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The Tools at UNC-Chapel Hill

SOAR Telescope PROMPT (part of SKYNET)

- 4.1-m aperture
- Cerro Pachon, Chile

- array of 5 robotic telescopes
- 0.4-m apertures
- Cerro Tololo, Chile
- 100% automated
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PROMPT as a Tool for Studying Pulsators

The PROMPT

- great observing site 
- 10’ x 10’ F.O.V.
- multi-color photometry easy
- lots of time available to us

Advantages

- small apertures

Disadvantages
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Simultaneous, multi-color photometry of CS 1246
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O-C Diagram Basics

1.  Period correct and constant

2.  Period wrong but constant

3.  Period increasing

- ‘O-C’ = ‘observed - calculated’

- used to measure small differences 
in arrival times of photons

- same timing method used to find 
planets around pulsars

C = To + PoE  
To  -  time at cycle E=0
Po  -  period at To

E    -  cycle #

O taken from data 
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Example O-C Diagram:  V391 Pegasi

Silvotti et al. (2007)

same sinusoidal component is also found in the O–C diagram of
the secondary pulsation frequency of the star (see Figs 2 and 3 for
more details). Any alternative interpretation of our results would have
to be compatible with this fact. The sinusoids in the lower panels of
Figs 1, 2 and 3 suggest a circular orbit. From our observations we
cannot yet set a precise upper limit to the eccentricity, but it must
be close to zero.

Using the known characteristics of the V 391 Peg system, we can
determine a first estimate of the planet’s effective temperature by
balancing the flux received from the star with the blackbody flux
re-radiated by the planet (see Supplementary Information for more
details). Assuming a Bond albedo of 0.343 (similar to that of
Jupiter17), we obtain an effective temperature for the planet of about
470K, corresponding to a maximum of the blackbody radiation near
6.2 mm from Wien’s law.

With a projected radius of about five light seconds, the wobble of
the barycentre of V 391 Peg points towards a planet (for comparison,
the amplitude of the solar displacement around the barycentre of our
Solar System is almost three light seconds). However, depending on
the unknown inclination i of the system, a brown dwarf or even a low-
mass stellar companion cannot be totally excluded. But the low
inclination required (2.5u# i# 14u for a brown dwarf or i# 2.5u
for a low-mass stellar companion) has a very low probability (3%

and 0.1% respectively), assuming a random distribution of orbital
plane inclinations.

Thus, with a 97% probability, V 391 Peg b is the first recognized
planet orbiting a post-red-giant star, making this system a unique
laboratory in which to test the evolution of planetary systems during
and after the red-giant expansion. With a probable age of the order of
10Gyr (see Supplementary Information formore details), V 391 Peg b
is also one of the oldest planets known. An interesting case of a brown
dwarf that survived engulfment by a red giantwas recently presented18;
the information about whether low-mass companions to red-giant
stars survive engulfment in that system is complementary to that of
V 391 Peg, because the two systems are very different. We note that
only by studying planets of horizontal branch stars is it possible to
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Figure 1 | The O–C diagram of the main pulsation frequency f1 of V391Peg.
The O–C technique is a way of measuring the phase variations of a periodic
function, comparing the observed times of the maxima with those calculated
from an ephemeris12. In our case, what is compared is the time of the first
maximum of each single run (obtained by fitting the data with five sinusoids
simultaneously, corresponding to the five pulsation frequencies) with the
best ephemeris obtained fitting the whole (seven-year-long) data set. The
error bars are given by s2Ozs2C

