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Abstract: We present the results of BV time-series photometry of the globular cluster NGC 288. Ob-
servations were carried out to search for variable stars using the Korea Microlensing Telescope Network
(KMTNet) 1.6-m telescopes and a 4k pre-science CCD camera during a test observation from August
to December, 2014. We found a new SX Phe star and confirmed twelve previously known variable stars
in NGC 288. For the semi-regular variable star V1, we newly determined a period of 37.3 days from
light curves spanning 137 days. The light-curve solution of the eclipsing binary V10 indicates that the
system is probably a detached system. The pulsation properties of nine SX Phe stars were examined by
applying multiple frequency analysis to their light curves. We derived a new Period-Luminosity (P -L)
relation, 〈MV 〉 = −2.476(±0.300) logP − 0.354(±0.385), from six SX Phe stars showing the fundamental
mode. Additionally, the period ratios of three SX Phe stars that probably have a double-radial mode were
investigated; PFO/PF = 0.779 for V5, PTO/PFO = 0.685 for V9, PSO/PFO = 0.811 for V11. This paper
is the first contribution in a series assessing the detections and properties of variable stars in six southern
globular clusters with the KMTNet system.
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1. INTRODUCTION

A globular cluster is a stellar group mainly consisting of
population II stars, and it is considered to have formed
around the same time as the formation of the Milky
Way. Individual stars in a cluster have similar ele-
ments and age differing in their initial masses, so that
they show various stages of stellar evolution on a color-
magnitude diagram (CMD). In particular, research on
variable stars in a globular cluster enables us to under-
stand the properties of the parent system itself as well
as the physical properties of each variable star (Walker
2000; Mazur et al. 2003). The most common variable
stars found in globular clusters are RR Lyr and SX Phe
stars. RR Lyr stars play a key role as a distance in-
dicator, since they have a constant absolute brightness
regardless of their period. SX Phe stars also can be used
as a precise distance indicator for globular clusters, be-
cause their P -L relation has been clearly established
in theory and observation (Kopacki 2015; McNamara
1995; Nemec et al. 1994). SX Phe stars are found
mainly in the blue straggler star (BSS) region which is
located in a hotter and brighter region than the main
sequence turn-off. Because pulsating variable stars pro-
vide more information in comparison with non-variable
stars, research on SX Phe stars enables investigation
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into physical properties of the stars itself in detail, and
they give us important clues on the origin of the BSS
(Jeon et al. 2003). In order to understand the prop-
erties of variable stars in the globular cluster, we per-
formed a time-series photometric study using the Korea
Microlensing Telescope Network (hereafter, KMTNet)
system.

KMTNet is a network of three photometric obser-
vation systems installed by Korea Astronomy and Space
Science Institute (KASI). Each system consists of a 1.6-
m wide-field optical telescope and an 18k×18k pixel mo-
saic CCD camera having a 2.0×2.0 square degree field
of view (FOV). It is located in three different conti-
nents at a similar latitude of about 30 degrees in the
Southern Hemisphere (Kim et al. 2016). The first tele-
scope was installed at Cerro-Tololo Inter-American Ob-
servatory (CTIO) in Chile in May 2014, and the second
at South African Astronomical Observatory (SAAO) in
South Africa in August 2014, and the last at Siding
Spring Observatory (SSO) in Australia in November
2014. In advance of commissioning of the science mosaic
CCD cameras, we tested the optical performance of the
telescopes at each site, and simultaneously performed
time-series observations of six globular clusters (NGC
288, NGC 1851, NGC 3201, NGC 4372, NGC 6752,
and NGC 6809) using a 4k pre-science CCD camera
having a 25×25 arcmin2 FOV. The observations were
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Figure 1. (Left) I-band CCD image of NGC 288 obtained using a 4k pre-science CCD camera. (Right) Location of variable
stars discovered so far. The newly discovered SX Phe star (V13) from this study is shown in the 1.0 × 1.0 arcmin2 FOV.
North is up and East is to the left.

conducted as a system validation program of the KMT-
Net project which was designed mainly for the detection
of the extrasolar planets by the gravitational microlens-
ing method but also for various other science cases, as
described in Park et al. (2012).

