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Abstract

Open clusters are the basic building blocks that serve as a laboratory for the study of young stellar populations in
the Milky Way. Variable stars in open clusters provide a unique way to accurately probe the internal structure,
temporal and dynamical evolutionary stages of individual stars and the host cluster. The most powerful tool for
such studies is time-domain photometric observations. This paper follows the route of our previous work,
concentrating on a photometric search for variable stars in NGC 884. The target cluster is the companion of NGC
869, forming the well-known double cluster system that is gravitationally bound. From the observation run in 2016
November, a total of 9247 B-band CCD images and 8218 V-band CCD images were obtained. We detected a total
of 15 stars with variability in visual brightness, including five Be stars, three eclipsing binaries, and seven of
unknown types. Two new variable stars were discovered in this work. We also compared the variable star content

of NGC 884 with its companion NGC 869.
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1. Introduction

Members of an open cluster (OC) are thought to be born in
almost the same molecular cloud, with similar ages and chemical
abundances, and all have nearly the same distance to Earth (Lada
et al. 1993; Friel 1995). Owing to such properties, the OC serves
as an ideal laboratory for the establishment of the theory of
stellar structure and evolution (Evans et al. 2009; Granada et al.
2018). In addition, various types of variable stars in open clusters
provide an extra tool for studying the fundamental stellar
parameters and the internal structure that otherwise cannot be
seen directly. Exotic objects that do not follow the standard
theory of stars are also quite common in an OC, such as blue
stragglers, hot subdwarfs etc. The pulsating variables and some
binary stars provide unique probes to the internal structure and
the information of age and surface gravity. For example: Geller
& Mathieu (2011) revealed the origin of mass exchange of blue
straggler stars in NGC 188 by estimating the masses of their
eclipsing binary companions. The study of variable stars has an
ample application in astronomy and cosmology. The classical
Cepheid, for instance, is a ruler to measure distance of galaxies,
and to determine accurate structure of the Milky Way. Chen
et al. (2019) used Cepheids to sketch the first intuitive three-
dimensional diagram of the Galactic stellar disk, thus discovered
the warp and its procession of the stellar disk of our galaxy.

NGC 884 in Perseus is sparse and young, and together with
NGC 869, is known as the Perseus double cluster (also known
as h and y persei due to their morphological locations). The
double cluster has been the focus of extensive researches on
OCs. As early as 1937, Oosterhoff (1937) studied the Perseus
double cluster on the basis of photographic plates. Subse-
quently, based on the modern photometry technology of CCD
and spectroscopic technology, astronomers studied the basic
physical parameters of the double cluster, determining a
reddening of the cluster as E(B — V) =0.52-0.56 mag (Sles-
nick et al. 2002; Currie et al. 2010), a distance modulus of
11.75-11.85 mag and an age of logAge =7.07-7.20 (Keller
et al. 2001; Currie et al. 2010). Zhong et al. (2019) used data
from Gaia data release 2 (DR2) to determine the distribution of
member stars in double clusters, and on the basis of this, they
discovered a possible long-stretching filamentary substructure
associated with the system, which indicates that the system is
undergoing an active dynamic interaction.

The 50 cm binocular network telescope (50BiN) is dedicated
equipment for the study of OCs in time-domain (Deng et al.
2013; Wang et al. 2015; Tian et al. 2016). In last few years, it
has observed NGC 2301 (Wang et al. 2015), NGC 188 (Chen
et al. 2016), NGC 744 (Wang et al. 2018) and NGC 869 (Zhuo
et al. 2021). The two clusters, NGC 869 and NGC 884, in the
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Figure 1. The color image extracted from Aladin showing the Perseus double
cluster, where the two white boxes represent the fields of view (FOV) of 50BiN
for NGC 869 (right) and NGC 884 (left).

double cluster system were intensively observed. Figure 1 is a
color image extracted from Aladin’ showing the Perseus
double cluster, where the two white boxes are the S0BiN FOV
for NGC 869 (right) and NGC 884 (left). The distance between
the center of two clusters is 2747, corresponding to 18.306 pc
in space. Due to the limited FOV of 50BiN (20" x 20'), we are
able to observe only one of the double cluster at one time. In
the previous work (Zhuo et al. 2021), we focused on variable
stars in the region around NGC 869.

