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ABSTRACT

A search for variable stars in the globular cluster NGC 288 waaried out using a time-series
of CCD images in thé/ and| filters. The photometry of all stellar sources in the field aw
of our images, down t&/ ~ 19 mag, was performed using difference image analysis (DFA)
stars of~ 15 mag, measurement accuraciesxoB mmag and~ 10 mmag were achieved faf
and| respectively. Three independent search strategies w@leeapo the 5525 light curves but
no new variables were found above the threshold limits ataristic of our data set. The use of
older data from the literature combined with the presena déibwed the refinement of the periods
of all known variables. Fourier light curve decompositioasaperformed for the RRab and the
RRc stars to obtain an estimate [pfe/H],,, = —1.62+ 0.02 (statistical)+0.14 (systematic). A
true distance modulus of 1268+ 0.003 mag (statistical}z0.042 mag (systematic), or a distance of
8.99+0.01 kpc (statistical}-0.17 kpc (systematic) was calculated from the RRab star. ThedRR
predicts a discrepant distance about one kiloparsec shmrtét is possibly a Blazhko variable. An
independent distance from the P—L relationship for SX Paes $¢ads to a distance of%t+ 0.3 kpc.
The SX Phe stars V5 and V9 are found to be double mode pulsators

Key words: globular clusters: individual: NGC 288 — Stars: variableéRR Lyrae, Stars: variables:
delta Scuti

1. Introduction
The globular cluster NGC 288 (C0050-268 in the IAU nomenutizt (o =
00'52M45%2, § = —26°34'57"4, J2000; = 151°29, b = —8938) lies toward the

*Based on observations collected with the 2.0 m telescogeedntlian Astrophysical Observa-
tory, Hanle, India.
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southern Galactic pole at about 12 kpc from the Galacticezehence it is sub-
ject to very little interstellar reddenindg(B—V) = 0.03 mag (Harris 1996, 2010
update).

The cluster has been studied photometrically since 1943chmhas led to
the discovery of several variable stars. Using 144 phofaducaplates from the
Franklin-Adams camera at Johannesburg, Oosterhoff (1@4®)rted the discov-
ery of a long-period £ 100 d) semi-regular variable star V1 as the first variable
star in NGC 288. The next variable star V2, an RRab star, wesodered about
thirty-five years later by Hollingsworth and Liller (19773ing seventeeB photo-
graphic plates and they estimated a periock0®.679 d. It was not until the era
of CCD cameras that NGC 288 was studied again for variabls gtaa pair of
papers by Janusz Kaluzny and collaborators (Kaluzny 19864y, Krzeminski
and Nalezyty 1997). These investigators used PSF-fittirgjgohetry to find a
new RR Lyr star V3 pulsating in the first-overtone, six SX Phésators (V4-V9),
and one eclipsing binary of the W UMa type (V10). AlthoughtRikowiczet al.
(2008) used difference image analysis photometry to se@mtsuccessfully) for
dwarf novae in time-series CCD images of NGC 288, they didamatlyse their
data for the known variables or attempt to find any new vagigbl

Our study to search for variable stars in NGC 288 and our aisabyf their
characteristics is therefore the first such study using CQBge data and DIA
combined.

The distribution of these ten variables in the cluster isgapeculiar as they
define an off-center concentration of less than 3 arcmin ameier in the other-
wise 10x 10 arcmir? field of our images. While this distribution may not be very
improbable, as will be discussed later in the paper, it addezlr interest in ex-
ploring the possibility of an incomplete census of variald&ars. In the recent past
our team has exploited the powerful technique of DIA for tisggies CCD images
in globular clusters to update and characterise the pdpaolaf variables in them
(e.g, Arellano Ferreet al. 2013, 2011, Kaingt al. 2013, 2012, Figuera Jaimes$
al. 2013, Bramiclet al.2011).

In the present paper we report the results of our variablesstarch in the/
andl filters and the calculation of the cluster metallicity angtdnce. In Section 2
we describe the observations and data reductions. In &e8tige describe the
approaches used to identify new variables and the proceduedine the periods.
In Section 4 we apply Fourier light curve decomposition te RR Lyr stars V2
and V3 and calculate their metallicity and absolute magigtand hence the dis-
tance to the cluster. In Section 5 we discuss the SX Phe P-+iofPeuminosity)
relation and use the SX Phe stars as independent indicdttirs cluster distance.
The double mode nature of V5 and V9 is also discussed ther&edtion 6 the
properties of the variables V1 and V10 are addressed. Inddettwe summarise
our results.
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2. Observationsand Reductions

The observations employed in the present work were perfdusang the Joh-
nson—Kron—Cousin¥ and| filters on nine nights during 2010-2013 at the 2.0 m
telescope of the Indian Astronomical Observatory (IAO)nléalndia, located at
4500 m above sea level. The detector was a Thompson CCD of:2PDd4883 pixels
with a pixel scale of 0.296 arcsec/pix translating to a fieldview (FoV) of ~
10.1 x 10.1 arcmir?.

