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ABSTRACT

We present an analysis of three new pulsating subdwarf B stars discovered in the Super Wide
Angle Search for Planets archive. Two of the stars, J19384+5609 and J0902—0720, are p-
mode pulsators; J19384-5609 shows a pulsation at 231.62 d~! (P = 373 s; 2681 uHz) with
an amplitude of 4 mmag, whereas J0902—0720 pulsates at frequencies 636.74 (P = 136 s;
7370 uHz) and 615.34 d=! (P = 140 s; 7122 uHz), with amplitudes 7.27 and 1.53 mmag,
respectively. The third star, J2344—3427, is a hybrid pulsator with a p-mode frequency at
223.16 d~! (P = 387 s; 2583 uHz) and a corresponding amplitude of 1.5 mmag, and g modes
in the frequency range 8.68-28.56 d~! (P = 3025-9954 s; 100-331 uHz) and amplitudes
between 0.76 and 1.17 mmag. Spectroscopic results place J19384-5609 and J2344—3427
among the long-period or hybrid pulsators, suggesting there may be further modes in these
stars below our detection limits, with J0902—0720 placed firmly amongst the p-mode pulsators.

Key words: asteroseismology —techniques: photometric — stars: oscillations — subdwarfs.

1 INTRODUCTION

The hot subdwarf B (sdB) stars are evolved low-mass (M < 0.5 Mgp)
stars that consist of helium burning cores and a thin hydrogen atmo-
sphere that is unable to support H-shell burning (Heber et al. 1984;
Heber 1986). They are found on the extreme horizontal branch
(EHB) with temperatures between about 22 000 and 40 000 K, and
surface gravities between values of log g = 5.0-6.2. The progeni-
tors to these stars, main-sequence stars with masses <2 M), have
undergone a core helium flash and made their way to the red giant
branch. Here they retain approximately 1 per cent of their hydrogen
mass. As a result of this low hydrogen mass, after core helium ex-
haustion, the stars move directly to the white dwarf (WD) cooling
track, rather than moving to the asymptotic giant branch phase. The
lifetime for the EHB stars is short: to move from the zero-age EHB
to the terminal-age EHB takes between 100 and 150 Myr.

The formation of sdB stars is still somewhat of a mystery, in
particular the mechanism that causes only a small amount of H
to remain in an envelope while the He core mass is of the order
of 0.5 M. Mengel, Norris & Gross (1976) suggested mass-loss in
Roche lobe filling binaries could account for the resulting EHB star,
while Webbink (1984) suggested WD mergers as a possible progen-
itor. More recently, Maxted et al. (2001, 2002) found evidence that
a large number of sdB stars are found in binaries, adding weight
to the binary formation theory. Following from that discovery,
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several mechanisms have been proposed for the resulting low-mass
H envelope of the EHB stars (Han et al. 2002, 2003). For a thorough
overview of the sdB stars as a whole, see Heber (2009, 2016).

There exists a subgroup of the sdB stars that show light variations
of the order of seconds to hours: the subdwarf B variable (sdBV)
stars. The prototype for this class, EC 14026—2647, was observed
by Kilkenny et al. (1997) as part of the Edinburgh-Cape (EC) survey
(Stobie et al. 1997b). They found the star to be pulsating with a
period of 144 s (v = 600 d~'; 6944 uHz) and an amplitude of
12 mmag.

As the number of sdBV stars grew, it became clear that two types
of pulsators exist. The initial set of sdBV stars showed very short
period pulsations, which were identified as pressure-mode (p-mode)
oscillations by Charpinet et al. (1997). These modes are driven in
the envelopes of the stars. A later discovery by Green et al. (2003)
showed a longer period variation in the sdB star PG 1716 + 426.
The period in this, and other stars, was of the order 10 times longer
than those previously seen in the sdB stars, and there was a distinct
difference between the temperatures of the initial group of pulsators
and this new one. These observations led to the conclusion that
the newly identified sdBVs were gravity-mode (g-mode) pulsators
(Fontaine et al. 2003). Since the first discovery of variability in
the subdwarf stars, 110 sdBV, sdOBV and sdOV stars have been
identified. Table 1 lists the known sdBV and sdOV stars (hereafter
sdV when referred to jointly).

Asis seen with stars on the main sequence, there is a final subset of
sdV stars that show both low- and high-frequency pulsations. These
hybrid pulsators (also called DW Lyn stars after their prototype),
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first seen by Schuh et al. (2006), provide the ideal laboratory to test
the internal structure of the subdwarf stars. The presence of both p
and g modes in a single star allows for detailed asteroseismological
modelling of the interior as the different modes probe varying layers
in the star. For example, to explain the presence of both modes in a
single star, Jeffery & Saio (2006) were able to extend the instability
strip of the sdBV stars, so that the p- and g-mode regions overlapped,
by including nickel opacities in their calculations.

