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ABSTRACT

Aims. We aim to investigate variations in the arrival time of coherent stellar pulsations due to the light-travel time effect to test for the
presence of sub-stellar companions. Those companions are the key to one possible formation scenario of apparently single sub-dwarf
B stars.

Methods. We made use of an extensive set of ground-based observations of the four large amplitude p-mode pulsators DW Lyn, V1636
Ori, QQ Vir, and V541 Hya. Observations of the TESS space telescope are available on two of the targets. The timing method compares
the phase of sinusoidal fits to the full multi-epoch light curves with phases from the fit of a number of subsets of the original time
series.

Results. Observations of the TESS mission do not sample the pulsations well enough to be useful due to the (currently) fixed two-
minute cadence. From the ground-based observations, we infer evolutionary parameters from the arrival times. The residual signals
show many statistically significant periodic signals, but no clear evidence for changes in arrival time induced by sub-stellar companions.
The signals can be explained partly by mode beating effects. We derive upper limits on companion masses set by the observational

campaign.
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1. Introduction

Subdwarf B stars (sdBs) are sub-luminous stars with a mass of
about 0.5 M, located at the blue end of the horizontal branch,

* Photometric data of Fig. 1, results in Figs. 8, 10, 12, and 14, and
figures in the appendix are only available at the CDS via anonymous ftp
to cdsarc.u-strasbg.fr (130.79.128.5) or viahttp://cdsarc.
u-strasbg.fr/viz-bin/cat/]/A+A/638/A108

** Based on observations obtained at the 0.9 m SARA-KP telescope,
which is operated by the Southeastern Association for Research in
Astronomy (saraobservatory.org).

which is the so-called extreme horizontal branch (EHB, Heber
1986). They maintain a helium burning core, but their thin hydro-
gen envelope (Meyy <0.01 M) cannot sustain hydrogen shell
burning, which identifies sdBs with stripped cores of red giants
(Heber 2016). Binary evolution with a common envelope (CE)
is the favoured formation scenario for most sdBs. The sdB pro-
genitor fills its Roche lobe near the tip of the RGB. A CE is
formed when the mass transfer rate is sufficiently high and the
companion star cannot accrete all the matter. For close binary
systems with small initial mass ratios ¢ < 1.2-1.5, two phases
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of mass transfer occur. The first Roche-lobe overflow is sta-
ble, whereas the second one is unstable, leading to the ejection
of the CE. The resulting binary consists of an sdB star and
a white dwarf in a short-period orbit. For initial mass ratios
q >1.2-1.5, the first mass-transfer phase is unstable and the
CE is ejected, producing an sdB star with a non-degenerate
(e.g. main sequence star) companion. A more detailed review
of formation and evolution of compact binary systems can be
found in Podsiadlowski (2008) and Postnov & Yungelson (2014).
These formation scenarios cannot explain the observed addi-
tional occurrence of apparently single sdBs (Maxted et al. 2001).
Among the proposed formation scenarios is the proposal by
Webbink (1984) that they could be formed by a merger of
two helium white dwarfs. But such mergers are problematic,
as they are expected to retain very little hydrogen (Han et al.
2002) and be left with higher rotation rates than what has been
observed (Charpinet et al. 2018). Moreover, the overall observed
mass distribution of single sdB stars is not consistent with that
expected from the proposed formation scenario. Sub-stellar com-
panions could resolve this disagreement between theory and
observations. Planetary-mass companions like the candidates
V391 Pegb (Silvotti et al. 2007), KIC 05807616 b,c (Charpinet
et al. 2011), KIC 10001893 b,c.d (Silvotti et al. 2014), or brown
dwarf companions like V2008-1753 B (Schaffenroth et al. 2015)
or CS 1246 (Barlow et al. 2011b) indicate the existence of a
previously undiscovered population of companions to apparently
single sdBs.