The log of observations is shown in Table 1 in which the datesnber of
frames, exposure times and average nightly seeing aredestorA total of 174
epochs in the/ filter and 201 in thd filter spanning almost three years were ob-
tained.

Tablel

The distribution of observations of NGC 288 for each filter

Date [y.m.d] Ny ty[s] N, t[s] Avgseeingf]

2010.12.11 21 30-80 36 20-25 1.8
2010.12.12 8 80 15 20-60 1.7

2011.10.07 20 80-100 19 15-20 25
2011.11.02 23 80-100 24 15-20 2.7
2011.11.03 33 80-150 33 20-30 25
2011.11.05 42 80 42 20 2.5

2013.01.20 2 160 2 30 2.7

2013.08.26 18 35-45 20 10-25 1.7
2013.08.27 7 70-90 10 10-20 1.9
Total: 174 201

ColumnsNy andN; represent the number of images taken with
theV andl filters respectively. Exposure time, or range of ex-
posure times, employed during each night for each filter are
listed in the columngy andt; and the average seeing in the
last column.

2.1. Difference Image Analysis

We employed the technique of difference image analysis JBdAextract high-
precision photometry for all of the point sources in the iemgf NGC 288 and we
used the BNDIAT pipeline for the data reduction process (Braméthal. 2013)
which includes an algorithm that models the convolutiomkématching the PSF
of a pair of images of the same field as a discrete pixel arragnfizh 2008).

In general, a reference image is built by stacking a set of@savith the best
seeing. However, in the present case the seeing was natwarly good and we

TDANDIA is built from the DanIDL library of IDL routines available albttp://www.danidl.co.uk
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opted for using only one image as a reference image for edeh filhen a sequence
of difference images was created by subtracting the reteeference image, con-
volved with an appropriate spatially variable kernel, freach registered image.
The spatially variable convolution kernel for each registdmage was determined
using bilinear interpolation of a set of kernels that weraviel for a uniform 6x 6
grid of subregions across the image.

The differential fluxes for each star detected in the refegémage were mea-
sured on each difference image. Light curves for each stae wenstructed by
calculating the total fluxfiot(t) in ADU/s at each epoch from:

faitr (t)
p(t)
where fr¢f is the reference flux [ADU/s]fqit (t) is the differential flux [ADU/s] and

p(t) is the photometric scale factor (the integral of the kerpkition). Conversion
to instrumental magnitudes was achieved using:

ftot(t) = fref‘|‘ (1)

Mins(t) = 25.0— 2.5l0g[ ()] (2

where mips(t) is the instrumental magnitude of the star at timeUncertainties
were propagated in the correct analytical fashion.

The above procedure and its caveats have been describetihimn®ramich
etal.(2011).

We also performed a relative self-calibration of the enderphotometry. We
applied the methodology developed in Bramich and Freud2@g 2) to solve for
the magnitude offsetgy that should be applied to each photometric measurement
from the imagek. In terms of DIA, this translates into a correction (to firstler)
for the systematic error introduced into the photometrynfran image due to an
error in the fitted value of the photometric scale fagorWe found that in either
filter the magnitude offsets that we derive are of the ordexxdf—10 mmag with
a handful of worse cases reaching30 mmag. Applying these magnitude offsets
to our DIA photometry notably improves the light-curve gtyalespecially for the
brighter stars.

2.2. Transformation to the Standard System

Standard stars in the field of NGC 288 are very numerous in tfieeocol-
lection of Stetson (2008) We selected a group of standards in the FoV of our
images that cover th¥ andV — | ranges between 14.5 mag and 20.5 mag and
0 mag and 1.5 mag, respectively, to ensure a good transfiomfar most of the
full Color-Magnitude Diagram (CMD), and to check for the @otiependence of
the transformations.

*http://www3.cadc-ccda. hia-iha.nrc-cnre.ge.ca/comibyB TETSON/standards
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Fig. 1. Transformation relations between the instrumeatal the standard photometric systems
using a set of standard stars in the field of NGC 288 from thiectibn of Peter StetsorTop and
bottom panelgorrespond to the observations in Mandl filters respectively. See Section 2.2 for a
discussion.