The original differences in pulsation frequency that were used to
identify p-mode, g-mode and hybrid pulsators are not robust enough
when presented with precise space-based observations. Therefore,
in Table 1, we class the spaced-based observations as if they were
observed from the ground, with a detection limit of 1 mmag. If
there are other pulsations below this limit, a classification of ‘(H)’
is given to indicate that the star is a hybrid pulsator at the detection
limit of the Kepler satellite. This notation is also used in the cases
where all pulsations are below the ground-based detection limit, i.e.
in the cases where a classification of ‘(G)’ is given.

The top panel of Fig. 1 shows all the known sdV stars, which have
values of Tesr and log g in Table 1, in the T,—log g plane. Two groups
form in the diagram, the blue points that represent the g-mode
pulsators, and the red points that represent the p-mode pulsators.
The g-mode pulsators have systematically lower temperatures and
surface gravities than their p-mode counterparts. The hybrid stars,
as one would expect, straddle the two groups, and are shown in
black. One star of particular note is the g-mode pulsator LS V-
14 116, the blue dot amongst the red. This star shows an extremely
peculiar abundance pattern and is thought to belong to the halo
population (Randall et al. 2015). LS IV-14 116 is also an outlier
in the middle and bottom panels of Fig. 1 where the abnormal
helium abundance is obvious and it is the only high surface gravity
g-mode pulsator. Models of this star, using the opacity mechanism,
cannot explain the pulsations given the derived stellar parameters.
Despite considerable effort, this star remains a mystery (e.g. Green
et al. 2011; Miller Bertolami, Cérsico & Althaus 2011; Naslim
etal. 2011).

The middle panel of Fig. 1 shows the effective temperature against
helium abundance for the stars in Table 1. The hotter stars tend
to have a higher He abundance than their cooler counterparts, as
expected (e.g. Edelmann et al. 2003), and as such are predominantly
the p-mode pulsators. There are two stars that do not follow the
general trend in the plot: the g-mode pulsator LS IV-14 116 that
has both high helium abundance and a high temperature and the cool
g-mode pulsator KIC 1718290. The former, as described above, has
an extremely peculiar helium abundance. The latter, KIC 1718290,
was shown to be on the blue horizontal branch, rather than the EHB,
by @stensen et al. (2012), which may explain its obviously different
position in the effective temperature against helium abundance plot
when compared to the other g-mode pulsators.

Finally, the bottom panel of Fig. 1 shows the range of pulsation
period of a star against its surface gravity. Models have shown (e.g.
Fontaine et al. 1998; Koen et al. 1999b) that there is an expected
relationship between the pulsations in the sdBV stars and their
surface gravity. The black lines plotted represent the fundamental
modes of £ = 0, n = 0 (solid line) and £ = 2, n = 0 (dashed line)
and the £ = 1, n = 1 (dotted line) mode for p-mode pulsators.
Most stars lie on the short-period side of the solid line, with some
at higher surface gravities better constrained by the dashed line. It
must be noted, however, that surface gravity determinations in the
sdBV stars can be greatly influenced by binarity, metallicity and
the pulsations, forcing models to fit higher surface gravities if the
effects are not accounted for.
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Figure 1. Top panel: the known sdV stars in the T,s—log g plane for which
data is available in Table 1. The red dots indicate the short-period p-mode
pulsators, the blue dots are the long-period g-mode pulsators and the black
dots are the hybrid pulsators. The classifications are assigned using the
ground-based criterion if available, otherwise the space-based classification.
The targets we report here are shown by the outlined stars. Middle panel:
the Tefr—log (Nhe/Nu) diagram for the stars in Table 1. In general, the hotter
stars are the p-mode pulsators and are more He-rich. Bottom panel: the
P-log g diagram for the same stars. The horizontal lines emanating from
dots represent the range of the pulsation periods for a given star. The black
lines represent the loci of models for the £ = 0, n = 0 mode (solid line), the
¢ =2, n =0 mode (dashed line) and the £ = 1, n = 1 mode (dotted line)
for the p-mode pulsators. See Koen et al. (1999a) for a discussion of the
models. The black crosses in the top two panels indicate the typical errors.
See online version for colour plots.



Ground-based observations of the g-mode and hybrid pulsators
can be challenging due to the intrinsic low amplitudes and low ob-
servational duty cycles. As such, observations by the Kepler Space
Telescope have pushed the study of sdBV stars into a new age with
the observations of many low-amplitude frequency-rich stars (e.g.
@stensen et al. 2010a,b; Baran et al. 201 1c, 2012). The precision
and time-base of the observations of these stars will not be surpassed
for many years.