In the current work, we used 50BiN to search for variable
stars in NGC 884 and its surrounding region. Combined with
previous work on NGC 869, we also carried out comparative
study of the Perseus double clusters. This paper is structured as
follows: the observations and data reduction is presented in
Section 2; Section 3 describes the data analysis, mainly giving
the classification of variable stars; Section 4 focuses on the
binary ratio of NGC 869 and NGC 884; Section 5 is a brief
summary.

2. Observations and Data Reduction

Time-series photometry of NGC 884 was taken by 50BiN in
2016 November. The telescope is equipped with two identical
optical tubes, mounted on either side of the telescope’s polar
axis (German equatorial), and the two tubes always point to the
same sky area during the mission. The optical system for each
tube consists of a 50 cm aperture R-C barrel, on which an
Andor DZ936 CCD camera (2K x 2K pixels) is applied at the
Cassegrain focus. The filter wheels for both are Johnson-
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Table 1
The Observation Log of NGC 884

Date Start Length Exp. (in s) Frames

(HJD 2,457,700+) (hr) B,V) (B, V)

2016 Nov 8 1.030 7.93 30, 40 810, 629
2016 Nov 14 6.976 8.84 30, 40 905, 703
2016 Nov 16 8.994 8.26 30, 40 847, 657
2016 Nov 17 9.969 8.64 30, 40 699, 649
2016 Nov 18 10.993 7.17 30, 40 107, 566
2016 Nov 20 12.995 797 30, 40 799, 629
2016 Nov 21 14.018 3.10 30, 40 320, 248
2016 Nov 22 14.987 7.29 30, 40 747, 577
2016 Nov 23 15.978 8.16 30, 40 523, 407
2016 Nov 24 16.983 5.23 30, 40 93, 370
2016 Nov 25 17.995 10.49 30, 40 1074, 833
2016 Nov 26 18.965 10.97 30, 40 896, 855
2016 Nov 27 20.008 7.20 30, 40 739, 575
2016 Nov 30 19.970 7.93 30, 40 688, 520

Cousins-Bessel UBVRI filters, so that any color combinations
can be available for any observational plan. The FOV of
20" x 20’ of unvignetting is realized at the focal planes, and the
pixel ratio is 07597'. Between 2016 November 8 and 2016
November 30, we acquired a total of 17,465 CCD images, of
which 9247 were in the B-band and 8218 in the V-band. For
this cluster, the B-band and V-band exposure times were 30 and
40s, respectively. Table 1 shows the observation log of
NGC 884.

Like our previous studies (Wang et al. 2015; Zhuo et al.
2021), the raw data of NGC 884 was processed by an
automated pipeline that performs the standard data reduction
steps including dark, bias and flat corrections, astrometric
calibration, and point source photometry. The results of this
procedure give instrumental magnitude of each detected star in
the FOV. As the primary goal of this work is to look for
variable stars using the technique of differential photometry, no
standard calibration images were taken during the observations.
Using the wealth of references to this cluster in the literature,
and especially observations that were also took in the Johnson-
Cousin system, we can relatively calibrate our images by using
the unsaturated non-variable stars in the field, thus converting
the instrumental magnitudes to the true apparent magnitude.
The following equations were used for the conversion:

B=b+a+aB—V)+ a:X + as¥ (1)

V=yv+4b+by(B—V)+bX+bY 2)

where B and V are the calibrated magnitudes, b and v are the
instrumental magnitudes derived from our images by the
pipeline, X and Y are the positions of the stars in the images,
and the coefficients ay, a,, as, a4 and by, b,, bz, 4, are all
obtained by least squares.
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3. Data Analysis

The Stetson variability index J (Stetson 1987) was first
calculated for each star using the B and V time-series
photometric light curves, and we paid more attention to stars
with J > 0.4 (Zhang et al. 2003). Variable star candidates were
then selected by visual inspection of both B-band and V-band
light curves. Note here that variable star candidates need to be

it
H.).D(+2457000)

Figure 2. Light curves of the 15 variable stars in the B and V bands.