Due to the high surface gravity and effective temperature
(leading to few, strongly broadened spectral lines in the optical)
and the small radii of sdBs, the detection efficiency for com-
panions via methods like radial velocity variations or transits is
small. The timing of stellar pulsations offers a complementary
detection method, sensitive to large orbital separations.

A small fraction of sdB stars shows pulsational variations
in the p- (pressure-) and g- (gravity-) mode regimes. Rapid
p-mode pulsators (sdBV;), discovered by Kilkenny et al. (1997),
show periods of the order of minutes and amplitudes of a few
tens of mmag. Such pulsations were predicted by Charpinet
et al. (1997, et seq.) to be driven by the k-mechanism due
to a Z-opacity bump. For slow pulsators (sdBVy) the periods
range from 30 to 80 min with small amplitudes of a few mmag.
This class was discovered by Green et al. (2003) and the pul-
sations are explained by the x-mechanism as well (Fontaine
et al. 2003). Some sdB stars show both types of pulsation modes
simultaneously (sdBV). These hybrid pulsators lie at the tem-
perature boundary near 28 000 K between the two classes of
pulsating stars, for example, the prototype for this class DW Lyn
(Schuh et al. 2006), which is also addressed in this work, or
Balloon 090100001 (Baran et al. 2005).

Pulsations driven by the k-mechanism are coherent, which
qualifies these objects for the timing method to search for sub-
stellar companions. This method is based on the light-travel time
effect, with the host star acting as a stable “clock” spatial move-
ments of the star around the barycentre induced by a companion
result in time delays of the stellar light measured by the observer.
Examples of detections using this method are “pulsar planets”
(e.g. Wolszczan & Frail 1992), planets detected by transit timing
variations (e.g. Kepler 19 c, Ballard et al. 2011), planets orbit-
ing & Scuti stars (Murphy et al. 2016), or eclipsing binaries (e.g.
V2051 Oph (AB) b, Qian et al. 2015). In particular, the detection
of a late-type main sequence star companion to the sdB CS 1246
by Barlow et al. (2011b), subsequently confirmed with radial
velocity data (Barlow et al. 2011a), or other studies like Otani
et al. (2018), demonstrate the viability of this method in sdB
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systems. On the other hand, the particular example of V391 Pegb
is currently under discussion (Silvotti et al. 2018) because of pos-
sible non-linear interactions between different pulsation modes
that change arrival times (see Zong et al. 2018 for a detailed study
of amplitude/frequency variations related to non-linear effects).
Stochastically driven pulsations, are suspected by Reed et al.
(2007a); Kilkenny (2010) and their nature confirmed by @stensen
et al. (2014). Also, the candidate detections of KIC 05807616 and
KIC 10001893 are uncertain, since other sdBs observed within
the Kepler K2 mission exhibit g-modes with long periods up to a
few hours. They question the interpretation of the low-frequency
variations for KIC 05807616 and KIC 10001893 (e.g. Krzesinski
2015; Blokesz et al. 2019).

In order to detect sub-stellar companions orbiting rapidly
pulsating sdB stars, the EXOTIME observational programme
(EXOplanet search with the TIming MEthod) has been tak-
ing long-term data since 1999. EXOTIME conducted a long-
term monitoring programme of five rapidly pulsating sdB stars.
V391 Peg has been discussed by Silvotti et al. (2007, 2018). In
this paper, we present the observations of DW Lyn and V1636
Ori, previously discussed in Lutz et al. (2008a, 2011); Schuh
et al. (2010); Lutz (2011), and re-evaluate their findings using
an extended set of observations. In addition, the observations
of QQ Vir and V541 Hya are presented and analysed. In the
beginning of the programme, the mode stability was tested for all
targets over a timespan of months in order to ensure the pulsation
modes were coherent.