However, with the upcoming Transiting Exoplanet Survey Satel-
lite (TESS; Ricker et al. 2015) mission, many of the bright stars
detected with ground-based observations will be revisited and be
subject to pmag precision observations for days to months at a
time. TESS fields will be observed for 27 d at a minimum cadence
of 30 min, with 750 and 60 targets observed at 120 and 20 s, respec-
tively, per field. Where fields overlap, multiple 27-d periods will
combine to provide longer time-base observations, and in the best
cases up to 1 yr at the ecliptic poles. As such, the identification of
further, bright, targets is key to expanding the sample size available
for TESS observations, which will have a limiting magnitude of
Ic < 10-13 (Ricker et al. 2015).

1.1 The Super WASP project

The Super Wide Angle Search for Planets (WASP) project is
a two-site wide-field survey for transiting exoplanets (Pollacco
et al. 2006). The instruments are located at the Observatorio del
Roque de los Muchachos on La Palma and at the Sutherland Sta-
tion of the South African Astronomical Observatory. The instru-
ments consist of eight 200 mm, f/1.8 Canon telephoto lenses backed
by Andor CCDs of 2048 x 2048 pixels, allowing a pixel size of
about 14 arcsec. Observations are made through broad-band filters
of 40007000 A. An instrument reconfiguration was conducted in
2012 on SuperWASP-S. This involved changing the 200 mm lenses
for 85 mm to enable the targeting of brighter stars for planetary
transits (Turner et al. 2015).

The data pass through a custom reduction pipeline correcting
for primary and secondary extinctions, the colour-response of the
instrument, the zero-point and atmospheric extinction. The pipeline
is optimized for G stars. The data are also corrected for instrumental
systematics using the sysRem algorithm of Tamuz et al. (2005). The
observing strategy of SuperWASP provides two consecutive 30 s
exposures at a given pointing, before moving to the next available
field; fields are typically revisited every 10 min. Such an observing
strategy allows for a nominal Nyquist frequency of 1440 d~!, but in
reality due to the pseudo-random sampling there is no strict Nyquist
frequency. Frequency analysis is only limited by the length of the
exposure.

The SuperWASP project has been shown to have a versatile
archive in which to search for a whole host of variable stars
(e.g. Maxted et al. 2008; Thomas et al. 2010; Norton et al. 2011;
Smalley et al. 2011, 2014, 2017; McQuillin et al. 2012; Holdsworth
et al. 2014; Holdsworth 2015). In this paper, we provide an in depth
analysis of three sdBV stars that have been identified to vary by
Holdsworth et al. (2014) and Holdsworth (2015). These stars were
not previously known to be pulsating sdB stars, and as such, provide
further examples of the sdBV group of variable stars. These targets
are prime candidates for follow-up observations by the TESS space
mission due to their relative brightness among the sdV stars.

Throughout this paper, the reader must bear in mind that the am-
plitudes presented are those detected in the broad-band filter of the
SuperWASP instrument. As such, they will be greatly reduced when
compared to other sdV stars that are typically observed through
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Figure 2. Top panel: amplitude spectrum of the discrete Fourier transform
of all data, to the nominal Nyquist frequency, for J193845609 showing
periodic variability at 231 d~!. Bottom panel: zoomed view of the variability
and the alias structure. The second peak can be seen on the high-frequency
shoulder of the main signal.

narrower band filters in the blue part of the spectrum. The pulsation
amplitudes in these stars are greater in the blue part of the spec-
trum as a result of their high temperature and the variations in the
effective temperature over the pulsation cycle.

2 THE TARGETS

2.1 J1938+5609

J1938+4-5609 (a: 19:38:32.48, §: +56:09:44.6) is a newly identified
sdB star that pulsates at a frequency of 231.62 d~!' (P =373 s) with
an average amplitude of 4 mmag (Fig. 2). The star was observed by
SuperWASP over a period of 4 yr (2007-2010), and was observed
simultaneously by two different cameras in 2007 and 2008. Table 2
details the SuperWASP observations. Where there are multiple ob-
servations per season, a letter is added to the season column to aid
differentiation. Peaks that had the greatest amplitude in the com-
bined data set were taken to be the true variability of the star. The
peaks that surround the peak at greatest amplitude are a result of the
window pattern, which is dominated by the daily aliases that plague
ground-based, single-site, time-resolved observations.

To confirm this star as an sdB star, an optical spectrum of
J1938+4-5609 was obtained with Intermediate dispersion Spectro-
graph and Imaging System (ISIS) instrument mounted on the 4.2-m
William Herschel Telescope (WHT) on 2015 March 12. We used
the R600B grating with a 1.5 arcsec slit, attaining a resolution of R
~2000. The exposure time was 1000 s, leading to a peak S/N~180.
The spectrum has been reduced in the standard way, including flat-
field correction, de-biasing and wavelength calibrations applied.
Tools from the STARLINK project' were used to perform these tasks.
The spectrum was intensity rectified using the ucLsYN spectral syn-
thesis package (Smalley, Smith & Dworetsky 2001).