! "1=2
, where sO and sC are the 1s phase errors

obtained from the least-squares sinusoidal fits. The upper panel shows that the
fit of the long-term component by a second-order polynomial is significantly
improved when we also use a sine wave. Fitting the data with both functions
simultaneously reduces the value of the reduced x2 from 14.1 (second-order
polynomial alone) to 2.7. The lower panel shows the sinusoidal component
alone. Toobtain these plots, 418hof time-series photometry from167nights of
observation were used, from 18 different 1-m to 3-m class telescopes (see
Supplementary Information for more details). The number of photometric
measurements for eachpoint varies from237 (the highest pointwith large error
bar) to 26,081 (the first point on the left). In total, the number of photometric
measurements is109,531.Thedatawere reduced followingstandardprocedures
for time-series photometry, using statistical weights27 and barycentric time
corrections28 (BJD stands for barycentric Julian day). One second was added to
thedata of2006only, to compensate for the leap-second correctionof 1 January
2006. Looking at the time distributionof the phasemeasurements, we note that
there are seven groups of close points corresponding to the seven observing
seasons (fromMay to December) of the last seven years (2000 to 2006).
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Figure 2 | The O–C diagram of f1. In this version of the O–C diagram, all the
runsof eachobserving seasonwere combined and thephaseswere recalculated
on these larger data sets. This reduces the noise (but also reduces the time
resolution), so that in principle O–C diagrams can be built for each pulsation
frequency of a multiperiodic pulsator. In this way, if the pulsating star has a
companion, each pulsationmode can supply an independent confirmation of
the periodic motion around the centre of mass. V 391Peg has four or five
pulsationperiods; for the two thathave sufficiently large amplitudesof 1%and
0.4% respectively, O–C diagrams can be obtained. As in Fig. 1, the upper and
lower plots represent respectively the O–C diagram of f1 and its sinusoidal
component alone. The error bars are calculated as in Fig. 1.

2,000

O
bs

er
ve

d–
ca

lc
ul

at
ed

 (s
)

20

10

0

5

0

–5

–10

–20

20

10

0

5

0

–5

–10

–20

2,500 3,000 3,500 4,000

2,000 2,500 3,000
t (BJD – 2,450,000)

3,500 4,000

Figure 3 | The O–C diagram of f2. As for Fig. 2 but relative to the second
pulsation frequency f2. Comparing the lower panels of Figs 2 and 3, we see
that the two sinusoids of f1 and f2 are identical within the errors. The
agreement between periods, amplitudes and phases is always better than
0.2s. We obtain respectively 1,1746 94 days versus 1,1946 106 days,
5.96 1.6 s versus 6.06 2.3 s, and BJD 2,452,4436 194 versus
BJD2,452,4716 211 for the epoch of the first maximum. From the second-
order polynomial component of the fit in the upper panel, we obtain also a
measurement of the secular variation of f2: _PP2 5 (2.056 0.26)3 10212,
which is different from _PP1 5 (1.466 0.07)3 10212. The absolute values of _PP1
and _PP2, which correspond to an evolutionary timescale P

#
_PP of 7.63 106 and

5.53 106 years respectively, match relatively well with theoretical
expectations for evolved models of extreme horizontal branch stars29 (even
though their positive sign is more difficult to explain and suggests that the
star is expanding, as confirmed by some tests done by one of us). We note
that the difference between _PP1 and _PP2 excludes the possibility that the long-
term component of the O–C plots is due to a secondary planet with a larger
orbit. The error bars are calculated as in Fig. 1.
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CS 1246 -  a rapidly-pulsating sdB (sdBVr) star

Teff ....... 28450 K 
log g ............ 5.46
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The O-C Diagram of CS 1246:  Week 1
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The O-C Diagram of CS 1246:  Week 2
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The O-C Diagram of CS 1246:  Week 2+
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The O-C Diagram of CS 1246
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Fourier Transform of the O-C Diagram

Mean Noise Level:    
0.75 s

Period .......... 14.1 days
Amplitude ...... 10.7 s
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Fourier Transform of the O-C Diagram
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Fourier Transform of the O-C Diagram
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Fitting the O-C Values

4 Barlow et al.
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Figure 4. (Top) The O-C diagram for CS 1246. O-C values were computed using f1 and a linear ephemeris. The diagram is dominated
by a strong sinusoidal pattern with a period of 14.1 days overlaid on a parabola. (Middle) O-C points after removal of the quadratic
term and (Bottom) after removal of both the parabola and sine wave. The mean noise level in the pre-whitened diagram is 0.75s.

we used the period resulting from the least-squares fits to
the combined 2010 light curve for Pc. Our observing run on
2010 Mar 10 falls in the middle of this combined light curve,
and, consequently, we employed the time of maximum deter-
mined from its least-squares fit for Tc. The observed times of
maxima (O) were taken from the least-squares fits to the in-
dividual light curves, and their corresponding cycle numbers
were computed using equation (1).