For the DW Lyn observations, Lutz et al. (2011) found no
significant signals in a periodogram of the O—C data of the two
analysed pulsation frequencies, which would indicate sub-stellar
companions. A tentative signal in the second frequency (in this
work labelled f>, as well), formally corresponding to an 80-day
companion orbit, is concluded to arise from mode beating of
an unresolved frequency doublet. The analysis of V1636 Ori
revealed a signal at 160d in the periodogram of the main fre-
quency O-C data (Lutz et al. 2011). Although this periodicity
showed a significance of only 1o, Lutz et al. (2011) predicted
an increase of significance with follow-up observations. We are
using this extended data set in our work, now incorporating
observations up to 2015.

This paper is organised as follows. Section 2 describes the
observational aspects within the EXOTIME programme and the
data reduction, followed by a description of our analysis in
Sect. 3. Our results are presented in Sect. 4, together with a
discussion.

2. Observations and data reduction

The observational data necessary for the analysis are comprised
of many individual data sets gathered over the course of up to two
decades. The detection method demands the observation of a tar-
get for a total time base at least as long as one orbit of a potential
companion, which can span several years. This requires coordi-
nated campaigns with observatories using ~1-4 m telescopes.
In order to derive sufficient accuracy for the analysis, observa-
tions with at least three to four consecutive nights, each with
a minimum of two to three hours per target are required. To
resolve the short-period p-modes the cadence must be shorter
than about 30s but still with a sufficient signal-to-noise ratio
(S/N). All observations used the Johnson-Bessel B band. The
correct time stamps for each observation are of most impor-
tance for the timing analysis. Most observatories of this study
already successfully contributed to the work of Silvotti et al.
(2007); Silvotti (2008, Table 2). The following list features some



F. Mackebrandt et al.: EXOTIME: signals in the O—C-diagrams of rapid pulsating subdwarfs

Table 1. Atmospheric parameters of the targets.

Target Teis/ K log (g/%) log (%) Ref.
DW Lyn 28400 + 600 5.35+0.1 -2.7+0.1 1
V1636 Ori 33800+ 1000  5.60+0.15 -1.85+0.20 2
QQ Vir 34800 + 610 5.81+£0.05 —1.65+0.05 3
V541 Hya 34806+230 5.794+0.044 -1.680+0.056 4
References. (1) Dreizler et al. (2002); (2) @stensen et al. (2001);

(3) Telting & @stensen (2004); (4) Randall et al. (2009).

references where telescopes used for this study contributed suc-
cessfully to other timing-relevant observations. Konkoly RCC
1.0m Telescope: Provencal et al. (2009); Stello et al. (2006);
Mt. Lemmon Optical Astronomy Observatory: Bischoff-Kim
et al. (2019); Lee et al. (2014); Serra la Nave 0.9 m: Bonanno
et al. (2003a,b); SARA-KP 0.9m telescope: Kilkenny (2014);
Baran et al. (2018).

Table 1 lists the atmospheric parameters of the stars, and
Table 2 summarises the photometric observations obtained at
multiple medium-class telescopes. Figure 1 summarises the
observational coverage.

2.1. DW Lyn

Dreizler et al. (2002) identified DW Lyn (HS 0702+6043) as a p-
mode pulsator. Schuh et al. (2006) discovered additional g-mode
pulsations making this star the prototype of hybrid sdB pulsators.

There are photometric data available from 1999. Large gaps
make a consistent O—-C analysis difficult. Regular monitoring
within the EXOTIME programme ran from 2007 until the begin-
ning of 2010. Further observations cover a period up to the end
of 2010. These multi-site observations are described in Lutz
et al. (2008a,b, 2011). Here, we add observations made with the
SARA-KP 0.9 m telescope at Kitt Peak National Observatory in
Arizona, that used exposure times of 30's.

2.2. V1636 Ori

@stensen et al. (2001) discovered V1636 Ori (HS 0444+0458) as
a pulsating sdB star. Reed et al. (2007b) conducted a frequency
analysis, reporting one small and two large amplitude p-modes.