718.2 720.0 720.3723.0 7233

eliminated if they are located close to the edge of the image or
contaminated by nearby bright stars. In the end, we detected a
total of 15 variable star candidates from the current data set,
labeled as V1-V15. Their light curves over the nine nights are
shown in Figure 2. The blue and black dots present the
differential magnitude AM in the B band and V band,
respectively.
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Table 2
The Basic Parameters of Variable Candidates in NGC 884
1D WEBDA 2000 62000 Vv B-V log Tos* Gmag BP — RP Parallax Member Type
(number) (deg) (deg) (mag) (mag) (K) (mag) (mag) (mas)
Vi 2242 35.510421 57.155697 10.938 0.346 4.405 10.888 0.5158 0.4299 Yes Be
V2 2085 35.429021 57.091858 11.170 0.469 4.308 11.166 0.5496 0.3349 Yes Be
V3 2433 35.614417 57.054875 10.995 0.259 4.316 10.936 0.4048 0.4372 Yes EA
V4 2351 35.565150 57.224733 11.813 0.379 4.235 11.687 0.5534 0.3865 Yes EA
V5 2633 35.754192 57.121314 11.915 0.435 11.787 0.6948 1.9615 No unknown
V6 2579 35.709554 57.147414 11.932 0.414 4.271 11.809 0.5486 0.4356 Yes Be/[5Cep
V7 2622 35.750296 57.203875 11.944 0.403 4271 11.816 0.5754 0.3848 Yes Be
V8 1977 35.353908 57.197919 12.267 0.503 4.273 12.101 0.6448 0.4446 Yes Be
V9 2646 35.767000 57.169128 12.168 0.409 4.270 11.993 0.5991 0.4050 Yes EA
V10 2110 35.441612 57.083608 12.683 0.401 4.257 12.563 0.5930 0.4257 Yes unknown
Vi1 2811 35.897388 57.215483 13.251 0.691 13.113 1.0176 0.7625 No unknown
Vi2 2345 35.557200 57.088156 13.136 0.299 4.270 13.029 0.4696 0.4123 Yes unknown
Vi3 2434 35.619442 57.258019 13.461 0.711 13.214 1.0207 0.7109 No unknown
Vi4 1990 35.357246 57.072700 13.559 0.473 4.176 13.435 0.6629 0.4090 Yes unknown
V15 2779 35.871404 57.236133 13.757 0.738 13.532 1.0281 0.8126 No unknown
Note.

# Slesnick et al. (2002).

We cross-checked the above 15 candidates with the
SIMBAD® by their coordinates, and found out that VI1-V10,
V12, V14, V15 have been confirmed as variable stars by
previous observational studies. For comparison purposes, we
add the WEDBDA 1D of these variable stars. Table 2 lists the
basic parameters of these 15 variable stars, where the coordinates
are in J2000, parallaxes and proper motion data are obtained
from Gaia DR3 (Gaia Collaboration et al. 2023), the member-
ship are derived based on these parameters (see Section 3.1). The
effective temperatures are from Slesnick et al. (2002). The last
column of the table gives a classification of the variable stars
according to their light curve morphological characteristics, their
periods and their position on the color-magnitude diagram
(CMD). The details of classifications are discussed below.

3.1. Membership Analysis

In order to classify the variable stars, it is necessary to determine
the membership of the variable star candidates. Thanks to the
astrometric and photometric data of Gaia DR3, we can derive
membership information for all stars in our time-series photometric
data. Column 11 of Table 2 shows the membership flag.