Figure 4 presents the O-C diagram created by subtract-
ing the calculated from the observed times of maxima. A
sinusoidal oscillation, superimposed on a parabola, domi-
nates the overall structure. The presence of the sinusoid is
even more apparent in the FT of the O-C diagram with the
quadratic term removed, as shown in Figure 5. To quantify
these structures, we performed a simultaneous fit to the O-C
values including both parabolic and sinusoidal terms using
the expression

O !C = !T +!PE +
1
2
PṖE2 +A sin

!

2!E
"

+ "

"

. (2)

We used the IDL routine MPFIT (Markwardt 2009), which
employs the Levenberg-Marquardt method, to perform a
non-linear least-squares fit of equation (2) to the data. Dur-
ing this process, the points were weighted by their phase
error bars as determined from the least-squares fits. Inspect-
ing both equations (1) and (2), one finds that the resulting
values for !T and !P provide corrections to our initial es-

timates for the reference time of maximum and period from
which we derive a final pulsational ephemeris for the times
of maxima:

tmax = To + PE +
1
2
PṖE2 +A sin

!

2!E
"

+ "

"

. (3)

Table 1 displays the best-fit parameters for this ephemeris.
The parabolic component of the fit indicates a secular

decrease in the pulsational period on the order of 1 ms every
1.7 yrs. We attribute this variation to structural changes in
CS 1246 as it evolves through the HR diagram, which we
discuss further in §6. Removing this signal from the O-C
data (Figure 4, middle panel) more clearly emphasizes the
two-week phase oscillation, which has a semi-amplitude of
nearly 11s. We point out that even the 2009 data, which are
separated from the 2010 points by more than five months,
phase well to this oscillation. We find additional phase vari-
ations after removing the parabolic and sinusoidal terms in
neither the O-C diagram (Figure 4, bottom panel) nor its
FT (Figure 5, bottom panel). The mean noise level in the
pre-whitened O-C diagram is 0.75 s.

Phase Oscillation

Period (Π).............. 14.105 days
Amplitude (A)................ 10.7 s

    
-40

-30

-20

-10

0

10

20

O
-C

 (s
)

O-C Diagram

    

-15
0

15

Re
sid

 (s
)

-300 -200 -100 0
Time (days)

-15
0

15

Re
sid

 (s
)

    
-40

-30

-20

-10

0

10

20

O
-C

 (s
)

O-C Diagram

    

-15
0

15

Re
sid

 (s
)

-300 -200 -100 0
Time (days)

-15
0

15

Re
sid

 (s
)

Pulsation

Period (P)......... 371.691692 s
P-dot (P).......... 1.8 x 10-11 



i.  Presentation OutlineBrad Newton Barlow17th European White Dwarf Workshop

(Upper) Limit on P-dot
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(Upper) Limit on P-dot
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The O-C Diagram of CS 1246
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The phase-folded O-C diagram
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Table 3. System Parameters

Param Value Error Units Comment

! 14.105 ± 0.011 days orbital period

K 16.6 ± 0.6 km s!1 RV semi-amplitudea

f 0.0066 ± 0.0007 M! mass function

! 0.045 ± 0.019 orbital eccentricity

" 185 ± 20 degrees orbital periastron angle

a 0.0910 ± 0.0003 AU separation distanceb

0.0963 ± 0.0003 AU separation distancec

m sin i 0.115 ± 0.005 M! minimum companion massbd

0.129 ± 0.005 M! minimum companion masscd

acircular orbit approximation
bassuming an sdB mass of 0.39 M!
cassuming the canonical sdB mass of 0.47 M!
dassumes no error bar on the sdB mass

this mass by constraining the inclination angle of the system.
If the orbital plane were nearly edge-on (i ! 90 deg), one
would expect primary and secondary eclipses when the O-C
variations are close to their maximum and minimum values,
respectively. To look for an eclipse, we carefully monitored
the light curve using three of the PROMPT telescopes on
2010 Jun 21 (UTC) at a time when equation (3) predicts a
primary eclipse of the sdB in the case of an edge-on orbital
plane. None of the light curves showed any sign of a signal
loss. Given the large separation distance, however, the ab-
sence of an eclipse only rules out inclination angles greater
than 89.1 deg, which increases the minimum mass we report
by a negligible amount.