NGC 288 (R.A.J2000 = 00:52:45.24, DEC.J2000 =
−26:34:57.4) belongs to Sculptor constellation and is
close to the Southern Galactic Pole (l = 152.30, b
= −89.38), where the interstellar reddening shows a
low value of E(B − V ) = 0.02±0.01 (Martinazzi et
al. 2015). According to the Catalog of Parameters
for Milky Way Globular Clusters by Harris (1996, 2010
edition1), the metallicity and distance modulus of NGC
288 are [Fe/H] = —1.32 and (m−M)V = 14.84, respec-
tively. Twelve variable stars - a semi-regular variable
star (Oosterhoff 1943), two RR Lyr stars (Hollingsworth
& Liller 1977; Kaluzny 1996), eight SX Phe stars
(Kaluzny 1996; Kaluzny et al. 1997; Martinazzi et
al. 2015), and an eclipsing binary star (Kaluzny et al.
1997) - have been found so far in NGC 288. The loca-
tion of each variable star in the FOV is shown in Figure
1. For detailed information of each variable star, see
Table 1.

Because the tidal radius is 12.94 arcmin (Harris
1996, 2010 edition) and various types of variable stars
are in the range of 12-20 mag, we chose NGC 288 as
the first target to be studied among the observed six
globular clusters. From this study, we intend to check
the photometric performance by comparing new light
curves with previous results, and we search for new
variable stars and improve the physical properties of

1http://physwww.mcmaster.ca/~harris/Databases.html

variable stars using the high cadence and multi-band
photometry. This paper is organized as follows: obser-
vations and data reduction are described in Section 2,
physical properties and characteristics of the variable
stars are discussed in Section 3, and a brief summary is
given in Section 4.

2. OBSERVATIONS AND DATA REDUCTION

The observations of NGC 288 were carried out from Au-
gust 3 to October 6, 2014, at KMTNet-SAAO, and from
November 12 to December 24, 2014, at KMTNet-SSO.
We obtained a total of 2 253 CCD frames during 140
hours over a span of four months. For this study, we
used an SBIG STX-16803 CCD camera and a Johnson-
Cousins BV I filter system. The CCD camera has 4 096
× 4 096 pixels, with a pixel scale of 0.36 arcsec/pixel,
covering an FOV of 25 × 25 arcmin2. To detect var-
ious types of variability, the observation strategy was
made considering exposure time and cadence. Firstly,
we obtained more than three images per night with 60 s
exposure in the B-band and 30 s in the V -band in or-
der to detect relatively bright and long-period variable
stars in NGC 288. Secondly, we carried out consecutive
observations of more than 4-5 hours with 300 s in the
V -band to search for SX Phe stars ranging from 17 mag
to 18 mag in the BSS region. Since the pulsation period
of SX Phe stars is short, the observation cadence is lim-
ited to less than six minutes. Thirdly, we conducted an
observation with 300 s and 150 s in the B-band and V -
band, respectively, for RR Lyr stars with V ∼ 15 mag
in the horizontal branch and eclipsing binaries. Some-
times we used longer exposure times under bad seeing
conditions.
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Table 1

Photometric parameters of all variable stars in NGC 288.

Star Type R.A. DEC. 〈B〉 〈V 〉 〈I〉

V1 SR 00:52:41.16 −26:33:25.93 14.111 12.528 -
V2 RR Lyr 00:52:46.71 −26:34:07.13 15.615 15.238 14.728
V3 RR Lyr 00:52:40.30 −26:32:28.40 15.427 15.149 14.861
V4 SX Phe 00:52:42.86 −26:34:45.09 17.521 17.237 16.917
V5 SX Phe 00:52:45.05 −26:33:51.81 17.764 17.569 17.301
V6 SX Phe 00:52:42.46 −26:34:54.22 17.525 17.309 16.946
V7 SX Phe 00:52:41.46 −26:33:59.32 18.191 17.947 17.663
V8 SX Phe 00:52:44.34 −26:33:59.33 18.087 17.856 17.586
V9 SX Phe 00:52:42.95 −26:34:09.27 17.784 17.538 17.214
V10 W UMa 00:52:47.95 −26:33:01.63 19.750 19.150 18.506
V11 SX Phe 00:52:58.74 −26:35:57.25 17.789 17.540 17.232
V12 SX Phe 00:52:48.26 −26:35:12.83 17.790 17.534 17.193
V13a SX Phe 00:52:48.01 −26:35:15.48 18.087 17.829 17.524

R.A. and DEC. coordinates (J2000.0) were obtained from World Coordinate System. Mean 〈B〉, 〈V 〉 mag were calculated from time-
series photometry and mean 〈I〉 mag was the result of error-weighted mean for four-exposure which is described in Section 2.
a Newly discovered SX Phe star in this work.