V1636 Ori was observed between August 2008 and January
2015 for the EXOTIME project. About a third of the data was
obtained using the 1 m South African Astronomical Observatory
(SAAO) with the UCT and STE3 CCD instruments. Observa-
tions at the 1.2m MONET/North telescope, equipped with an
Apogee 1kx 1k E2V CCD camera, were taken in 2 X2 bin-
nings, using 20 s exposure times. Observations at the 2.2 m Calar
Alto Observatory (CAHA) used the CAFOS instrument with 10's
exposure time. Two nights were obtained at the 1.5 m telescope
at Loiano observatory, using the BFOSC (Bologna Faint Object
Spectrograph & Camera) instrument and 15s exposure times.
Between October 2008 and December 2009, observations at the
1 m Mt. Lemmon Optical Astronomy Observatory (LOAO) were
conducted with a 2k x 2k CCD camera with exposure times of
12 s and 20s. The observations at the 3.6 m Telescopio Nazionale
Galileo (TNG) in August 2008 and 2010 were performed with
the DOLORES instrument and 5 s exposure times.

2.3. QQ Vir

The discovery of QQ Vir (PG 1325+101) as a multi-period
pulsator was reported in Silvotti et al. (2002), followed by a

frequency analysis and asteroseismological modelling by Silvotti
et al. (2006) and Charpinet et al. (2006), respectively.

Observations of QQ Vir in 2001 and 2003 are described
in Silvotti et al. (2002) and Silvotti et al. (2006), respectively.
Between March 2008 and April 2010, the object was observed
as part of the EXOTIME project (Benatti et al. 2010). Addition-
ally, one observation run in February 2005 was performed at the
1.5 m telescope at Loiano observatory, using the BFOSC instru-
ment. Most of the observations were obtained in 2009, 2010,
2011, and 2012 at the LOAO, using an exposure time of 10s. The
CAHA and MONET/North observations were conducted with
10s and 20 s exposure times, respectively. The Loiano observa-
tory performed additional observations in 2009, 2010 and 2011
with the 1.5m telescope, using BFOSC and an exposure times
of 12s, 155, and 20s. Observations at the Molétai Astronomi-
cal Observatory (Mol) in 2008 were performed using the 1.6 m
telescope and an Apogee 1k x 1k E2V CCD camera using 17.5s
of exposure time. Observations at the SAAO used the same
instrumental setup as described in Sect. 2.2. The TNG observed
in 2010 and 2011. A DARC-WET campaign on QQ Vir was
performed in May 2010.

2.4. V541 Hya

V541 Hya (EC 09582-1137) was discovered by Kilkenny et al.
(2006). Randall et al. (2009) conducted an asteroseismological
analysis of this target.

Between 2005 and 2015, a large number of observations
were obtained at the SAAO, using the same instrumentation
noted in Sect. 2.2 and exposure times of 10s. The LOAO
conducted observations in 2009, 2012, and 2013 with exposure
times of 20s. During March 2009 and February and March
2010, V541 Hya was observed at the CAHA, using an exposure
time of 10s.

2.5. TESS observations

The primary goal of the NASA Transiting Exoplanet Survey
Satellite (TESS) space telescope is to detect exoplanets transiting
bright nearby stars (Ricker et al. 2015). However, the extensive
time series photometry is valuable for asteroseimology and the
TESS Asteroseismic Science Consortium (TASC) coordinates
short cadence observations of pulsating evolved stars. TESS
observed V1636 Ori and V541 Hya with a cadence of 120s
between November 15, 2018 and December 11, 2018, and Febru-
ary 2, 2019 and February 27, 2019, respectively. We used the light
curves provided by the MAST archive' that had common instru-
mental trends removed by the Pre-Search Data Conditioning
Pipeline (PDC, Stumpe et al. 2012). Light curves and ampli-
tude spectra are presented in Figs. A.l1 and A.2. The two-minute
(“shor’””) cadence undersamples the p-modes at about 140s. In
combination with the large photometric scatter, the amplitude
spectra show no evidence of the p-modes. Thus, we did not make
use of the TESS observations in our study.