Under the assumption of randomly distributed orbital
plane orientations, one computes the probability of observ-
ing a system at an inclination angle i less than or equal to
! as

Probability (i < !) = 1" cos ! (6)

With a 96% probability the companion mass is less than
0.45 M#, the object is most likely a white dwarf or late-type
main sequence M-dwarf. Optical spectra of CS 1246 (Barlow
et al. 2010) show no clear signatures of a companion, but this
result could be consistent with a white dwarf or extremely
late-type main sequence companion. Optical reflection ef-
fects are often observed in sdB+dM systems, but even if
the albedo of the M-dwarf were 1.0, the relatively large sep-
aration distance would result in a maximum flux increase
less than 0.01 mma, a modulation well below our detection
limits. An infrared excess would be expected for CS 1246 if
the companion were an M-dwarf with mass exceeding 0.45
M# (Lisker et al. 2005). Unfortunately, the presence of the
Coalsack Nebula along our line of sight already significantly
reddens the system flux, and until the exact E(B-V) value of
this part of the Coalsack is determined, we cannot comment
further on any observed infrared excess.

6 CONSTRAINING THE EVOLUTIONARY

STATE OF CS 1246

Clues to the current evolutionary state of CS 1246 may be
found through consideration of the pulsational Ṗ . Accord-
ing to the models of Charpinet et al. (2002), changes in
the periods of acoustic modes in EHB stars are dominated
by two primary phases. During the first, a decrease in the
surface gravity causes the periods to increase steadily as the

sdB star evolves away from the zero-age extended horizontal
branch (ZAEHB). Their model stars display positive values
of Ṗ in this phase. The second phase of evolution begins
approximately 90 Myr after the ZAEHB when the density
of thermonuclear fuel in the core begins to decrease dramat-
ically. Responding to the reduced energy production, their
model stars contract, and the resulting decrease in surface
gravity leads to a decrease in acoustic mode periods and
hence a negative value for Ṗ . This phase lasts until the on-
set of the post-EHB phase approximately 110 Myr after the
ZAEHB, at which point the He in the core is completely
exhausted. Thereafter, He fusion may begin in the shell, the
radius begins to increase, and the star heads towards the
white dwarf dwarf cooling sequence after passing through
the sdO regime of the H-R diagram. Most helium-deficient
sdO stars are believed to be the progeny of sdB stars evolv-
ing in this way.

Our negative value of Ṗ implies CS 1246 is nearing the
end of its life as an EHB star or has already done so. The
contraction resulting from the depletion of He in the core
yields an increased surface gravity, which leads to a decrease
in the pulsational period of -571 ± 85 s Myr"1. Charpinet
et al. (2002) calculated values of Ṗ for sdB acoustic modes
(their Appendix C) for representative models at di!erent
ages. The rate of period decrease we measured for CS 1246
is faster than their fastest listed value, -230 s Myr"1, by a
factor of two. This value corresponds to a model star with
M=0.4758+0.0042 M#, an l=0 oscillation, and an age of
106.58 Myr. Charpinet et al. (2002) note that in advanced
stages of EHB evolution, when the period decreases most
rapidly, they used simple forward di!erencing to estimate
theoretical Ṗ values instead of cubic spline fittings, which
they used in earlier EHB stages when the periods are more
stable. A potential consequence of this di!erencing is the
over- or under-estimation of period changes at these ad-
vanced evolutionary stages. One could also account for the
faster period changes in CS 1246 if its hydrogen layer is
thicker than that of all of the Charpinet et al. (2002) mod-
els, since increasing the envelope thickness results in a more
extreme Ṗ . Having stated these possibilities, we stress that
our measurement of Ṗ is at most an upper limit to the evolu-
tionary rate of CS 1246. As emphasized by Kawaler (2010),
secular processes in sdB stars work on longer timescales than
processes a!ecting the phase or frequency of a mode, which
in all cases drive the observed Ṗ to faster changes.