The spectrum is quite featureless, with only Balmer lines and
He 1 lines present. The hydrogen and helium lines of the extracted
spectrum were fitted to a grid of synthetic spectra calculated from
fully line blanketed local thermodynamic equilibrium model atmo-
spheres assuming solar metallicity (Heber et al. 2000). The result

!http://starlink.eao.hawaii.edu/starlink
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Table 2. Details of the SuperWASP observations for J1938+5609, and the results of a non-linear least-squares fitting to each of the seasons. Time (BJD) is
given as BJD-2400000.0. The zero-point for the phases is taken to be the centre point of each of the data sets.

Season BID Length Number of 1D Frequency Amplitude Phase S/N
start (d) points dh (mmag) (rad)
2007a 4230.5894 66.0356 2658 Vi 231.6179 4 0.0009 6.61 £ 0.66 0.106 £ 0.113 6.37
2007b 4249.5562 46.1206 2383 Vi 231.6209 £ 0.0021 4.68 £ 0.82 —1.817 £ 0.178 4.11
2008a 4631.7129 58.6768 1545 Vi 231.6195 4+ 0.0019 7.98 £1.69 0.322 £ 0.217 3.30
2008b 4605.6377 84.9810 5732 Vi 231.6179 £ 0.0008 5.14 £ 0.54 —1.249 £ 0.109 6.10
2009 4971.6289 127.8379 8489 Vi 231.6189 £ 0.0005 3.89+£0.39 1.627 + 0.098 6.70
) 231.6405 £ 0.0007 2.53+£0.38 —2.991 £ 0.154 4.57
2010 5336.6289 122.8848 10 748 Vi 231.6174 £ 0.0006 3.13+£0.39 2.164 + 0.123 5.88
V2 231.6397 £ 0.0008 2.49 £0.38 —1.879 £ 0.155 5.12
All 4230.5894 1228.9243 31555 1% 231.61808 £ 0.000 02 3.77+£0.23 —0.608 £+ 0.062 11.08
) 231.64058 £ 0.000 04 1.98 £0.23 —0.914 £ 0.118 6.34
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Figure 3. Fitting results of the WHT/ISIS spectrum of J19384-5609 con-
firming it to be an sdB star. Values in brackets of the fit parameters are the
errors in the last digits, see the text for more realistic errors. The artefact in
the blue wing of H, is from a bad CCD column.

is shown in Fig. 3. The artefact in the blue wing of H, is from a
bad CCD column. Note that formal fitting errors stated in the figure
do not account for systematic effects inherent in the models, so we
generously increase the errors when stating 7o = 29 500 4= 500 K,
logg = 5.34 £ 0.10 cm 52 and log (Ve /Ny) = —2.86 % 0.10.

To analyse the light curve, we treat each season of data sepa-
rately. To remove the remaining low-frequency ‘red’ noise from the
light curve after the data have been processed by the SuperWASP
pipeline, we pre-whiten the data to 10 d~ to an amplitude limit that
is representative of the noise level at high-frequency. This frequency
limit is sufficiently removed from the pulsation as to not affect the
subsequent analysis. This is an iterative process where we identity,
fit and remove peaks above the high-frequency noise level. We then
apply linear and non-linear least-squares fitting to the light curve

MNRAS 466, 5020-5032 (2017)
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Figure 4. Amplitude spectrum of the discrete Fourier transform of the
separate seasons for J1938+5609 showing the amplitude variation of the
peak, and the splitting of the mode into two well-resolved frequencies.

to extract the frequency of variability. The results of the non-linear
least-squares fitting are shown in Table 2.

As can be seen from the results, the amplitude of the pulsation
changes over the 4-yr period. This is shown graphically in Fig. 4.
The 2008a season of data is shorter in duration and low on the
number of points, making the amplitude determination much more
difficult, as is demonstrated by the large error in Table 2. The other
seasons show, on average, a decrease in the pulsation amplitude of
the principal peak, and an eventual emergence of a second peak at
vy =231.64d7",

The presence of the second peak in the later seasons, combined
with the decrease in amplitude, suggests there may be beating be-
tween the two peaks or with further, unresolved, peaks. However,
the separation of the two peaks, §v = 0.022 #+ 0.001 d~', is equal
to the lowest frequency resolution of the SuperWASP data (namely
the 2007b data). As such, the two peaks should be resolved in all the
periodograms. The low quality of the WASP data does not allow us
to confirm the presence of variable amplitude over the course of the
observations presented here — although the results are suggestive of
variability, the noise and resolution are not sufficient for its presence
to be confirmed.