In addition, we performed BV I observations to
construct the CMDs for the monitored field. Four dif-
ferent exposure times were used to increase the dynamic
range of the sample, including as many stars as possi-
ble with a good signal to noise ratio in each band: 14 s,
200s, 600 s, and 1 000 s in the B-band, 6 s, 100 s, 300 s,
and 700 s in the V -band, and 4 s, 50 s, 150 s, and 400 s
in the I-band. All observed images of NGC 288 were
bias corrected and flattened using the IRAF/CCDRED
package. The point-spread function (PSF) photome-
try of pre-processed images was performed using the
IRAF/DAOPHOT package (Stetson 1987; Massey &
Davis 1992) according to standard procedure. I-band
images were used for identification of stars. A total of
11 358 stars down to 21.5 mag were identified from the
observation. The magnitude offset between short and
long exposures was corrected by applying a zero-point
correction. Instrumental magnitudes were determined
by error-weighted mean. The instrumental magnitudes
of stars were standardized using Stetson Standard Star
Catalog2 (Stetson 2000) matching 637 stars with our
observation field. Among the standard stars in the cat-
alog, we finally selected 107 stars based on the following
two conditions: (a) located on the outskirts, more than
5 arcmin away from the center of the cluster (i.e., it
is isolated), (b) observed more than 10 times indicat-
ing credible data. These standard stars are distributed
in the color range of −0.5 < B − V < 1.5, between
15-18 mag. Standardization coefficients were estimated
from images with 600 s in the B-band, 300 s in the V -
band, and 150 s in the I-band. We finally obtained the
standard magnitudes of all the stars with the following
standardization equations:

B = b + 0.300(±0.009) (B− V )− 1.848(±0.007) (1)

V = v + 0.029(±0.006) (B− V )− 1.543(±0.005) (2)

I = i+ 0.020(±0.006) (V − I)− 2.397(±0.005) (3)

2http://www.cadc-ccda.hia-iha.nrc-cnrc.gc.ca/en/
community/STETSON/standards/

where b, v, i and B, V, I represent the instrumental and
standard magnitudes, respectively. Figure 2 shows
CMDs from the present work. In order to estimate the
cluster parameters of NGC 288 based on our CMDs,
we applied the Dartmouth Stellar Evolution Program
(DSEP)3 model (Dotter et al. 2008). The red solid
lines of each panel represent the best multi-chromatic
isochrones fit with respect to our (B − V vs V ) and
(V − I vs V ) CMDs. We obtained the updated values
for NGC 288 with an age of 13.5 Gyr, metallicity of
[Fe/H] = −1.39, and distance modulus of (m−M)V =
14.75 mag. A value of interstellar reddening E(B − V )
= 0.02 mag was taken from Martinazzi et al. (2015),
and E(V − I) was adopted from the average E(V –
I)/E(B – V ) ratio of 1.35 suggested by Kunder et al.
(2013).

We analyzed the time-series CCD images using the
Difference Image Analysis Package (hereafter DIAPL)4

to minimize the blending effect in the central region of
NGC 288. DIAPL has the advantage of detecting faint
variable objects, although it requires a complicated cali-
bration process to convert flux-scale to magnitude-scale.
To produce light curves, we stacked the three best im-
ages having less than 1 arcsec of seeing and it was con-
volved with derived kernels to be differenced with each
time-series image. Then we obtained the flux-scale light
curves from residual images.

We used the IRAF/DAOPHOT package to obtain
the magnitude-scale light curves by using the PSF pho-
tometry of the target stars. In order to standardize
the instrumental magnitudes of all of the CCD frames,
we applied an ensemble normalization technique which
can correct the variable PSF effects due to a color in-
dex and two-dimensional position-dependent terms of
the stars in CCD frames (Kim et al. 2001; Gilliland
& Brown 1988). Finally we obtained magnitude-scale
light curves by aligning between the DIAPL flux curves

3http://stellar.dartmouth.edu/models/
4http://users.camk.edu.pl/pych/DIAPL/
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Figure 2. (B−V vs V ) and (V − I vs V ) CMDs of NGC 288. Black dots represent all the stars in the entire 25× 25 arcmin2

FOV. All variable stars are represented in the left panel with different symbols: a semi-regular variable star with an open
square, RR Lyr stars with filled squares, an eclipsing binary star with a red triangle, SX Phe stars with open circles, and a
new SX Phe star with a filled circle.

and the PSF magnitude ones.

3. VARIABLE STARS

For the detection of variable candidates, we used the DI-
APL/GETVAR task which finds positions of flux vari-
ations based on the standard deviation for each pixel of
all series of residual images. By the visual inspection
for all light curves of the candidates, we discovered a
new SX Phe star, and confirmed twelve already known
variable stars: a semi-regular variable star, two RR Lyr
stars, an eclipsing binary star, and eight SX Phe stars.