2.6. Data reduction

For the EXOTIME observations, the data reduction was car-
ried out using the IDL software TRIPP (Time Resolved Imaging
Photometry Package, see Schuh et al. 2000). TRIPP performs
bias-, dark-, flat-field corrections, and differential aperture pho-
tometry to calculate the relative flux of a target with respect to
one or more comparison stars and extinction corrections (sec-
ond order polynomial in time). In the presence of sub-stellar

I https://archive.stsci.edu/
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Table 2. Summary of the observing time per target, per site in hours.

Site DWLyn VI16360ri QQ Vir V541 Hya
Asiago 1.8 m Copernico Telescope (Asi) 20.25

Calar Alto Observatory 2.2 m (CAHA) 52.38 32.49 48.73 10.19
Baker 0.4m 41.10

BAO 0.85m 47.70

BOAO 1.8 m 25.60

Gottingen IAG 0.5 m Telescope (Goe) 52.53

Konkoly RCC 1.0 m Telescope (Kon) 14.27 4.76

La Palma 0.6 m 37.30

Mt. Lemmon Optical Astronomy Observatory 1.0 m (LOAO) 167.76 4012 126.11 24.15
Loiano 1.5 m Telescope (Loi) 2.66 78.40

Lulin Observatory 1 m Telescope (Lul) 9.30

Moletai 1.6 m Telescope (Mol) 13.47 2.95
MONET/North Telescope 1.2 m (M/N) 138.90 41.29 34.24

Mt. Bigelow Kuiper Telescope 1.5 m (MtB) 440.85

Nordic Optical Telescope 2.5 m (NOT) 3.86

SARA-KP 0.9 m telescope 66.26 1.80

Serra la Nave 0.9 m 26.40

South African Astronomical Observatory 1 m (SAAO) 64.04 36.93 166.31
Steward Observatory Bok Telescope 2.2 m (StB) 12.00

Telescopio Nazionale Galileo 3.6 m (TNG) 7.00 3.37

Tiibingen 0.8 m Telescope (Tue) 23.05

Whole Earth Telescope (WET) 40.00

Wise 1 m 9.00

) 998.21 187.80  568.25 200.67

Notes. Detailed tables, including observing dates and times per observatory are available online at the CDS, as are tables listing the allocation into
the epochs. Observations at Baker Observatory, Mt. Bigelow Kuiper Telescope, Nordic Optical Telescope, Steward Observatory Bok Telescope

were initially collected for other project(s) but also used for this work.

companions, we might expect variations in the arrival times of
stellar pulsations on the order of seconds to tens of seconds. The
corresponding uncertainties are expected to be about one second.
These uncertainties rise from observational constraints, such as
smearing and sampling effects due to the integration time. The
accuracy of individual time stamps is better than +0.5 s. All time
stamps were converted from GJID(UTC) to BID(TDB), accord-
ing to Eastman et al. (2010), with an accuracy well below the
expected observational uncertainty.

Typical S/N for our ground-based observations range from
60 for large amplitude pulsations, to 3 for the smallest pulsation
amplitudes we investigate in this work. The amplitude spectra
in Sect. 4 also show pulsations with smaller S/N, but these are
not suitable for timing analysis because the uncertainties are too
large (see Table B.1).

3. Analysis

In order to detect variations in the arrival time of stellar pulsa-
tions, we developed a pipeline to process the reduced data. A
schematic flowchart of our pipeline is presented in Fig. 2. The
input consists of the light curve (time series) and the dates of the
observational epochs. In a light curve, typically spanning several
years at a very low duty cycle of 0.2 to 1.7 per cent, an epoch
consists of a few roughly consecutive nights of observation.

Outlier removal. In case no uncertainty in the flux measure-
ment F is provided, the root-mean-square of each observation is
used as an approximate photometric error for the later analysis.
We have used a running median filter to exclude 5o flux-outliers.
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The length of the window size depends on the cadence of the
observations. We constrained it to be not longer than half of
the period of the main frequency. The analysis is performed for
each frequency individually before all frequencies were analysed
simultaneously.