Table?2

Time-series/ andl photometry for all the confirmed variables in our field of view

Variable Filter HJD Mstq Mins Om fref Oef faitt Oiff P
Star ID [d] [mag] [mag]  [mag] [ADUI/s] [ADU/s]  [ADUIs]  [ADUIs]

V1 V  2455542.05923 12.538 13.705 0.001 32756.433 5.278 +104.89.867 0.9835
V1 V. 2455542.06303 12.531 13.698 0.001 32756.433 5.278 +4DP2.38.651 0.9932
V2 V' 2455542.05923 14.830 15.997 0.004 3897.998 5.372 +92.541824 0.9835
V2 V  2455542.06303 14.836 16.004 0.004 3897.998 5.372 +69.180053 0.9932
V2 | 2455542.03472 14.467 15.543 0.004 5802.472 16.287 +259.48.695 0.9826
A\ | 2455542.03652 14.462 15.537 0.004 5802.472 16.287 +289.45.511 0.9805

StandardVisig and instrumentain;,s magnitudes are listed in columns 4 and 5, respectivelyesponding to
the variable star in column 1. Filter and epoch of mid-expesue listed in columns 2 and 3, respectively. The
uncertainty ormyns is listed in column 6, which also corresponds to the unaeftadn Mgig. For completeness,
we also list the quantitiefer, fair andp from Eq.(1) in columns 7, 9 and 11, along with the uncertasties
andagif in columns 8 and 10. This is an extract from the full table,chhis available from thécta Astronomica

Archive
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The standard minus the instrumental magnitudes indeed shmild depen-
dence on the color, as can be seen in Fig. 1. We have transfahmaénstrumental
v andi into the standardy andl magnitudes using the following equations:

V =0+ 0.078240.0092 (v — i) — 1.2065+0.00789), ©)
| =i+0.0272(+0.0111)(v —i) — 1.0889-0.0094). @)

Due to the lack of observations in thédvand for some bright saturated stars, to
calculate their standaMmagnitudes, we have adopted for thém-i) = 0.5 mag,
which corresponds approximately to the center of the RR lgriziontal branch
(HB).

Fig. 2 shows the RMS magnitude deviation in duand| light curves as a
function of the mean magnitude. We achieve an RMS scatter d0—20 mmag
in both theV andl filters for stars brighter than 17 mag.
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Fig. 2. The RMS magnitude deviations as a function of magheituTheupper and lower panels
correspond to th¥ andl light curves respectively. The color coding is as follow&Rdd star — blue
circle (V2), RRc star — green circle (V3), cyan circles are e stars (V4-V9) and red triangle is
an eclipsing binary (V10). The long period variable V1 is mafuded in thebottom panebecause
it is saturated in théimages in our collection.

[aN]
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All of our V andl photometry for the variable stars in the FoV of our images
of NGC 288 is reported in Table 2. Only a small portion of Tablis given in the
printed version of this paper, while the full table is avhliin the electronic form
from theActa Astronomica Archive
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2.3. Astrometry

A linear astrometric solution was derived for thfilter reference image by
matching~ 250 hand-picked stars with the UCAC3 star catalogue (Zaahat
al. 2010) using a field overlay in the image display tool GAIA (Pea2000). We
achieved a radial RMS scatter in the residualsxo®’3. The astrometric fit was
then used to calculate the J2000.0 celestial coordinated faf the confirmed vari-
ables in our field of view (see Table 3). The coordinates epwoad to the epoch of
theV reference image, which pertains to the heliocentric JWlmn2455542.07 d.

3. Search for New Variable Stars

In this section we describe the use of our time-seveand| photometry to
search for new variables and to revisit the identificatigresjodicities, and light
curves of the known variables.

3.1. Search Methods

Ten variable stars listed in Table 3 all previously knowre i@entified in the
finding chart of Fig. 6. Their distribution is apparently péar since they seem
concentrated in a rather small off-centered region in thé Before we comment
on the statistical significance of this distribution we haemducted a search for
new variables using our light curves. For this purpose we heed several meth-
ods which have been successful in previous studies in igergiand classifying
variable stars in globular clusters. Since these methodsdleeady been described
in detail in earlier paperse(g, Arellano Ferroet al. 2013, Figuera Jaimest al.
2013), here we only summarize them briefly.

Table3

General data for all of the confirmed variables in NGC 288 enkbV of our images

Variable Variable (V) () Ay A Py HJIDmax P, RA Dec.

Star ID Type [mag] [mag] [mag] [mag] [d] (+2450000) [d]  (J2000.0) (32000

Vi SR 12.40 - 0.22 - - 5779.2366 103. 00'52M41513 —26°3327'0
V2 RRab 15.237 14.788 1.137 0.74 0.6777478 5842.2373 05600H2"46569 —26°34081
V3 RRc 15.177 14.829 0.387 0.24 0.4301268 5871.1484 0.430252040°27 —26°3229'3
V4 SX Phe 17.264 16.898 0.316 0.20 0.07907489 5842.3110907000'52M42585 —26°34'461
V5 SX Phe 17.589 17.284 0.414 0.34 0.05106684 5868.211210M08(3'52M4503 —26°3352!7
V6 SX Phe 17.400 17.028 0.462 0.30 0.06722082 5543.05557P206(152M42545 —26°34'55'2
V7 SX Phe 17.981 17.730 0.077 — 0.03997368 5871.1232 0.0809"41544 —26°3400'3
V8 SX Phe 17.875 17.555 0.061 — 0.04652840 5871.2625 0.086%2™M44532 —26°3400'3
V9 SX Phe 17.558 17.223 0.04 — 0.03936761 5842.2475 0.030%2042594 —26°3410'3
V10 E 19.275 18.545~ 0.5 ~ 0.7 0.4387538 5542.0889.43875 0052"47591 —26°3302/5