Very few sdBV stars show just one or two pulsation modes (see
Table 1). Other than the stars identified by Brown et al. (2013)
for which no accurate temperatures are published, J1938+5609
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Figure 5. Mercator light curve of J1938+5609. Note the variable amplitude
seen in the data. The observations in the top four panels, blue data points,
were obtained through a BG filter, with the red data points in the bottom
panel obtained through an RG filter. See the online version for colour plots.

is the second coolest single mode variable. The temperature and
surface gravity of J1938+4-5609 place it among the hybrid pulsators
(see Fig. 1). In terms of its stellar parameters, this target is similar
to Balloon 090100001 (Baran, Pigulski & O’Toole 2008; Telting
et al. 2008; Baran et al. 2009), which shows amplitude variations
in both photometric and spectroscopic observations. The variations
seen in the amplitude spectrum of Balloon 090100001 are likely
to be caused by energy transfer between the p and g modes. We
therefore postulate this might be the case for J19384-5609, and
that there may be further modes present in this star, but below our
detection limit.

Independently of the SuperWASP survey, J1938+5609 was
targeted as part of the survey for bright pulsators in the
GALEX sample, which also yielded J2013340928 (@stensen
etal. 2011b), JO8069+1527 (Baran et al. 201 1b) and J06398+5156
(Vuckovié et al. 2012). All observations were obtained with the
Merope 11 frame-transfer imager on the 1.2-m Mercator telescope
(Dstensen 2010). The data were processed by standard overscan
bias-level subtraction and flat-fielding, and the light curves extracted
by aperture photometry, using the Real Time Photometry (RpT) pro-
gram (@stensen et al. 2001a). Observations were made through two
different filters: the R and B filters of the Geneva system denoted RG
and BG, respectively. The targets were first observed on the night
of 2011 June 7 during two short runs. Those discovery runs were
immediately followed up with a long run on 2011 June 10. Another
fairly long run was obtained on the night of 2011 August 13 during
the same campaign as for FBS 01174396 (@stensen et al. 2013),
while waiting for that target to become high enough to observe.
Finally, it was observed on the nights of 2011 September 3 and 4,
where the observations on the first of those nights suffered from
intermittent clouds.

The extracted light curves are shown in Fig. 5. The star shows
amplitude variability over the period of the observations. However,
the data are not of sufficient length to resolve more than one mode,
as seen in SuperWASP. The manner in which the data are extracted
with the rRpT programme provides a magnitude in counts relative
to the comparison stars. As such, the extraction of amplitude from
the data for comparison to the SuperWASP white light data is not
possible. The data do, however, demonstrate the amplitude suppres-
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Figure 6. Top panel: full amplitude spectrum of the discrete Fourier trans-
form of the SuperWASP data of J0902—0720 showing two periodic varia-
tions. Bottom panel: zoomed view of the variations seen in the top panel.

sion as a function of filter response, and thus the need for blue-band
observations of these stars to maximize frequency detection.

2.2 J0902—-0720

J0902—0720 (« : 09:02:04.52, §: —07:20:47.58; TYC 4890-19-1)
is a newly identified sdB star, detected through the light varia-
tions in SuperWASP data. The data show variability at 636.74 d ™!
(P = 136 s) with an average amplitude of 7.27 mmag, and a sec-
ond peak at 615.34 d~! (P = 140 s) with an average amplitude of
1.53 mmag (Fig. 6).

A low-resolution spectrum (R ~1360) of J0902—0720 was ob-
tained with the Andalucia Faint Object Spectrograph and Cam-
era, ALFOSC, instrument mounted on the 2.56-m Nordic Optical
Telescope (NOT), on 2013 February 04. We used grism #16 and
a 1.0 arcsec slit. The exposure time was 300 s, leading to a peak
S/N~220 in the extracted spectrum. Standard reduction steps within
IRAF include bias subtraction, removal of pixel-to-pixel sensitivity
variations, optimal spectral extraction and wavelength calibration
based on arc-lamp spectra. There are many He lines in the spectrum,
with very few other features (excluding the H lines). The results of
the spectral fitting are shown in Fig. 7, where the errors shown are
the formal fitting errors. When taking into account systematic ef-
fects, we adopt Ty = 34200 £ 500 K, log g = 5.87 +0.10 cm s 2
and log (Nye/Nu) = —1.38 £ 0.1, confirming this star as a pulsat-
ing sdB star. These parameters place the star amongst the p-mode
pulsators.

To analyse the light curve of J0902—0720, we pre-whitened each
season of data to 10 d~!' to an amplitude representative of the
high-frequency noise, following the procedure described earlier.
We then conducted linear and non-linear least-squares fitting of
the pulsations. The results of the non-linear least-squares fitting
are shown in Table 3. As before, seasons with multiple data are
differentiated by a letter, and peaks are identified from the aliases
in the amplitude spectrum of the combined data.