Full data fit. For the individual fitting of pulsations, we
first determined the frequency of the main signal. For this,
we used the astropy package to calculate the Lomb—Scargle
periodogram (Astropy Collaboration 2013, 2018). From this peri-
odogram, we selected the frequency with the largest amplitude
to continue. In the next step, we performed the fit of a sinusoidal
function to the light curve, using

F(t)=Asin(ft+¢)+o 1
with amplitude A, frequency f, phase ¢ and offset 0. The min-
imisation problem is solved using the scipy implementation
of the Trust Region Reflective algorithm (Jones et al. 2011).
The selected frequency from the amplitude spectrum serves
as initial value, the full width at half maximum of the cor-
responding peak in the periodogram is used as a boundary.
The amplitude-guess is taken from the amplitude spectrum. In
case of highly varying amplitudes, the initial value can be set
manually. The fitting routine returns the parameters and their
variance.

Epoch fit. Frequency and offset are all kept fixed for the
following analysis of the individual observational epochs. The
starting value of the current phase fit is determined by the aver-
age of the previous j phase values (or the global fit value from
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Table 3. Parameters of the simultaneously fitted pulsations per target over their full observational time span and the pulsation period P.

Target fld! P/s A% ¢/d
DWLyn  fi 237.941160(8) 363.114982(12) 2.19(9)  54394.741 (5)
b 225.15808(5) 383.72887(9)  035(9) 54394.74(3)
V1636 Ori  f; 631.7346 (2) 136.76629(5) 0.54(3) 54698.72(3)
h 509.780 (3) 169.4191(1) 024(3) 54698.72(7)
QQVir  fi 626877627(3) 137.8259429(7) 2.6(1)  52117.924(6)
f552.007149) 156519713)  0.10(9) 52117.9(1)
F 6420515(1)  13456864(3)  0.07(1) 52117.9(2)
V541 Hya fi 635.32218(5) 135.993993(11) 0.31(8) 53413.88(3)
fr 571.28556 (3) 151.237850(8) 0.21(7) 53413.88(3)

Notes. The phase ¢ refers to the time corresponding to the first zero-crossing of the function after the first measurement ¢, in MBJD.

above in case there are no j previous values yet) in order to keep
the fitting process stable and avoid “phase-jumps”. For our tar-
get sample, a value of j = 3 has proven to be reasonable, except
when observational gaps span over several years.

The uncertainty in the phase measurement scales inverse
with the length of the epochs. Thus, this length is chosen in a
way to minimize the uncertainties of the fit but at the same time
keep the epochs as short as possible to maximize the tempo-
ral resolution of the final O—C diagram. Often, the observations
themselves constrain the length of the epochs (e.g. three consec-
utive nights of observations and a gap of several weeks before the
next block of observations). If possible, we aimed for an epoch
length such that the timing uncertainties are of the order of one
second. The phase information of the global and the epoch fit
result in a intermediate O—C diagram.

As a last step in the single-frequency analysis, the fitted
model is subtracted from the light curve. We noticed significant
amplitude variations for some of our targets. Thus, we subtracted
the model using the amplitude of the individual epochs. This pre-
whitening procedure is repeated for every relevant pulsation in
the data.

Multi frequency fit. Close frequencies are likely to intro-
duce artificial trends in the arrival times in such a step-by-step
analysis. Thus, the sum of all sinusoidal functions,

F(t) = Ay sin(ft + @) + 0, 2)

is fitted to the non-whitened light curve, where n is the number
of investigated frequencies. The previously retrieved values for
amplitude, frequency, phase and offset are used as initial values.
We used the phase information ¢, of the light curve as reference
phase, namely calculated phase C in the final O—C diagram. Sim-
ilar to the single-frequency analysis, the observational epochs are
fitted individually using the sum of sinusoidal functions to yield
the observed phase information O.