3.1. Semi-Regular Variable Star

Short exposure observations of B and V -bands were
performed to search for the bright long-period variable
stars regardless of the weather or seeing conditions. De-
spite the visual inspection of 441 stars which were lo-
cated in the AGB regions (V > 17 mag and B − V >
0.4) in our CMD, we could not find any new variable
star which exhibited a clear variable pattern except the
already known variable star V1. V1 is a semi-regular
variable star that was first discovered in NGC 288 by
Oosterhoff (1943). Due to its high brightness and long-
period, V1 had not been observed frequently compared
to other variable stars in the same cluster, and therefore
its period and amplitude has not been updated. How-
ever, through our observation spanning 137 days, the

maximum brightness of V1 was observed three times.
With the PERIOD04 program (Lenz & Breger 2005),
we determined a new period of 37.3 days which is much
shorter than that of 103.0 days as reported by Oost-
erhoff. He reported the amplitude range of 0.6 mag
but did not explain how to calculate the mean bright-
ness. Therefore, we can not directly compare changes in
amplitudes between the two studies. In order to com-
pare Oosterhoffs period with ours, two light curves were
plotted to the same time scale of 200 days as shown in
Figure 3.

3.2. RR Lyr Stars

There are two known RR Lyr stars in NGC 288: V2 and
V3 are classified as RRab and RRc types, respectively.
The former was discovered from the photographic plates
by Hollingsworth & Liller (1977) and the latter from the
CCD photometry by Kaluzny (1996). The new periods
of V2 and V3 were determined to be 0d.6777488(6) and
0d.430350(7), respectively, from our KMTNet observa-
tions using a discrete Fourier transform (DFT) algo-
rithm (Kim & Lee 1990). Their light curves are dis-
played in Figure 4.

In order to investigate the period changes of the
RR Lyr stars, we have collected all photometric data
from the literature (Kaluzny et al. 1997; Arellano Ferro
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Table 2

Observed maximum brightness times of RR Lyr stars

V2 V3

HJD (2400000+) Cycles O −C HJD (2400000+) Cycles O − C Sources

48545.5952(24) −12301 −0.0007 48545.669220(73) −19408 0.0078 Kaluzny et al. (1997)
48547.6304(21) −12298 0.0013 48548.683887(99) −19401 0.0112 Kaluzny et al. (1997)
48549.6623(25) −12295 −0.0001 48555.552500(46) −19385 −0.0030 Kaluzny et al. (1997)
48566.6056(20) −12270 −0.0005 48567.599457(54) −19357 −0.0011 Kaluzny et al. (1997)
49907.8708(20) −10291 −0.0001 Kaluzny et al. (1997)

55541.9982(68) −1978 0.0015 55542.105807(66) −3144 0.0259 Arellano Ferro et al. (2013)
55871.147722(39) −2379 −0.0185 Arellano Ferro et al. (2013)

56882.5845(32) 0 0.0005 56894.548520(49) 0 −0.0117 This work
56884.6161(18) 3 −0.0010 56900.574522(60) 14 −0.0082 This work
56886.6501(27) 6 −0.0003 56906.608563(64) 28 0.0033 This work
56907.6616(25) 37 0.0010 56975.023357(41) 187 0.0198 This work
56974.0806(22) 135 0.0006 This work

The ephemeris for each RR Lyr star are calculated by on-line data acquired from ADS services.

Figure 3. Light curves of the semi-regular variable star V1.
The upper panel is the light curve based on the data from
Oosterhoff (1943). The lower panel shows our BV light
curves. Open and filled circles represent observation points
in B and V -bands, respectively. The red lines represent
sinusoidal fits to the data for V1 with our new period.

et al. 2013). Using data spanning about 23 years in-
cluding ours, maximum brightness times of V2 and V3
were calculated with polynomial fitting method, and
the measurements with their uncertainties are listed in
the first and fourth columns of Table 2. We applied a
linear least-squares fit to all maximum times to obtain
a mean ephemeris for each RR Lyr star. As a result,
we determined the following improved ephemerides:

Max. time (V2) = HJD 2456882.58391(3)

+ 0.677748805(3)E. (4)

Max. time (V3) = HJD 2456894.56023(2)

+ 0.430178215(2)E. (5)

Figure 4. Phase diagrams of two RR Lyr stars. The upper
panel, V2, is an RRab type star and the lower panel, V3, is
an RRc type star. In each panel, the open and filled circles
represent B and V observations, respectively.