First, we used data from the cores of NGC 869 (o = 3427408,
6=57°1339) and NGC 884 (o =35°5841, 6 =57°1489), with
a range of about 15’ radius, as samples for identifying member
stars. Nulling is done while preserving the R.A., decl., proper
motion, parallax, Gmag, and BP — RP. Next, we selected stars
with Gmag < 18 mag based on the limiting magnitude of 50
BiN and the Gmag error of Gaia DR3. As shown in Figure 3, we
used a double Gaussian approach for analyzing the pmRA (a) as

8 hitp: / /simbad.u-strasbg.fr/simbad/

well as the pmDEC (b) of NGC 869 and NGC 884, respectively.
The red line in the figure represents the member stars of NGC 869,
and the red dotted line represents the field stars of NGC 869; the
blue line represents the member stars of NGC 884, and the blue
dotted line represents the field stars of NGC 884. By working in
pmRA-pmDE plain, we carried the membership determinations for
the double clusters, which give 1513 member stars for NGC 869
and 1311 member stars for NGC 884. The sigma constraint was
then applied to the parallaxes, resulting in 1368 and 1154 member
stars for NGC 869 and NGC 884. In order to ensure the reliability
of the member stars, we cross checked our results with those of
Currie et al. 2010, and the overlap is over 80%.

Finally, through cross-certification, 11 of the 15 variable
stars were found to be cluster member stars. Figure 4 shows the
position of variable stars on the CMD, with different symbols
for different types. Cyan dots represent cluster members,
hollow circles represent variable stars that are cluster members,
and solid circles represent those the none-members. Blue
hollow circles are Be stars, red hollow circles are eclipsing
binaries (EBs), orange hollow circles and orange solid circles
are variable stars with unknown types. The black solid line
shows the Padova theoretical isochrone (Bressan et al. 2012)
with the cluster parameters from Currie et al. (2010).

3.2. The Discovery of Two New Variable Stars

We plot the temperature versus luminosity (HR) diagram for
the 15 variable stars, as shown in Figure 5. The yellow and
cyan dashed lines represent the theoretical instability strips of §
Cephei and slowly pulsating B (SPB) (Miglio et al. 2007), and
the black and green dashed lines represent the theoretical
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Figure 3. Distribution of proper motions for stars in NGC 869 and NGC 884.
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Figure 4. CMD of NGC 884 with the locations of the 15 variables marked.

instability strips of § Scuti and v Doradus (Xiong et al. 2016).
The effective temperatures of the red star symbol in Figure 5
were from Slesnick et al. (2002). The effective temperatures of
the blue triangle were calculated based on the empirical
relationships provided by Torres (2010). The luminosity was
then obtained using the method described by Joshi et al. (2020).

The two new variable stars found in this study are V11 and
V13. Although V11 and V13 are close to the ¢ Scuti and
Doradus instability strips, they are non-member stars and
therefore cannot be associated with any known variable class

based only on their locations. However, significant photometric
variations can be observed in their light curves.

3.3. Be Stars

In this work, the toolkit Period04 (Lenz & Breger 2005) was
used to analyze the frequency of light curves of the variable
candidates. Depending on the location in the CMD, the period
and light curve morphology, the variable stars V1, V2, V6,
V7 and V8 are classified as Be stars (Slettebak 1985; Keller
et al. 2001; Bragg & Kenyon 2002; Dimitrov et al. 2018),
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Figure 5. HR diagram of 15 cluster variable stars. The yellow, cyan, black and green dashed lines represent the theoretical instability strips of 3 Cephei, SPB, ¢ Scuti

and « Doradus, respectively.

which are B-type stars that have one or more Balmer emission
lines in their spectra (Collins 1987). We only detected a
dominant frequency of f=1.570087 cday ' for V1. V6 was
classified as a Be star by Bragg & Kenyon (2002) in their
spectroscopic observations with low emission line intensities,
and was later classified as a 3 Cep by Labadie-Bartz et al.
(2020) by frequency analysis of the light-curve of known
O- and B-type stars, and obtained a major frequency f=
4.414700 c day .