The best previous period estimates for each variable frotnZg et al. (1997) are reported in column &)

for comparison with our refined periods in columnP{)( The period uncertainties are within the last significant
digit.
a from Oosterhoff (1943)° Time of minimum light.
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Fig. 3. Distribution of theSz statistic as a function of meavi magnitude for 5525 stars measured
in theV images of NGC 288. The colored symbols for variable staraamescribed in the caption
of Fig. 2. The blue lines represent the median (50%) pefecioti the simulated light curves and the
real distribution ofSg . The red solid line is the threshold set by eye above whichespects to find
true variable stars. See the discussion in Section 3.1.Wheertical dashed red lines correspond to
the magnitude limits set for the Blue Straggler region in@i¢D.

Firstly, we have defined a variability statistg as:

li1 rl 2 Fi kK 2

3 NM z1<0'|;|_ O'|2 +Gi,ki> (5)
whereN is the total number of data points in the light curve aids the number
of groups of time-consecutive residuals of the same sign fie inverse-variance
weighted mean magnitude. The residugls to rj form the ith group of k;
time-consecutive residuals of the same sign with corredipgruncertainties; 1
to g . Fig. 3 shows the distribution of théz statistic as a function of mean
magnitude for the 5525 light curves for the stars inthieages.

As in the paper by Figuera Jaimesal. (2013) we calculated £Oorandomly
generated light curves (their Eq. 4) and computed tligivalues. The median of
the distribution, or 50% percentile is indicated by the daiblue line in Fig. 3. The
fit to the realSz values is shown as a solid blue line Mdr> 18 mag and we notice
that the real and the simulated values are very clasgthe simulations are a good
description of the statistical noise for these faint stéist. brighter stars however
(V < 18 mag) systematic errors dominate afgl increases logarithmically with
stellar magnitude. As before, the solid blue line is the fithe real distribution of
Sz. Then, guided by the distribution of the known variables, deéned by eye
a variability detection threshold indicated by the solid f@e in Fig. 3. RR Lyr
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Fig. 4. Color-magnitude diagram of NGC 288. The colored syisbre as in the caption of Fig. 2.
The long period variable V1 is not included because it isrsétul in thd images in our collection.
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Fig. 5. Minimum value of the string-length parame®&jy calculated for the 5525 stars withlight
curvesvs.the CCDx-coordinate. The colored symbols are as described in théooaqf Fig. 2.
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stars are generally easily identified by this method as tleg Bubstantially larger
values of Sz among stars of their magnitude range. The same is true oRMherg)-
term variables. Short-period small-amplitude SX Phe staght however escape
detection by this approach. As it can be seen in Fig. 3 thestlaige amplitude
SX Phe stars (V4, V5 and V6) are found clearly above the ttmdstHowever the
three low amplitude ones (V7, V8, and V9) and the known birsay (V10) are
buried below in the cloud of otherwise non-variable stars.

Only seven stars brighter than 17 mag and one in the BS rebetwéen the
two dashed red lines) havg larger than the detection threshold. We have ex-
plored theirV andl light curves in detail. No convincing signs of true variiyil
were found. For several of them their largg is explained by their proximity to
an authentic known variable star or to a poorly subtractéghbstar, hence their
difference fluxes suffer correlated systematic errors.

A second strategy that we applied was the string-lengthoggBurke, Rolland
and Boy 1970, Dworetsky 1983) to each light curve to deteentiire period and a
normalized string-length statistify. In Fig. 5 we plot the minimunty value
for each light curve as a function of their corresponding C&GBoordinate. The
known variables are plotted with the colored symbols asritest in the caption.
The horizontal blue line is not a statistically defined thiedd but again, set by eye,
as an upper limit to the majority of the known variables. lctfinis method could
recover variables V1 to V6 but also fails in detecting the-amplitude short-period
variables V7 to V10. The eight stars spotted before as hdaingyg Sz values are
plotted with purple triangles and we note that only two wapeds theSy threshold
requirement. There are six other stars below $ethreshold line. However, as
before, the exploration of their light curves did not revaay true variability.

Finally, we have followed a third approach to identify vétizs in the field of
our images by detecting PSF-like peaks in a stacked imadeftam the sum of
the absolute valued difference images normalized by tmelata deviation in each
pixel as described by Bramict al.(2011). This method allowed us to confirm the
variability of all ten known variables in Table 3 but no newiahles emerged.