The numbers in parentheses indicate the 1σ-
error values on the last decimal of each term of the
ephemerides. The resulting O − C residuals of V2 and
V3 calculated with the above equations are listed in the
third and sixth columns of Table 2, respectively, and
plotted in Figure 5. As shown in the figure, V2 appears
at present to have a constant period, and its standard
deviation (σ) of all timing residuals was determined to
be 0.0008. In the case of V3, the standard deviation of
σ = 0.0140 is much larger than that of the V2. How-
ever, we could not find any period change in the O−C
diagram of V3 which has the possibility of increasing
period mentioned by Kaluzny et al. (1997). The dis-
persion of O−C for V3 is larger than the measurement
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Figure 5. The O−C diagrams of V2 (upper) and V3 (lower)
from the equations (4) and (5). The open circles are our
data, and the filled circles and filled square represent the
maximum brightness times derived by us from the obser-
vations of Kaluzny et al. (1997) and Arellano Ferro et al.
(2013), respectively.

uncertainties of the maximum brightness times. It is
interpreted that this is because of a variation of low
amplitude additional frequencies apart from the domi-
nant pulsation frequency. In the same manner, it pro-
duces the scatter of the light curves of V3 shown in the
phase diagram of Figure 4. We could not identify the
additional frequencies from our analysis due to a lack
of Nyquist sampling.

3.3. Eclipsing Binary Star

New light curves of the eclipsing binary star V10 were
obtained from the KMTNet observations. As seen in
Figure 6, the light curve seems to be similar to that of
the previous observations (Kaluzny et al. 1997) show-
ing large scatter, since V10 is a faint star (V = 19.15
at a maximum light) and may be contaminated by a
neighbouring bright star (see Figure 1). Nevertheless,
the light curves of V10 clearly show the primary and
secondary eclipses. In order to derive the photometric
solutions of the binary star, we analyzed simultaneously
both their V -band and our BV -bands light curves using
the Wilson-Devinney binary code (Wilson & Devinney
1971, hereafter W-D).

To analyze the binary light curve, the effective tem-
perature of the hot primary star was fixed at 5 964 K,
as derived from Flower’s (1996) table by adopting the
color index B − V = +0.60 of V10 obtained in this pa-
per and E(B − V ) = +0.02 given by Martinazzi et al.
(2015). Because there is no previous light-curve solu-
tion of this binary system, we conducted an extensive
q-search. This procedure showed acceptable photomet-
ric solutions only for a detached configuration, where
both components do not fill their limiting Roche lobe.

Figure 6. BV light curves of the eclipsing binary V10 with
the fitted model. Diamond symbols are the V data taken
from Kaluzny et al. (1997), and open circles present our
BV measures from KMTNet.

Table 3

Binary parameters of V10

Parameter Primary Secondary

T0 (HJD) 2,456,873.70556(54)
P (d) 0.43875410(6)
q 0.798(2)
i (deg) 70.3(4)
T (K) 5,964a 5,474(37)
Ω 3.768(61) 3.726(31)
Ωin 3.414
Xa

bol, Y
a
bol 0.644, 0.213 0.645, 0.189

xa
B , ya

B 0.834, 0.149 0.847, 0.076
xa
V , ya

V 0.755, 0.239 0.780, 0.191
l/(l1 + l2)B,KMTNet 0.68(2) 0.32
l/(l1 + l2)V,KMTNet 0.65(3) 0.35
l/(l1 + l2)V,Kaluzny 0.65(3) 0.35
r (pole) 0.332(5) 0.300(2)
r (point) 0.376(8) 0.341(3)
r (side) 0.344(5) 0.310(2)
r (back) 0.360(7) 0.327(2)
r (volume)b 0.346(7) 0.313(3)

All quoted uncertainties were calculated from the Differential
Corrections subroutine of the Wilson-Devinney Code.
a Fixed parameter.
b Mean volume fractional radii were calculated from the tables of
Mochnacki (1984).

The q searches indicated that the optimal solution is a
mass ratio of around q = 0.80, which was adopted as
the initial value and adjusted to derive subsequent pho-
tometric solutions. Our light-curve solutions are listed
in Table 3. The fill-out factor (f) of the primary and
secondary stars were determined to be 91% and 92% by
f = Ωin/ΩStar, respectively, where Ωin is the potential
of the inner critical surface in Roche geometry. The re-
sults indicate that V10 is a detached binary, not a W
UMa-type contact system proposed by Kaluzny et al.
(1997).
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Table 4

Pulsation Properties of the SX Phe starsa

Name value B V

Freq. Amp. Phase S/N Freq. Amp. Phase S/N 2015b modesc Remarks
(c/d) (mag) (c/d) (mag) (c/d)

V4 f1 12.6463 0.163 −1.29 29.21 12.6465 0.129 2.60 30.84 12.7700 F
f2 25.2929 0.063 0.67 19.44 25.2930 0.053 2.65 21.06 25.3672 2f1
f3 37.9395 0.026 2.63 10.05 37.9401 0.021 1.80 9.81 37.9558 3f1
f4 50.5861 0.010 4.62 4.29 50.5865 0.009 −0.23 5.31 50.5443 4f1