We must also acknowledge the possibility that the
parabola in the O-C diagram is not a result of pulsational
period changes at all. Proper motion can contribute to the
measured Ṗ in pulsating stars (Pajdosz 1995); however, the
expected contribution is several orders of magnitude smaller
than the observed Ṗ and inconsequential to our analysis. It
is also possible that the apparent quadratic term is instead
a long-period sine wave for which we have not yet sampled
a complete cycle. Such an oscillation could result from the
barycentric wobble of CS 1246 due to a third interacting
companion or from the interaction of two extremely closely-
spaced pulsation frequencies. The former interpretation re-
quires the presence of an extremely massive companion with
an orbital period greater than 2.5 years. A longer timebase
is needed to di!erentiate between the possibilities. If the Ṗ
we report is indeed intrinsic to the pulsations, we should be
able to measure a period change without use of the O-C dia-
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System Parameters
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What is the companion?

Scale System Model

CS 1246
M-dwarf

- m sin i = 0.12 Msun 

- 95% probability m < 0.45 Msun

- no optical signature of companion

M-dwarf 
or 

white dwarf?
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Known RV semi-amplitudes of sdB binary systems
S. Geier et al.: The MUCHFUSS project – Searching for hot subdwarf binaries with massive unseen companions

Fig. 1. The RV semiamplitudes of all known sdB binaries with spec-
troscopic solutions plotted against their orbital periods (see Table A.1).
Binaries which have initially been discovered in photometric surveys
due to indicative features in their lightcurves (eclipses, reflection e!ects,
ellipsoidal variations) are marked with open circles. Binaries discov-
ered by detection of RV variation from time resolved spectroscopy are
marked with filled diamonds. The dashed, dotted and solid lines mark
the regions to the left where the minimum companion masses derived
from the binary mass function (assuming 0.47M! for the sdBs) exceed
0.45M!, 1.00M! and 1.40M!. The two post-RGB objects in the sam-
ple have been excluded, because their primary masses arer much lower.

dwarf companions have been detected in high resolution spec-
tra of two additional subdwarfs (Edelmann 2008; Vučković et
al. 2008). Since most of the binaries are single-lined, only lower
limits have been derived from the stellar mass functions, which
are in general compatible with late main sequence stars of spec-
tral type M or compact objects like white dwarfs.

Only in very special and hence rare cases tighter constraints
can be put on the nature of the companions (see the catalogue of
Ritter & Kolb 2009 and references therein). Thirteen sdB bina-
ries have been reported to show eclipses in their light curves. A
combined analysis of the lightcurves and time resolved spectra
of these stars allow us to derive the system parameters as well
as the companion types. Eight of them have late M companions
(see For et al. 2010 for a review), while four show shallow vari-
ations caused by the eclipse of a white dwarf (Orosz & Wade
1999; Green et al. 2004; Bloemen et al. 2010). A massive white
dwarf companion was also identified as companion of an sdB,
which shows an ellipsoidal variation in its light curve caused by
the tidal distortion of the sdB (Geier et al. 2007). Similar signs
of tidal deformation could be detected in five other cases (Orosz
&Wade 1999; O’Toole et al. 2006; Geier et al. 2008; Koen et al.
2010; Bloemen et al. 2010).

2. Massive Compact Companions
Subdwarf binaries with massive WD companions turned out
to be candidates for SN Ia progenitors because these systems
lose angular momentum due to the emission of gravitational

waves and start mass transfer. The mass transfer, or the subse-
quent merger of the system may cause the WD to approach the
Chandrasekhar limit and explode as SN Ia (Webbink 1984). The
best known candidate system for this double degenerate merger
scenario is the sdB+WD binary KPD1930+2752 (Maxted et al.
2000a; Geier et al. 2007). Mereghetti et al. (2009) showed that
in the X-ray binary HD49798 a massive (> 1.2M!) white dwarf
accretes matter from a closely orbiting subdwarf O companion.
The predicted amount of accreted material is su"cient for the
WD to reach the Chandrasekhar limit. This makes HD49798 an-
other candidate for SN Ia progenitor. SN Ia play a key role in the
study of cosmic evolution. They are utilised as standard candles
for determining the cosmological parameters (e.g. Riess et al.
1998; Leibundgut 2001; Perlmutter et al. 1999). Most recently
Perets et al. (2010) showed that helium accretion onto a white
dwarf may be responsible for a subclass of faint and calcium-
rich SN Ib events.