In conclusion, we did not find any new variable stars in ountligurve collec-
tion using the above three methods. We believe that our Isdéarc/ariable stars
with continuous variationd.g., not eclipsing binaries) is fairly complete down to
V = 18 mag for amplitudes larger than 0.05 mag and periods between0.02 d
and a few hundred days.

3.2. Period Determination and Refinement

We have combined o light curves with those of Kaluzngt al.(1997), taken
between 1990 and 1992, and of Kaluzny (1996), taken in 199f&-talculate the
periods. Since more than twenty years have passed betweemdldata sets, their
combination leads to substantially refined periods.
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V8 V9 V10

Fig. 6. Finding charts constructed from our HaMereference image. North is up and East
is to the right. The cluster image is.62 x 9.87 arcmir?, and the image stamps are of size
237 x 237 arcsed. Each variable lies at the center of its corresponding instgp and is marked
by a cross-hair.
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We have noticed small zero point differences of 0.02 magQ8 thag between
our light curves and those of Kaluzey al. (1997). This is to be expected since the
error in the reference flux affects all photometric meas@mnfor a single star in
the same way. The procedure to estimate the refined periodsfatiows: first we
estimated the period using the combined data sets and thegpnperiod04 (Lenz
and Breger 2005) and used this to phase the light curves. ddeseary magnitude
shift was applied to the data from Kaluzny (1996) and Kaluehwl. (1997) and
then the leveled combined light curve was period analyzétyus dense scan of
the string-length method within a short period range araiednitial estimate of
the period. The new periods are given in column 7 of Table 3teave been used
to phase the light curves shown in Figs. 7 and 9. Variationthefperiod within
the last significant digit can spoil the phasing of the lightve, which sets the
uncertainty of the periods. As a reference we list the parioom Kaluznyet al.
(1997) in column 9.

4. RRLyraeStars

4.1. Physical Parameters from Light Curve Fourier Deconifims

An estimation of [Fe/H] My, and Tes for a given RR Lyr star can be obtained
by Fourier decomposing the light curve into its harmonics as

N 27T
m(t) = Ao+ —k(t—E)+ 6
(t) = Ao k§_1AkCOS< B (t—E) (n<> (6)

where m(t) are magnitudes at timg, P the period andE the epoch. A linear

minimization routine is used to fit the data with the Fourierias model, deriving

the best fit values of the amplitudég and phasegx of the sinusoidal components.
From the amplitudes and phases of the harmonics in Eq.(6dbger parameters
@j = j@ —ig; andRj = A//A; are computed.

These Fourier parameters can be used in the semi-empiaidaations of Ju-
rcsik and Kovacs (1996), for RRab stars, and Morgan, WahVdiedkhorts (2007),
for RRc stars, to obtaifFe/H]|,,, on the Zinn and West (1984) scale. The abso-
lute magnitude N can be estimated from the calibrations of Kovacs and Walker
(2001) for RRab stars and of Kovacs (1998) for the RRc stang. éifective tem-
peratureTes Was estimated using the calibration of Jurcsik (1998). Feviby we
do not present here the specific equations but they can be faumrecent paper
(Arellano Ferrcet al. 2013).

The mean magnitude&y, and the Fourier light curve fitting parameters for V2
(RRab) and V3 (RRc) in th¥ filter are listed in Table 4. The absolute magni-
tude My was converted into log/L. = —0.4(My — Mpo + BC). The bolometric
correction was calculated using the form@& = 0.06[Fe/H],,, + 0.06 given by
Sandage and Cacciari (1990). We adopted the vslfjg= 4.75 mag.
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Fig. 7. Standard magnitudé and| light curves of the RR Lyr stars V2 and V3 phased with the
periods listed in Table 3. Black points represent Hanle fiaia the present work. Blue points
represenY data from Kaluznyet al. (1997). Typical uncertainties i andl are ~ 6 mmag.

Table4

Fourier coefficient®d for k=0,1,2,3 4, and phasegy1, @31 and g1, for V2 (RRab) and V3
(RRc) in NGC 288

Variable A AL A Az Aq ©1 ®31 Pa1 N Dm
ID [Vmag] [Vmag] [Vmag] [Vmag] [Vmag]

V2 15.237(1) 0.401(2) 0.204(2) 0.138(2) 0.065(2) 4.25J(18.513(18) 6.805(34) 9 3.5
V3 15.177(1) 0.188(2) 0.008(1) 0.014(1) 0.011(1) 2.028§175.115(99) 3.396(130) 6 -

The numbers in parentheses indicate the uncertainty orathelécimal place. Also listed are the number of
harmonicsN used to fit the light curve of each variable and the deviaterameteD, (see Section 4.1).