V5 f1 19.5825 0.219 −0.88 32.73 19.5822 0.185 −0.35 32.93 19.6129 F f1/f3=0.779
f2 39.1648 0.054 4.40 12.17 39.1648 0.047 4.41 10.89 – 2f1
f3 26.1414 0.027 −1.30 5.98 25.1463 0.029 3.35 7.73 25.0821 FO
f4 44.7166 0.016 1.64 4.09 43.7229 0.016 2.42 5.13 – f1+f3

V6 f1 14.8763 0.214 1.87 25.20 14.8762 0.172 −0.09 27.30 15.0423 F
f2 29.7526 0.092 1.22 19.76 29.7527 0.075 3.17 21.76 29.8773 2f1
f3 44.6288 0.040 −1.19 10.64 44.6288 0.035 −1.19 13.61 44.4012 3f1

V7 f1 25.0194 0.035 3.77 11.40 25.0196 0.030 1.25 12.80 24.9957 F

V8 f1 21.4923 0.034 3.02 11.80 21.4925 0.022 0.60 10.49 21.4705 F

V9 f1 25.3998 0.027 3.11 9.49 25.3996 0.023 −0.70 10.88 25.8510 nonradial
f2 24.6141 0.021 −0.25 8.45 24.6142 0.017 1.77 8.91 24.6069 FO f2/f3=0.685
f3 35.9571 0.010 1.88 5.14 35.9559 0.008 3.73 5.30 35.3983 TO

V11 f1 23.2508 0.018 3.75 7.85 23.2512 0.013 −1.18 6.95 23.6219 FO f1/f3=0.811
f2 35.0071 0.016 4.70 9.20 35.0076 0.013 1.87 6.40 35.3119 nonradial
f3 28.6811 0.007 1.42 4.65 28.6819 0.005 4.39 4.04 28.6591 SO

V12 f1 34.8142 0.003 4.46 3.75 34.8168 0.003 4.57 3.29d 34.6293 nonradial
f2 30.0484 0.003 −0.10 3.59 22.6021 0.002 1.46 3.01 22.9825 FO

V13 f1 23.8406 0.018 2.63 6.43 23.8408 0.014 0.16 6.35 – F New
f2 25.2416 0.013 4.13 5.11 25.2425 0.010 2.77 4.73 – nonradial

a B or V = Const +
∑

jAj cos [2πfj(t - t0) + φj ], t0 = HJD 2,450,000.
b Comparison between our frequencies and the previous ones from Martinazzi et al. (2015). The unit of frequency was converted from
µHz to cycles day−1.
c Defined by P -L relation. (F): fundamental radial mode, (FO): first overtone radial mode, (SO): second overtone radial mode, (TO):
third overtone radial mode, (2f1, 3f1, and 4f1): harmonic frequencies, (f1+f3): combination frequency.
dThe pulsation frequencies of V12 were calculated with amplitude signal-to-noise ratios (S/N) ≥ 3.0 exceptionally. For the rest, S/N
≥ 4.0 was used (Breger et al. 1993).
Note. - In this table, we did not include low-frequencies caused by long-term instrumental drift.

3.4. SX Phe Stars

Though a significant number of BSS were found in NGC
288 (Bolte 1992), only eight SX Phe stars were discov-
ered in previous studies (Kaluzny 1996; Kaluzny et al.
1997; Martinazzi et al. 2015). Two of those were dis-
covered by Martinazzi et al. (2015) while our observa-
tion was on-going. In order to search for other SX Phe
stars, we examined 164 candidates located in the BSS
region marked by the polygon on the CMD presented
in Figure 2(a). They have a magnitude range of 16.0 <
V < 19.0 and a color range of 0.08 < B − V < 0.62.
We finally discovered a new SX Phe type star (hereafter
V13) from visual inspection of light curves. In Figure
2, the open circles represent the eight previously known
SX Phe stars, and the filled circle represents the newly
discovered SX Phe star V13. Figures 7 and 8 show the
light curves of SX Phe stars having an amplitude larger
than 0.005 mag.