We detect the principal peak in all available seasons of Super-
WASP data. The second peak, v, at 615.34 d~!, is detected in all bar
one season. That season, 201 1a, has the shortest length and a noise
level of about 2.4 mmag at the frequency of the undetected peak.
A third peak, vs at 615.44 d~!, is detected in two of the seasons.
This has a similar amplitude to v, and as such should be detected
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Figure 7. The results of spectral fitting of the NOT/ALFOSC spectrum of
J0902—0720. Values in brackets of the fit parameters are the errors in the
last digits. See the text for more realistic errors.

in most of the data sets. Further data are required to confirm v; as
areal signal.

Assuming that the peaks seen in the periodogram of J0902—0720
at 136 s are typical of those found in other sdBV stars, we conclude

that the light variations are due to p-mode pulsations driven by the
iron opacity bump (@stensen 2010).

It must be noted here that the amplitudes of the pulsations in
J0902—0720 will be reduced as a result of the relatively long expo-
sure time of the SuperWASP observations, when compared to the
pulsation period. Taking this into account, the amplitude is reduced
by 8 per cent in the SuperWASP passband. This is calculated using
the relation

— = sinc@, €8
AO P, puls

where A is the measured amplitude, A is the intrinsic amplitude (in
the observed passband), Ty, is the exposure time which in the case
of SuperWASP is 30 s and P, is the pulsation period.

The spectroscopic parameters derived for J0902—0720 place it
among the p-mode pulsators (Fig. 1). The temperature and surface
gravity suggest no g modes would likely be present in the star.
Further to this, the He abundance we derive for J0902—0720 is
high. When compared to the other sdBV stars (see middle panel
of Fig. 1), there are few p-mode pulsators that show a higher He
abundance. The position that J0902—0720 occupies in that diagram
is similar to 2M0415+4-0154, HE 1450—0957 and J23341+4622
all of which show just two or three pulsation modes. However, we
cannot rule out the presence of further modes in J0902—0720 from
our broad-band photometry. This bright (V = 12.4) target is ideal
for dedicated follow-up observations.

2.3 J2344-3427

12344 -3427 (a: 23:44:22.01, §: —34:27:00.40; HE 2341—-3443)
was included in the survey of @stensen et al. (2010c), but no sig-
nificant pulsations were detected in that short run. With only ~800
data points, the detection limit was just ~3 mmag, so their null de-
tection is not in conflict with the SuperWASP detection presented
here.

The SuperWASP observations of 12344—3427 cover five seasons,
with a total of 43 572 data points. To analyse the high-frequency

Table 3. Details of the SuperWASP observations for J0902—0720, and the results of a non-linear least-squares fitting to each of the seasons. Time (BJD) is
given as BJD-2400000.0. The zero-point for the phases is taken to be the centre point of each of the data sets.

Season BID Length Number of ID Frequency Amplitude Phase S/N
start (d) points dh (mmag) (rad)
2009a 4846.3565 97.0020 4652 Vi 636.7340 £ 0.0002 12.14 £ 0.50 —1.184 £ 0.041 9.15
) 615.3372 £ 0.0010 2.67 = 0.50 0.373 £ 0.191 4.16
V3 615.4361 £ 0.0012 2.19 £ 0.50 —1.107 £+ 0.233 3.84
2009b 5167.6401 118.8760 2908 Vi 636.7356 £ 0.0002 9.59 £ 0.47 2.092 + 0.051 7.75
vy 615.3393 + 0.0011 1.91 £ 048 —2.868 £ 0.256 3.22
2009¢ 5168.6729 117.8433 3388 Vi 636.7355 £ 0.0002 10.69 + 0.42 0.710 £ 0.042 8.23
vy 615.3406 £ 0.0009 242 +£ 042 1.315 £ 0.186 3.95
2010a 5212.4082 95.9702 4119 Vi 636.7358 £ 0.0003 11.77 £ 0.52 1.845 + 0.044 8.95
vy 615.3403 £ 0.0015 2.11 £ 0.54 —2.229 £+ 0.246 3.93
V3 615.4376 £ 0.0012 2.62 + 0.54 —1.404 £+ 0.203 3.66
2010b 5532.7612 116.7583 3759 vy 636.7371 £ 0.0002 9.60 £+ 0.35 0.058 £ 0.038 8.34
) 615.3411 £ 0.0007 2.44 + 0.35 —2.013 £+ 0.148 5.06
2010c 5543.5894 105.9302 3735 vy 636.7375 £ 0.0002 10.53 £ 0.37 2.208 + 0.035 8.72
V2 615.3407 £ 0.0008 228 + 0.37 1.212 + 0.163 4.54
2011a 5624.4238 51.9502 1908 vy 636.7384 £ 0.0007 12.49 £ 0.79 0.841 £ 0.064 7.24
2011b 5913.4404 125.9028 3387 Vi 636.7385 £ 0.0002 12.49 £ 0.58 1.456 + 0.046 10.16
vy 615.3409 £ 0.0011 2.58 £ 0.58 —0.354 £+ 0.227 3.85
All 4846.3565 1192.9868 27586 Vi 636.737210 £ 0.00001 7.27 £ 0.18 0.435 £ 0.025 13.41
vy 615.339722 £+ 0.00006 1.59 £ 0.18 —3.023 £ 0.116 6.26
V3 615.435681 £ 0.00009 0.94 £ 0.18 —0.149 £ 0.197 3.71
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Figure 8. Top panel: full amplitude spectrum of the discrete Fourier trans-
form of the SuperWASP light curve of J2344—3427 using the first three
seasons of data. Bottom panel: the low-frequency range shown in more
detail due to the presence of multiple frequencies.