3.4. Eclipsing Binaries

The variable stars V3, V4, V9 are classified as EBs. An EB
system is one in which two stars orbit around a common
gravitational center. According to the light-curve shape, EBs
can further be divided into EA-type, EB-type and EW-type. For
V3, V4 and V9, the International Variable Star Indexg(VSX)
gives the type as EA-type. EA-type (also known as the Algol
type), is a type of EB with two detached components. From our
time-series photometric data, the period of V3 can be calculated
as P = 0.94378 day, which confirms 0.94524 day, as given by
VSX. In addition, the period given by Saesen et al. (2010) is
0.95 day. The two variable stars, V4 and V9, whose entire
cycle of orbit have not been covered by our mission, although
the light-curve minima reveal their type. The period of V4 was

® hitp:/ /www.aavso.org/vsx/

determined as 11.61 days by Saesen et al. (2010), which is not
specified by VSX. Particular attention is noted for V9, whose
period is suggested as 2.7348 days in VSX. However, VSX
period for this object is significantly different from the 8.2 days
of Saesen et al. (2010). This obvious discrepancy deserves
further study.

3.5. Other Variables

Among the other seven variable stars, V5, V11, V13, and
V15 are non-member stars and are tentatively classified as
unknown types. The frequency of V5 is f = 8.236 cday ' in
the study of Saesen et al. (2010), and nine frequencies were
extracted in the follow-up study Saesen et al. (2013). The
frequencies from our study are f = 21.195193 ¢ day ' for V11,
f=15.118787 cday ' for V13, and f =29.028512cday '
for V15.

V10, V12, and V14 are cluster member stars that are located
near the SPB instability strips, and could be candidates for
further study. Due to the limitation of the data duration, we
extracted the frequency fz = 5.349821 cday ' in the B band
and f, =4.351627 cday ' in the V band for V10. These are
slightly different from the two frequencies f; = 2.6004 ¢ day '
and f,= 5.4289000day71 of Saesen et al. (2013). The
frequency f = 3.000267 cday ' of V12 is different from both
frequencies f; = 1.99999 c day ' and f> = 1.858900 c day ' of
Saesen et al. (2013). For V14, we extracted the frequency


http://www.aavso.org/vsx/

Research in Astronomy and Astrophysics, 24:025003 (10pp), 2024 February

14.0

20 25 30
BP-RP

> .
@ o (e
K ”, o
&,
15.2 A °

1s0] VR -

e .‘.

O.. ..
1481 "‘nde. &0,

° ' °

;..?.oo. . .
1464 0% <00,
L]
LN )

..c L)

14.4 - :..5!%? ee o ° .

-3.0 -2.8 -2.6 =24 -2.2 -2.0 -1.8 -1.6
X

Wang et al.

) 2.5 3.0
BP-RP
e o0 o
& o ° °
LY o .
15.4 - 0'!:.';4' o ° -
°y
e
15.2 4 ..-: :'..- °s .' . .
° °
.“?-?’.8. N ree .
- [} )
>0 Rl &,
i AR
14.8 1 :";o)-o oo
R fc‘-‘. e ©
o L]
14.6 - vs °
AN
°
14.4 ‘s.:-' et to

-3.0 -2.8 -2.6 -2.4 -2.2 -2.0
X

Figure 7. Candidate positions after rotation in NGC 869 (left) and NGC 884 (right).

f =2.979968 c day ' which agrees with f =2.974200 ¢ day '
from Saesen et al. (2013).

4. Binary Contents of the Double Clusters

The member stars of the cluster are determined in
Section 3.1 and on this basis the ratio of binary stars in the
cluster is calculated. In the first step, we selected stars within
the range 14 < Gmag < 17 in the CMD as a sub-sample. We
divided Gmag into 15 equal bins, and determined the highest
density point in each bin in order to fit a curve using least
squares, such that we defined the main sequence (MS) ridge
line. When limited to the sub-sample, the MS ridge is almost a
straight line. In order to find out the binary content, it is better
to built a new coordinate system using the MS ridge line as the
Y-axis (pseudo magnitude), and define the direction

perpendicular to the averaged direction of MS ridge line as
the X-axis (pseudo color). To define the Y-axis, we calculated
the average tangents of the 15 bins, as well as found the angle
of the average tangents with respect to the current coordinate
system. Figure 6 shows the positions of the 15 tangents in NGC
869 (left) and NGC 884 (right). Subsequently, the stars in the
sub-sample were then converted into the new coordinate
system (Figure 7). The histogram of all targets in pseudo color
is created, so that the binary ratio can be calculated, using a bin
size of 0.05 mag (Figure 8).