To analyze the nature of complex light curves, we
performed multiple frequency analysis using the DFT

and nonlinear least-squares fitting method (Kim & Lee
1990). We first estimated a pulsation frequency hav-
ing a strong peak from the maximum power of the
DFT, and then we calculated the mean magnitude, am-
plitude, and phase by fitting the time-series data us-
ing the identified frequency. Through consecutive pre-
whitening processes for each frequency peak, we found
all possible frequencies. All frequencies were detected
based on the criterion of a signal to noise amplitude
ratio (S/N) larger than 4.0 (Breger et al. 1993) to be
regarded as credible periodic signals. Table 4 summa-
rizes the results - frequencies, amplitudes, and phases
- from Fourier analysis for the BV time-series photo-
metric data. In comparison with the former study by
Martinazzi et al. (2015), we found two additional fre-
quencies in V5. One is a harmonic frequency of f2 =
39.1648 c/d (cycles day−1), which is twice as much as
f1 = 19.5822 c/d in the V -band, and the other fre-
quency is a combination frequency of f4 = 44.7166 c/d,
which can be considered as f1 + f3 in the B-band. The
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V4

V5

V6

V7

V8

V9

H.J.D.(+2456000.0)

V11

Figure 7. V -band light curves (dots) of seven SX Phe stars obtained from selected five nights with good seeing. Synthetic
light curves (solid lines) obtained from the multiple frequency analysis (see Table 4) are superposed on the data.

H.J.D.(+2456000.0)

V13

Figure 8. V -band light curves of a newly discovered SX Phe star (V13).

frequencies of f3 = 26.1414 c/d in the B-band and f4
= 43.7229 c/d in the V -band seem to be the results
of 1 c/d alias effect. The frequencies acquired from the
light curves of the rest of SX Phe stars (V4, V6, V7, V8,
V9, and V11) agreed exactly with those of Martinazzi
et al. (2015). However, in the case of V12, only low-

frequencies were detected from the result with S/N ≥
4.0. Since the amplitude of V12 is less than 0.005 mag,
it could be explained that low-frequencies caused by the
long-term instrumental drift were dominant rather than
high-frequencies caused by pulsation. Therefore, we re-
analyzed the light curve with S/N ≥ 3.0 and confirmed
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Figure 9. Power Spectra of all SX Phe stars in NGC 288. Window spectra are shown at top right of each panel.

the previously known frequencies of 34.8168 c/d (403.0
µHz) and 22.6021 c/d (261.6 µHz). The frequencies
of Martinazzi et al. (2015) were listed in the unit of
c/d in the eleventh column of Table 4. The solid lines

in Figures 7 and 8 represent the synthetic light curves
calculated from the multiple frequency analysis super-
posed on the data. Figure 9 shows the power spectra
of all SX Phe stars and the inner small boxes of each
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-1.6 -1.4 -1.2 -1.0

F mode : -2.476 (This study)
F mode : -2.916 (Arellano Ferro et al. 2013)
F mode : -2.59 (Martinazzi et al. 2015)
FO mode
SO mode
TO mode

V4V6

V5

V13

V8

V7

V9
V12

V11

F mode
FO mode
SO mode
TO mode

Figure 10. P -L relations for SX Phe stars in NGC 288.
The green solid line and the magenta solid line are the
results from Arellano Ferro et al. (2013) and Martinazzi
et al. (2015), respectively. Black solid line represents P -
L relation result from the least-squares fit for fundamental
(F) mode stars (V4, V5, V6, V7, V8, V13) of our data.
Black dotted, short and long dashed lines indicate P -L re-
lations for the first overtone (FO), second overtone (SO),
and third overtone (TO) mode stars shifted by three period
ratios with FO/F of 0.779, SO/FO of 0.811, and TO/SO of
0.844, respectively. Each SX Phe star having double-radial
modes are indicated with different symbols, fundamental
mode with circles, first overtone mode with squares, second
overtone with a triangle, third overtone with a hexagon.

panel exhibit window spectra. Each panel shows the
pre-whitening processes for multiple frequencies. Many
frequencies were found in the low-frequency region of
the power spectra. However, we did not include the
low-frequencies caused by long-term instrumental drift
in Table 4, but used them for the synthetic light curves
in Figures 7 and 8.

In order to check any P -L relation, we have plotted
SX Phe stars having the fundamental mode in Figure
10. The stars V4, V5, V6, V7, and V8 marked as filled
circles and V13 marked as an open circle correspond
to the fundamental mode. The green solid line repre-
sents the relation of 〈V 〉 = −2.916 log P + 13.89 from
Arellano Ferro et al. (2013), and the magenta solid line
the 〈V 〉 = −2.59 log P + 14.38 from Martinazzi et al.
(2015). Using the SX Phe stars including V13 for NGC
288, we revised the P -L relation for the fundamental
mode from the least-squares fit (black solid line):

〈V 〉 = −2.476(±0.300) logP + 14.458(±0.385) (6)

As a result, we obtained the P -L relation for an adopted
distance modulus of (m−M)V = 14.75 and reddening
value of E(B − V ) = 0.02 resulted from the isochrones

fitting in Section 2:

〈MV 〉 = −2.476(±0.300) logP − 0.354(±0.385) (7)

Some SX Phe stars pulsate simultaneously with the
fundamental and a few radial overtone modes. We can
identify the pulsating mode by using the period ratios
of two observed periods (Jeon et al. 2004). The period
ratios for the double-radial mode SX Phe stars have
typical values of 0.77-0.79 for the first overtone (FO)
and fundamental (F) radial modes, and 0.81-0.83 for the
second overtone (SO) and first overtone (Santolamazza
et al. 2001; Kopacki 2015). In Figure 10, V5, marked
as a black square, has an FO mode with a period ratio
of PFO/PF = 0.779. Therefore, we represent the P -L
relation for the FO mode as a black dotted line which is
shifted by the period ratio of V5 with PFO/PF = 0.779.
The cyan (V9), magenta (V11), and blue (V12) squares
are positioned near the black dotted line of the P -L
relation with the FO mode. If they correspond to the
FO modes, other period ratios can be determined. V11
has an SO mode marked as a magenta triangle with a
period ratio of PSO/PFO = 0.811. In the same way as
described above, we can draw a P -L relation line for the
SO mode shifted by the period ratio of V11 as a short
dashed line, and the TO mode shifted by the period
ratio of PTO/PSO = 0.844 marked as a long dashed line
which is taken from Table 1 of Petersen et al. (2000). In
the case of V9, f2 = 24.6142 c/d (cyan square), which
slightly deviated from the P -L relation line for the FO
mode (black dotted line). If it is a radial mode, however,
f3 = 35.9559 c/d (cyan hexagon) corresponds to the TO
mode satisfying a period ratio of PTO/PFO = 0.685.

In Figure 11, the various symbols represent the
SX Phe stars with the double-radial modes (FO/F and
SO/FO) in the twelve globular clusters collected by
Kopacki (2015), and we additionally supplement our
results for V5 and V11 in NGC 288. We also have plot-
ted the theoretical values with respect to log L/L⊙,
M/M⊙, and Teff . These values marked as pluses (+)
and crosses (×) in gray have the metallicities of [Fe/H]
= −1.3 (Z = 0.001) and [Fe/H] = −2.3 (Z = 0.0001),
respectively (Santolamazza et al. 2001). The period
ratios (FO/F and SO/FO) are shown as a function of
log P related to the fundamental (or first overtone) ra-
dial mode. 25 out of 30 samples have the FO/F mode
and the rest five samples have the SO/FO mode. The
observed period ratio of V5 is in good agreement with
the theoretical value with [Fe/H] = −1.3 for FO/F, and
it corresponds to that of SX Phe star in M79. V11 also
corroborates well with the theoretical value with [Fe/H]
= −1.3 for SO/FO.

4. SUMMARY

In conclusion, we discovered a new SX Phe star V13
through BV time-series photometry, and performed a
photometric study of all variable stars in NGC 288. We
acquired the light curves of the semi-regular variable
star V1 observed over 137 days and found a 37.3 day
variation period. As a result of examining the last 23
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Figure 11. Petersen diagram with double-radial mode (FO/F and SO/FO) SX Phe stars. A period ratio is shown as a function
of period of the fundamental (or first overtone) mode. Double-radial mode SX Phe stars from this study are represented
black filled circles, V5 with FO/F and V11 with SO/FO. The numbers displayed next to the name of each cluster indicate
[Fe/H] of the parent cluster (Kopacki 2015). Pluses(+) and crosses(×) are theoretical values acquired from Santolamazza
et al. (2001).

year O − C changes of RR Lyr stars, we found V2 has
had a constant period since its discovery. It turns out
that V3 has no period change. Through W-D analy-
sis of V10 which is known as a W UMa type eclipse
binary, we confirmed this binary as a detached system
having a mass ratio of q = 0.798. Peculiarly, 9 out
of the 13 variable stars discovered in NGC 288 are SX
Phe stars in the BSS region. We identified the pulsating
mode of SX Phe stars via multiple frequency analysis
of their light curves. V5 has a double-radial mode with
a period ratio of PFO/PF = 0.779. If the frequencies
obtained from V11 and V9 are radial modes, they can
also be considered as double-radial modes with period
ratios of PSO/PFO = 0.811 and PTO/PFO = 0.685, re-
spectively. We derived the P -L relation for the funda-
mental mode of V4, V5, V6, V7, V8, and V13 in NGC
288, 〈V 〉 = −2.476(±0.300) logP + 14.458(±0.385)
which corresponds to 〈MV 〉 = −2.476(±0.300) logP −
0.354(±0.385).
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