variability in this star, we pre-whiten each individual light curve
to a frequency of 10 d~! and an amplitude equalling the approxi-
mate noise level of the high-frequency range, as performed for the
previous targets. When analysing the peaks in the low-frequency
regime, we do not pre-whiten the data — as the peaks are close to
the red noise peaks in frequency space, altering the light curve at
low frequency to remove noise may affect the intrinsic variability
signal.

The high-frequency variation, at 223.16 d~!, (P = 387 s) is
detected in all seasons of the data with an average amplitude of
1.5 mmag (Fig. 8 top panel). As well as the high-frequency vari-
ability, there are further frequencies at 8.68, 22.31 and 28.56 d-!
(P = 9954, 3873 and 3025 s) with amplitudes of 0.99, 1.17
and 0.76 mmag, respectively (Fig. 8 bottom panel). These low-
frequency variations are only detected (with significance) in the first
three seasons of data. The lack of detections in the 2012 and 2013
seasons is most likely a result of the change to 85 mm lenses, which
results in a lower photometric precision per observation, and hence
a higher noise level in the periodogram. The 2006, 2007 and 2011
seasons achieve a noise level of ~0.7 mmag in the low-frequency
range, whereas the 2012 and 2013 data reach just 1.4 mmag, greater
than the detected pulsation amplitudes. A full frequency analysis, as
well as a log of the SuperWASP observations, is shown in Table 4.

These low-frequency pulsations may originate from a main-
sequence companion, as most sdB stars are found in binary sys-
tems, or they may be g modes in the same star, as is observed with
the DW Lyn sdBV stars (Schuh et al. 2006). However, we are able
to rule-out some binary scenarios: the lack of a detected orbital
period, or its harmonic, allows us to exclude a short-period binary
(such as HW Vir); a y Dor or § Sct star would be detected in the
spectrum of J2344—3427, which was shown not to be the case by
Geier & Heber (2012), thus we can exclude these A/F star pulsators
from contaminating the light curve; and the lack of any IR excess
in 2MASS photometry allows us to exclude sufficiently luminous
stars that could have pulsations in our light curve. We are confi-
dent, therefore, that J2344—3427 is a single star that shows hybrid
pulsations.

There are conflicting temperatures for J2344—3427 presented in
the literature. McDonald, Zijlstra & Boyer (2012) measured the ef-
fective temperature of J2344—3427 to be 37448 £+ 1648 K. This
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value is derived through SED fitting and does not take into ac-
count interstellar reddening. Furthermore, they use blackbody fits
that are not appropriate for hot stars. A more accurate result is pre-
sented by Geier et al. (2013) who used their FEROS (The Fiber-fed
Extended Range Optical Spectrograph) spectrum to derive a Teg
of 27000 4+ 500 K. Further to this, Heber et al. (1984) found a
value of 28 800 &+ 1500 K and a logg of 5.4 4+ 0.2 cm s~2, and
Németh et al. (2012) found a T.; of 28 390 £+ 265 K. These val-
ues from spectral fitting provide a much more reliable temperature
estimate than that of McDonald et al. (2012). Therefore we adopt
Teir = 28000 % 250 K for this star by taking the weighted mean
and its error from the spectroscopically derived temperatures. Such
a temperature places the star in the hybrid star temperature range.
Given that only one measurement of log g was found, we adopt that
value.

Previous to Kepler, these hybrid pulsators were seen to have am-
plitudes much larger than their non-hybrid counterparts. However,
Reed et al. (2010b) have found pulsations in Kepler targets that
would have been below ground-based detection limits. Kepler ob-
servations have also shown g modes to be of higher amplitude than
the p modes in the same star, unlike previously observed hybrid
sdBV stars, as well as J2344—3427 here.