The resulting physical parameters are given in Table 5. Vaeage metallicity
obtained from the RRab and RRc starsgkg/H|,,,, = —1.6240.02 which can be
converted to the new scale defined by Carrettal. (2009) using UVES spectra of
RGB stars in globular clusters by

[Fe/H]yyes= —0.413+ 0.130Fe/H],, — 0.356Fe/H]3,. (7)

We find [Fe/H] j,ygs= —1.56+0.03. No previous estimates of [Fe/H] from Fourier
decomposition of the RR Lyr light curves exist for this chrst

Zinn (1980) made an early estimation of iron content of NGB #®&m in-
tegrated photometry in th€sg index. He found[Fe/H] = —1.61. Zinn and
West (1984) summarized previous estimates of [Fe/H] giveaarlier papers in
a variety of metallicity scales (their Table 5). They repthit weighted average
[Fe/H], = —1.40 in their new scale. The high resolution spectroscopioeval
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Tableb
Physical parameters for V2 (RRab) and V3 (RRc) stars

Star  [Fe/H],y My log(L/Ls) logTer M/Mg  R/Rg

V2 —164217) 0.376(3) 1.750(1) 3.800(8) 0.74(7) 6.04(1)
V3 —159(24) 0579(7) 1.668(®) 3.856(1) 0.38(H 5.57(9)

aThese values depend dvly whose peculiarity for V3 is discussed in Sec-
tion 4.2. The numbers in parentheses indicate the uncsriairthe last decimal
place and have been calculated as described in the text.

of [Fe/H], derived by Carretta and Bragaglia (1998) from tyéant cluster mem-
ber stars is—1.07 in their own scale which is equivalent {be/H]|,,, = —1.40

in the Zinn and West (1984) scale. Our calculation from twdeipendent cali-
brations for RRab and RRc stars of the Fourier decompogiidmameters average
[Fe/H], = —1.62+0.02 (statistical}t0.14 (systematic), favors a lower iron con-
tent.

4.2. Distance to NGC 288 from the RR Lyr Stars

The My value calculated for the RRab and RRc stars in Table 5 candx us
to estimate the true distance modulus. Given the fact tleestetlly, values come
from independent calibrations for the RRab and RRc star thieir own sys-
tematic uncertainties, we should consider the distanceteaged from them as
two independent estimations. We adopted — V) = 0.03 mag (Buonannet al.
1984, Harris 1996). We find the true distance moduli of768+40.003 mag and
14.505+ 0.008 mag using the RRab and RRc stars respectively. The airdés
are only the internal errors which are small. These moduliespond to the dis-
tances 8.99 kpc and 7.96 kpc with corresponding internakgmtematic errors of
~ 0.01 kpc and~ 0.17 kpc respectively. The distance to NGC 288 listed in the
catalogue of Harris (1996, 2010 edition) is 8.9 kpc.

The distance obtained from the RRc star, V3, is discrepartwdompared
with that from the RRab star and the generally acceptedrdistéor the cluster. In
Fig. 8 we plotcp(zsl) vs. P, which are the key parameters for the calculatiorvigf
in RRc stars (see Eq. 13 of Arellano Fesaioal. 2013), for a group of RRc stars in
several globular clusters listed in the caption of Fig. 8e Tarresponding data have
been taken from recent publications of our working grouphmse clusters. V3 is
a long period RRc star and |(ésl) value is very small, these two facts highlight the
star as peculiar. The other stars that stand out from thahliison of RRc stars
are the long period V13 in NGC 4147 and the short period vieigi2 in M53.
V13 was found by Arellano Ferret al. (2004), to exhibit amplitude variations,
probably due to the Blazhko effect, while V92 shows an unukava amplitude
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Fig. 8. Distribution of RRc stars from a family of clusterstire (p(zsl)fP plane. Symbol codes and
data sources are: filled triangles NGC 4147 (Arellano Fetral. 2004), open circles M15 (Arel-
lano Ferro, Garcia Lugo and Rosenzweig 2006), M2 open ssjaézaroet al. 2006), NGC 5466
filled pentagons (Arellano Fermet al. 2008), NGC 5053 filled circles (Arellano Ferro, Giridhar and
Bramich 2010), M72 open triangles (Bramiehal.2011), M53 open pentagons (Arellano Feeto
al. 2011), M79 starred circle (Kainst al. 2012), M30 filled square (Kainst al. 2013), M9 crosses
(Arellano Ferroet al. 2013). In the long period range V3 in NGC 288 and V13 in NGC 44#nhd
out from the distribution. The short period star V92 in M53&lso peculiar. See text in Section 4.2
for a discussion.

(Arellano Ferroet al. 2011). We have noticed in Fig. 7 the amplitude difference
in the light curves of V3 from Kaluzngt al. (1997) data and that from the present
work. While we remark that this amplitude difference may hegtefact from the
reduction processes of both data sets, or that the presérthe Blazhko effect
cannot be ruled out, with the present data we cannot idetttéyreason for the

peculiar position of V3 in thep(zsl)—P plane. Due to these peculiarities, we do not
give any weight to the distance suggested by V3.