The scatter of stars in Figure 8 has two sources, one is the
photometric error and the other is that the stars have invisible
companions (binary). In the pseudo color—pseudo magnitude
diagram, the peak of the distribution denotes the MS ridge. It is
clear that there is no binary on the left side of the MS ridge,
therefore stars in the MS ridge are all single stars with random
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Figure 8. Rotation point histograms of NGC 869 (left) and NGC 884 (right). The red curve is a Monte Carlo simulation curve.
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Figure 9. Monte Carlo simulation of single stars in NGC 869 (left) and NGC 884 (right).

photometric error. Whereas on the right side of the MS ridge,
we find both single stars with photometric error and binary stars
also baring such errors. Then, we fit the first four bins (up to the
MS ridge) with a Gaussian curve to draw mirror curves, and
this should account for all single stars. The binary content can
be calculated using Monte Carlo simulations to fit two
Gaussians for the two components of singles and binaries.
The histograms of simulated single stars are shown in Figure 9
for the two clusters.

Finally, we subtracted the corresponding bin in Figure 9
from the corresponding bin in Figure 8 for NGC 869 (left) and
NGC 884 (right), and obtained the histograms as shown in
Figure 10. To compare the photometric of binary component
and single stars, we show the photometric of single stars in the
blue histogram in Figure 10. The red curve in Figure 10 is the

Gaussian fitting curve. By calculating the corresponding area
below the curve, the binary ratio of the clusters can be
calculated. As a result, the binary star ratio is less than 0.122
for NGC 869 and less than 0.192 for NGC 884 .

5. Summary and Discussion

This is the third paper on the study of variable stars in open
clusters. NGC 884, one of the young OCs in the well known
Perseus double cluster, was intensively observed over 14 clear
nights in 2016 November using the 50BiN telescope. B and V
Johnson-Cousin filters were used during the observations,
providing more than 17,000 images for both passbands. Based
on the catalog of differential photometry, we carried out a
search for variable stars in the same way as our previous work
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Figure 10. Green histogram of the difference between Figure 8 and Figure 9 (NGC 869 (left) and NGC 884 (right)). Blue histogram is Figure 9. The red curve in the

figure is a Gaussian fitting curve.

Table 3
The Comparison of NGC 884 and NGC 869
oC Age Metallicity R Mass Member Binary Pulsating
(Myr) (arcmin) (M) (Gaia) B Cep SPB 8 Cep/SPB Be & Sct/~ Dor others
NGC 869 13.5 14.4* 5500° 1368 7 4 7 1 4 2 3
NGC 884 14.0 10.5% 4300° 1154 3 5 7
Notes.

# Zhong et al. (2019).
® Bragg & Kenyon (2005).

on NGC 2301 (Wang et al. 2015) and for the other member of
Perseus double cluster NGC 869 (Zhuo et al. 2021).

This major find of the current work is summarized in the
following:

1. By using the technique of differential photometry, we
detected 15 variable stars in the FOV of 20’ x 20'.
According to the constraints on the properties of proper
motions and parallax, V1-V4, V6-10, V12, and V14 are
cluster member stars, while V5, V11, V13, and V15 are
field stars.

. The two stars, V11 and V13 are newly discovered.

3. The V7 light curves show similar features to the EB light
curves, which can be further investigated.

. The binary star ratio is less than 0.122 for NGC 869 and
less than 0.192 for NGC 884.

Compared to NGC 869, the companion cluster NGC 884 has
a very different variable star content. Table 3 shows the
comparison of variable stars between NGC 869 and NGC 884.
The double clusters are dynamically bound together and have
the same physical properties including age and metallicity. It is
very likely that these two clusters have a common origin and

are co-evolving in terms of dynamics. The difference in
variable star contents, especially in binary systems, infers that
the system may have undergone dynamical interactions that
have modified the stellar contents in both clusters (Bidel-
man 1943; PiSmi§ 1953; Vogt 1971). Further studies on the
issue of stellar components in both clusters in connection with
dynamical co-evolution of this unique double cluster system
will be needed.
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