))
and the phase dispersion minimization (PDM) method
(Stellingwerf 1978). Their classifications are given in the
last column and will be discussed in detail in the follow-
ing section.

4.2 Classification and Discussion

The variable stars were classified based on the behaviors
of their light curves, detected periods and positions in the
CMDs. Details about their classifications are as follows:

V1: This is likely to be an eclipsing binary with an
orbital period of 0.3416 days. Its phased light curves are
shown in Figure 7. It presents an obvious EB-type light
curve in both bands. The light curves display an am-
plitude of about 0.1 mag, suggesting a low inclination.
Ammons et al. (2006) estimated an effective temperature
for this star to be about 5693 K. This star lies far away
from the isochrone in the CMDs and its proper-motion
probability (PMP) was calculated to be zero (Sampedro
et al. 2017; Kharchenko et al. 2004). This suggests that
V1 could be a non-member of the cluster, although it is
located within the central area of the cluster.

V2: An eclipsing binary with an EW-type light
curve, as displayed in Figure 7. Its orbital period is about
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Table 4 Variable Stars Detected in the NGC 744 Field

Star ID 2000 82000 Vv B-V V—-—R V-1 P To Type
(mag) (mag) (mag) (mag) (d) (d)
\'2! 01:58:29.10 +55:26:46.30 11.211 0.703 0.459 0.809 0.3416 11.2602 EB
V2 01:58:01.15 +55:28:10.03 13.150 0.408 0.277 0.610 0.6180 29.3265 EW
V3 01:57:34.63 +55:31:46.38 14.281 0.525 0.300 0.667 0.0505 4 Scuti
V4 01:59:30.03 +55:31:55.43 14.861 0.789 0.468 1.000 0.8651 14.2731 EA
Note: Tp (HID-2457300) denotes the phase zero epoch.
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Fig.6 The field of NGC 744 observed from 50BiN with the four variable stars marked. North is up and east is to the left.

0.6180 days with an amplitude of 0.15mag. The ob-
served color of the system, B — V' = 0.408, is consistent
with the spectral type FOIII (Pickles & Depagne 2010). It
could be a W UMa star. Although its membership prob-
ability from proper motion is calculated to be 0.24, both
photometric and spatial cluster membership are higher
than 0.98 (Kharchenko et al. 2004). In this case, this star
may be a member of the cluster.

V3: A § Scuti star. The light curves in Figure 8 show
rapid light variations with amplitude and cycle length
characteristic of § Scuti-like oscillations. Following
Bregeretal. (1993) and Wang et al. (2015), a power spec-
trum analysis was made with the algorithm Period04 con-
sisting of iterative prewhitening steps. The Fourier anal-
ysis only detected one dominant frequency of 19.8143
c/d with amplitude signal-to-noise ratio (S/N) higher than

4.0 in both filters, although the star seems to be multi-
periodic (see Fig. 8). The amplitude spectra of V3 are
depicted in Figure 9. The star is likely to be a cluster
member, although there are no PMP data available, since
its location in the CMDs is within the § Scuti instability
strip (Breger 1979).

V4: The phased light curves are seen in Figure 7. The
shape of the light curves exhibits typical EA-type light
variability, with deep primary minima and flat bright
parts. The orbital period of this star is estimated as
0.8651 days. There are no proper-motion data available
for the star. Its position in the CMDs is very close to the
isochrone while located far away from the cluster center.
We cannot draw any conclusion about its membership at
present.
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5 SUMMARY

In this paper, we reported the first CCD photometric
study of the northern open cluster NGC 744. The multi-
color BV RI CCD photometry revealed the main charac-
teristics of this cluster and time-series BV observations
led to the discovery of four new variable stars. The main
results of this research are the following:

(1) By performing standard photometric methods, we
have constructed the CMDs of NGC 744 in the
B —-V,V — R,and V — [ passbands. With a brief
isochrone fitting to the CMDs, the physical parame-
ters of the cluster were estimated as follows:

(m— M)y =11.58+0.2,
E(B—V)=0.35+0.05,

and logt = 8.30 £ 0.05.

(2) We have discovered four new variable stars in this
survey. Three were classified as eclipsing binary sys-
tems (V1, V2 and V4) with an EB-type star, an EW-
type star and an EA-type star respectively. One
Scuti pulsating star (V3) was detected.
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