Due to the tidal influence of the companion in close binary
systems, the rotation of the primary1 becomes synchronised to
its orbital motion. In this case it is possible to constrain the mass
of the companion, if mass, projected rotational velocity and sur-
face gravity of the sdB are known. Geier et al. (2010) analysed
high resolution spectra of 41 sdB stars in close binaries, half of
all systems with known orbital parameters. Masses and nature of
the unseen companions could be constrained in 31 cases. While
most of the derived companion masses were consistent with ei-
ther late main sequence stars of white dwarfs, the compact com-
panions of some sdBs may be either massive white dwarfs, neu-
tron stars (NS) or stellar mass black holes (BH). But Geier et al.
(2010) also showed that the assumption of orbital synchronisa-
tion in close sdB binaries is not always justified and that their
sample su!ers from huge selection e!ects.

The existence of sdB+NS/BH systems is predicted by bi-
nary evolution theory (Podsiadlowski et al. 2002; Pfahl et al.
2003). The formation channel includes two phases of unsta-
ble mass transfer and one supernova explosion. The fraction of
sdB+NS/BH systems is predicted to be about 2% of the close
sdB binaries (Geier et al. 2010).

Badenes et al. (2009) reported the discovery of a close bi-
nary consisting of a massive white dwarf and an unseen neu-
tron star or black hole companion. Similar system with low
mass white dwarfs could have evolved through an sdB phase
before. But Marsh et al. (2010) most recently showed that the
system is double-lined and consists of a massive white dwarf
orbited by a low mass white dwarf, which was confirmed by
Kulkarni & van Kerkwijk (2010). Common envelope ejection
was proposed as the most likely formation channel for the binary
PSR J1802"2124, which consists of a millisecond pulsar and a
CO white dwarf in close orbit (P = 0.7 d). This peculiar system
may have evolved through an earlier sdB+NS phase (Ferdman
et al. 2010).

3. Project overview
The work of Geier et al. (2010) provides a first hint that a
whole population of non-interacting binaries with massive com-
pact companions may be present in our Galaxy. The candidate
sdB+NS/BH binaries have low orbital inclinations (Geier et al.

1 The more massive component of a binary is usually defined as the
primary. But in most close sdB binaries with unseen companions the
masses are unknown and it is not possible decide a priori which com-
ponent is the most massive one. For this reason we call the visible sdB
component of the binaries the primary throughout this paper.

2

CS 1246

Geier et al. (submitted)
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Potential Sampling Effects
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Summary & Future Work

- used O-C diagram to measure:
- orbital reflex motion
- P-dot

- P-dot implies CS 1246 near core He-exhaustion

- phase oscillation implies unseen companion
    -M-dwarf or white dwarf

- continue collecting O-C data

- obtain RV measurements, compare to O-C results
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One man’s trash...
2 Barlow et al.

stars (Kilkenny et al. 1997) in conjuction with the first sdBV
star models (Charpinet et al. 1996, 1997) opened the possi-
bility of exploring their structure through a combination of
spectral analysis and stellar seismology. Multi-colour pho-
tometry and time-series spectroscopy techniques, for exam-
ple, have revealed information about the total mass, enve-
lope mass, and chemical stratification for a handful of pul-
sators (see Østensen (2009) for a review). The pulsations
may also provide the opportunity to detect companions by
using phase measurements to look for oscillations in the ar-
rival times of the pulses. Silvotti (2007) used this method
successfully to detect a 3.2MJup planet around the star HS
2201+2610. Their study also resulted in the first published
measurement of Ṗ for a pulsating sdB star, constraining the
evolutionary state of HS 2201+2610.