The presence of both p and g modes in a single star is key to un-
derstanding the structure of the star as the different excitation mech-
anisms probe different depths. Further observations of J2344—3427
are required to confirm the presence of the g modes, and provide a
full frequency solution for asteroseismological modelling.

3 SUMMARY AND CONCLUSIONS

As there are relatively few variable hot subdwarf stars known
(Table 1), the identification of further class members is key to un-
derstanding these stars. A previous attempt to identify new sdBV
stars in the SuperWASP archive only resulted in the confirmation of
previously known variables (Maxted et al. 2008). However, in this
work, we have identified and analysed three new sdBV stars found
in the SuperWASP archive. Two of these stars, J0902—0720 and
J19384-5609, are of the short-period p-mode type, while the third,
J2344—3427, is a hybrid pulsator.

Amongst the short-period stars, J1938+56009 is at the lower tem-
perature and surface gravity end of the distribution (Fig. 1), and
as such is mixed with the long-period pulsators in the 7 g—log g
plane. The reason for this is unclear. However, the noise limits of
the SuperWASP data do not allow us to rule-out the presence of
low-amplitude g modes that would make this star a hybrid pulsator.
It would then fall in the expected region in the T.z—log g plane. The
position of J0902—0720 in the blue part of that plane suggests that
g modes are unlikely to be found in this star.

J2344—3427 has been identified as a hybrid pulsator, and is found
amongst the other hybrid stars in the T,g—log g plane. Given the lo-
cation of J1938+5609 is similar to J2344—3427 in the T.x—log g, we
postulate that J1938+56009 star is also a hybrid pulsator. The ampli-
tude of the g-mode pulsations in J2344—3427 are of the order of the
noise level of J19384-5609 (in the same frequency range), further
suggesting that J1938+5609 may be a hybrid pulsator (as defined
in the limit of ground-based observations) with the signal lost in
the noise. Additional observations, in the appropriate passband, are
required to fully characterize all these targets. These observations
may lead to the identification of further, low-amplitude, pulsations
not identified in our broad-band observations.

The stars presented in this work demonstrate the ability of sur-
vey data to identify unknown sdBV stars, and thus expand the
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Table 4. Details of the SuperWASP observations for J2344—3427, and the results of a non-linear least-squares fitting to each of the seasons. Time (BJD) is
given as BJD-2400000.0. The zero-point for the phases is taken to be the centre point of each of the data sets.

Season BID Length Number of D Frequency Amplitude Phase S/N
start (d) points a@h (mmag) (rad)
2006 3870.6143 183.8618 4574 vy 223.1601 £ 0.0003 1.46 £ 0.16 1.240 £ 0.096 6.78
) 8.6803 £ 0.0004 1.42 £ 0.16 2972 £ 0.113 5.14
V3 22.3065 £ 0.0004 1.37 £ 0.16 —2.851 £ 0.116 5.17
V4 28.5596 + 0.0006 0.92 £ 0.16 2432 £ 0.176 4.48
2007 4268.5259 164.9025 4558 Vi 223.1599 £ 0.0004 1.40 = 0.23 —1.695 £ 0.122 4.98
) 8.6818 £ 0.0003 232 +£0.23 —1.892 £ 0.101 433
V3 22.3071 £ 0.0011 0.75 £ 0.23 2978 £ 0.311 2.54
V4 28.5617 £ 0.0009 0.86 £+ 0.23 2.451 £ 0.269 2.83
2011 5731.5244 153.9233 3860 Vi 223.1602 £ 0.0004 1.78 = 0.21 —1.056 £ 0.108 5.96
) 8.3442 + 0.0009 091 £+ 0.21 2.196 + 0.230 3.08
V3 22.3074 £ 0.0005 1.50 = 0.21 —0.279 £ 0.138 5.15
V4 28.5623 £ 0.0010 0.77 £ 0.21 —0.502 £+ 0.269 2.92
2012 6111.5190 148.8671 17174 Vi 223.1622 £ 0.0011 1.44 = 0.39 2.091 £ 0.291 2.87
2013 6449.5532 187.7925 13406 vy 223.1601 £ 0.0012 1.31 £ 042 2.549 + 0.332 241
All 3870.6143 2766.7314 43572 Vi 223.16024 + 0.000 03 1.47 + 0.21 0.561 £ 0.169 5.14
V3 22.30749 + 0.00003 1.38 £ 0.21 1.459 £ 0.197 5.15

number that are available for in-depth analysis via targeted photom-
etry and/or spectroscopy. Further to this, as ground-based surveys
often target bright stars, the stars presented here are ideal candidates
for follow-up observations by the TESS mission.
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