4.3. RR Lyr Masses and Radii

Given the period, luminosity and temperature for each RRskar, its mass and
radius can be estimated from the equations:Mgil. = 16.907— 1.47 logP: +
1.24logL/Ls) —5.12logTer (van Albada and Baker 1971) amhd= 41R°cT* re-
spectively. The masses and radii are given in Table 5 in solds. Given the
peculiarity of My for V3 (see Section 4.2), Idg/L.) and logV /M, should be
considered with caution for this star.
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5. SX Phoenicis Stars

Six SX Phe stars are known in NGC 288, three of large amplifMde V5 and
V6) and three of low amplitude (V7, V8, V9). We have searchesllight curves
of all stars in an arbitrarily defined blue straggler regiarthe CMD of Fig. 4
delimited by the dashed red lines. As discussed in SectibalBour approaches
to finding variable stars failed to reveal any convincing namiables.
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Fig. 9. Light curves of the SX Phe stars. Green symbols ara Kaluzny (1996) and Kaluzngt al.
(1997) and black symbols from the present work. Typical wadaties are 0.03 mag and 0.05 mag
for V andl respectively.

The light curves of the six known SX Phe are shown in Fig. 9 ptasith
the refined periods and epochs listed in Table 3. We havededlthe data from
Kaluzny (1996) and Kaluzny et al. (1997) (green symbols)r Qight curves are
also shown in the bottom panels.

It is worth noting that V5 has a larger dispersion than V4 aedd¢spite being
of similar magnitudes. We searched for a secondary frequanprewhitening the
primary frequencyf; = 19.5821790+0.0000016 d* and its aliases. In Fig. 10 we
note the presence of a secondary frequendy at 25.1482392+ 0.0000054 d*.
Theratiofy/f, = 0.779 lead us to identifyf; and f, with the fundamental and the
first overtone radial modes respectively.

Fig. 11 shows P-L diagram for the SX Phe stars. Except for M8 khown
SX Phe define a linear progression similar to the SX Phe inrgflobular clusters
(e.g, M53 Arellano Ferroet al. 2011 and Jeoet al. 2003, and M55 Pyclet al.
2001). We adopted the SX Phe P—L relation derived by Arelizerooet al. (2011)
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Fig. 11. P-L relation for SX Phe stars. The solid line coroesfs to the SX Phe P—L relation
of Arellano Ferroet al. (2011) derived in M53 scaled to a distance of 8.9 kpc. Shodt lang
dashed lines represent the loci of the corresponding fistseoond overtone respectively. For V5
we represent the fundamental mode (filled circle) and thedirsrtone (black triangle) modes joined
by the dotted line. For V9 we indicate the positions of seeondrequenciesf, and f3 which are
interpreted as a non-radial mode and the second overt@peatvely.

in M53, My = —2.9161logP — 0.898, to calculatdvly and hence the distance for
each SX Phe star. The average distance (excluding Vapig 8.3 kpc. The solid
line in Fig. 11 is thev — logP relation corresponding to a distance of 8.9 kpc. As it
is seen the match with the SX Phe distribution is very goodli&bslightly above
the relation but we have noted that it is blended with a faistar. There is a clear
indication that V9 is pulsating in an overtone mode.
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The above independent estimation of the distance is in kextelgreement with
the distance derived from the Fourier decomposition of tRaliRstar V2 and with
the generally adopted distance (8.9 kpc Harris 1996).
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Fig. 12. Frequency spectra of V9 calculated from\gght curve of Fig. 9. The secondary frequen-
cies f, and f3 are labelled and discussed in Section 5.

Then the question arises: if all known SX Phe stars in NGC 288gte in the
fundamental mode (except V9), why do some have a very largditaiche (V4, V5,
V6) and some a very small one (V7 and V8)? We explore the pitisgitsf more
than one mode being excited in the small amplitude starsndJgie frequency
finding progranmperiod04 (Lenz and Breger 2005) we have prewhitened the main
frequency, and in all cases except V9 we found no signs ofrskoy frequencies.
Therefore, V9 deserves special attention. In Fig. 12 thgueecy spectra calcu-
lated on theV light curves are shown. The top panel corresponds to thénatig
data, where the main frequendy = 25.4015993 d! agrees well with the period
found from the string-length method (Table 3). The middlegd@orresponds to the
spectrum after prewhitening the main frequency. The redsdshow a frequency
of f, =24.61423 d™*. As the residual signal is substantial a second prewnhigenin
was performed to find a frequency &f = 35.95981 d™1. The ratio f1/ f3=0.706
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is a bit off the canonical value 0.783 for the fundamental st overtone modes
(Santolamazzat al. 2001, Porettet al. 2005). After removingfs the signal virtu-
ally disappears; however some signal remains ardyndhich probably indicates
that we have not fully succeeded in determining and remotiegprimary fre-
qguency, which given the scatter in the light curve is propailolt surprising. On the
other hand our frequency ratio of 0.706 is very close to thie tzetween first and
second overtone which is 0.729. In Fig. 11 we have also imdutle positions of
V9 corresponding to the frequenciés and f3 (black triangles). If one identifies
f1 and f3 with the first and second overtone frequencies respectithegystrongly
suggests that V9 is a double-mode SX Phe pulsating simateshein the first and
second overtones whil& probably corresponds to a non-radial mode.
However, it is clear that this is a multifrequency variabldiich accounts for
its very small amplitude. The fact that we did not find secopdi@quencies in the
spectra of the other two small amplitude SX Phe stars, V7 @hdsvntriguing.