CS 1246, a recently-discovered sdBVr star (Barlow et al.
2010), is a prime target for an extended O-C diagram study
since it exhibits a single, large-amplitude pulsation mode.
Using the PROMPT telescope array, we monitored the pulse
timings for 14 months by collecting over 250 hours of time-
series photometry. The O-C diagram shows a sinusoidal
oscillation superimposed on a parabola. We interpret the
quadratic term as a secular decrease in the pulsation pe-
riod, while the sinusoidal oscillation implies the presence of
a low-mass stellar companion, probably an M-dwarf or white
dwarf. Our study marks the second time Ṗ and the mass of
a companion have been estimated for a hot subdwarf star
using the O-C method.

2 PHOTOMETRIC DATA

We began monitoring CS 1246 in 2009 using the 0.41-m
Panchromatic Robotic Optical Monitoring and Polarimetry
Telescopes (PROMPT) on Cerro Tololo to look for phase
variations in the pulsations. The PROMPT operate under
the control of a prioritised, queue-scheduling system called
SKYNET and are 100% automated. Priority levels are as-
signed to all observations in the queue, and, consequently,
some of our photometry runs were interrupted by higher-
priority targets such as gamma-ray bursts. For additional
details on the PROMPT and SKYNET, we refer the reader
to Reichart et al. (2005).

Over the course of 14 months, we collected more than
29,000 individual frames representing 250 hours of time-
series photometry. The majority of these data were taken
in a four-month span between January and May 2010. On a
typical night, we obtained at least three hours of photometry
with 30-s exposures and no filter; our average duty cycle was
83%. We also include in this work the PROMPT photome-
try presented in Barlow et al. (2010) and a few light curves
obtained with the Goodman Spectrograph (Clemens et al.
2004) on the 4.1-m SOAR telescope. Appendix A presents
a detailed log of our photometric observations.

been called V361 Hya and EC 14026 stars, while the sdBVs stars
have the aliases PG 1716, V1093 Her, and ’Betsy’ stars.

N

E

1 arcmin

C1

C2

C3

Figure 1. Field image of CS 1246. Image shown is a stack of
100 30-s Open-filter frames taken with PROMPT 3. CS 1246 is
marked with a star symbol, while the comparison stars used for
the majority of the light curves are labelled C1-C3. The arrow
indicates the drift direction and magnitude of the field as it ap-
pears in the frames over three hours of tracking with PROMPT
3.

2.1 Reduction & Analysis

All images were bias-subtracted and flat-fielded in IRAF2

using standard procedures. We then extracted our photome-
try using Antonio Kanaan’s external IRAF package ccd hsp.
We chose aperture radii that maximized the signal-to-noise
ratio (S/N) in the light curves and used sky annuli to sub-
tract o! counts from the sky. As the field is densely packed
with stars, we were careful to avoid contamination of the
apertures and annuli from neighboring stars. We removed
sky transparency variations by dividing our light curves by
those of constant comparison stars. Such stars were chosen
by selecting those in the field that were photometrically con-
stant in time, not contaminated by nearby stars, brighter
than CS 1246, and not saturated during a 30-s exposure.
Additionally, we avoided comparison stars that were likely
to drift out of the frame during the PROMPT runs due
to an approximately 0.4 arcmin hour!1 tracking error in
the mounts. These selection criteria provided us with three
dependable comparison stars, as shown in the field image
in Figure 1. Lastly, we fit and normalised the light curves
with parabolas to remove residual atmospheric extinction
e!ects. This process can remove real variations in the stel-
lar flux on the order of the run lengths, making it di"-
cult to detect lower-frequency g-mode oscillations, if they
exist. All time stamps were converted to a barycentric Ju-
lian ephemeris date (BJED) using the WQED suite (v2.0;
Thompson & Mullally 2009), which employs the method of
Stump! (1980).

We analysed our light curves with a combination of

2 IRAF is distributed by the National Optical Astronomy Obser-
vatories, which are operated by the Association of Universities for
Research in Astronomy, Inc., under cooperative agreement with
the National Science Foundation.

CS 1246 Field
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The O-C Diagram of CS 1246
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