6. OntheVariability of V1and V10

These two stars are a bright long period variable and a faintact binary
respectively. Here we offer some comments on their vaitgaihd periods.

V1 The variability of this star was discovered by Oosterhf43) on photo-
graphic plates taken between 1928 and 1930. Despite theetapsed, the phase
coverage in Oosterhoff’s light curve continues to be the besilable. In Fig. 13
we plot the light curves from 1928-1930 and 2010-2013. Aqukanalysis ex-
clusively using the old data gives a period of 103 d, as regoby Oosterhoff.
Unfortunately it is not very clear how Oosterhoff calcuthte mean brightness
reported in his Table 1, thus despite the fact that we Mamnegnitudes for V1 and
one of the comparison stars used by Oosterhoff (star his chart), we refrain
from attempting to bring the old measurements into a similagnitude scale.

V10. This is a very faint eclipsing binary discovered by Kaluzatal. (1997).
Its membership in NGC 288 was addressed by Rucinski (2000) eehsiders it
a cluster member after comparing its valuehd§ derived for the cluster distance
modulus and the one implied byNy, —logP— (B —V) relationship.

In Fig. 14 the light curves in oV andl data are shown along widata from
Kaluznyet al. (1997) phased with the refined period given in Table 3.

7. Summary and Conclusions

A deep search for variability in the RGB, HB, BS and turnoffmiddown to
V ~ 19 mag) regions of the globular cluster NGC 288 was condulotgchew
variables were not found. Thus, we can claim that in the Foduwfimages the
census of cluster RR Lyr stars is complete (except wheredtglxel column lies,
see finding chart in Fig. 6) and that if unknown SX Phe starsxikt & the cluster
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of the discovery paper (Oosterhoff 1943). A period analg§ithese data confirms the 103d period
reported by OosterhofBottom panelthe variations from ou¥ photometry.

they must be of amplitudes smaller than the detection lifnituw data.

We addressed the apparent off-center distribution of thiags stars. We
investigated the distribution of the SX Phe stars in thistu by comparing it
to the spatial distribution of all blue straggler stars (BSBhis is similar to what
was done by Kaingt al. (2012) for the peculiar distribution of RR Lyr stars in
NGC 1904 (M79). We first looked at the angular distributiortiod six SX Phe
stars in our sample.e., how “close together” our SX Phe stars are, and compared
it to randomly drawn samples of six BSS. We find that the angiiktribution of
the detected SX Phe stars is smaller than 83% of the randoralyndsamples,
which is not significant given the small sample size. We alei&éd at the centroid
position of the randomly drawn samples with respect to tmtereof the cluster as
estimated from our reference image. From this we found tladagh visually the
stars appear off-center, the offset of their centroid wlia ¢enter of the cluster is
very close to the most probable value found from the randanptes, with 45% of
the samples having a centroid further from the center oflilger than our SX'Phe
sample.

The Fourier decomposition of the light curves of one RRab @mel RRc star
was performed to calculate the values of [Fe/Ml,, logL/Ls, Tert, the stellar
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radius and mass, usirgd hocsemi empirical calibrations (Jurcsik and Kovéacs
1996, Morgaret al. 2007, Kovacs and Walker (2001) and Kovacs (1998).

The mean value of the iron abundance obtained from the two ®RRtars in
the cluster igFe/H]|,,, = —1.62+0.02 (statistical}+0.14 (systematic) in the Zinn
and West (1984) scale ¢Fe/H] ;,,gs= —1.56+0.03 (statistical}+-0.20 (system-
atic) in the scale defined more recently by Carrettal. (2009). The absolute
magnitudes of the RRab and RRc stars lead to significantfgrdifit distances:
from the RRab (V2) we find a distance of 8.99 kpc while from tHecRwve find
7.96 kpc (with internal statistical error a¢ 0.003 kpc) but we have noted that the
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relevant Fourier paramet@p; is peculiar in V3. An independent estimate of the
cluster distance was made from the individual stellar dista obtained from the
P—L relation of the SX Phe stars (Arellano Feetal.2011). We found an average
distance of 8+0.3 kpc.

Finally, we identified the two SX Phe stars, V5 and V9, as deubbde pul-
sators. V5 is pulsating in the fundamental and the first overivhile V9 seems to
be pulsating in the first and second overtones plus a noainaudide.
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