The results of the simultaneous fit for each target in this paper
are summarised in Table 3. We list pulsation modes not used for
the timing analysis in Table B.1. Figures 3—6 show example light
curves of the targets for one epoch each, including their multi
frequency fit and the respective amplitude spectrum.

4. Results and discussion

In the following, we discuss the implications of the obtained
amplitude spectra and O—-C measurements on the evolutionary
state and presence of sub-stellar companions to the targets.
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4.1. DW Lyn

The amplitude spectrum of DW Lyn in Fig. B.1 reveals two
strong pulsation modes at f; = 237.941160d~! and f, =
225.15898d7!. A closer look to the amplitude spectrum in
Fig. 7 reveals small asymmetries compared to the window func-
tion. The pre-whitening of both frequencies leaves residuals
well above noise level in the amplitude spectrum, indicating
unresolved multiplets or mode splitting, especially for f5.

The S/N of modes at higher frequencies, for example, at
about 320d~" and 480d~!, are too small for a stable O—C anal-
ysis (see Table B.1). Therefore, the O-C diagram in Fig. 8
shows the analysis of the two main pulsation modes, with the
time-dependent variation of the pulsation amplitudes.

In order to determine evolutionary timescales of the pul-
sations, we investigated the long-term evolution in the O-C
data. A constant change in period results in a second-order
term as a function of time (Sterken 2005), which allows us
to derive a value for the secular change of the period P, and
hence the evolutionary timescale. Results of the fits of the sec-
ond order polynomial are included in Fig. 8, which are P/Py =
(58+02) x 103d7! and P/Ps, = (-29.3+0.8) x 1073d7L.
Assuming P is based on stellar evolution, stellar model calcu-
lations show that the sign of the rate of period change indicates
the phase of the sdB after the zero-age extreme horizontal branch
(ZAEHB; Charpinet et al. 2002). For p-modes, a positive P
relates to the first evolutionary phase of the ZAEHB, in which
the surface gravity decreases due to He burning in the core. A
negative P would correspond to the second evolutionary phase,
in which the sdB contracts because the depletion of He in its
core, and this happens before the post-EHB evolution. The turn-
ing point between these two states occurs between 87 and 91 Myr
after the ZAEHB. According to our measurement of a positive P
for fi, DW Lyn would still be in its first evolutionary phase. With
the lack of a mode identification from an asteroseismic model for
DW Lyn, we can not directly compare the measured P with theo-
retical predictions from Charpinet et al. (2002). However, stellar
models with pulsation periods of around 360 s show values for
P with a comparable order of magnitude to our measurement
P =(4.3+0.15) x 10~ sMyr™!, for example, P = 1.62sMyr~!
for a model with a mode of / = 0,k = 0O at the age of 67.83 Myr
(Charpinet et al. 2002, Appendix C). The large P of f is con-
sistent with the apparent mode splitting seen in the amplitude
spectra in Fig. 7, and thus does not reflect the evolutionary phase
of DW Lyn.

After subtracting the long-term trend, small timescale fea-
tures are evident. For example, the O-C data for f, show an
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oscillating behaviour with a significance of 30~ within the first
200 days, while the arrival times for f; remain constant dur-
ing the same period of time. In later epochs, the O—C data for
both frequencies agree mostly within 20. During the second half

of the observations, the phase of f, jumps by about 100s. This
behavior lacks an explanation.

Additionally, the evolution of the pulsation-amplitudes in
Fig. 8 shows a comparable oscillating behaviour for f, within
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the first epochs similar to the change in arrival times. Although
the periodic variations in amplitude are not as significant as for
the phase, the occurrence of simultaneous phase- and amplitude-
modulations indicate a mode beating of two close, unresolved
frequencies. The residuals in the amplitude spectrum support
this explanation. In later observations, the amplitude remains
almost constant within the uncertainties. The beating mode
might lose energy or shift frequency over time. The amplitude
for the f; pulsation drops by about 1 per cent (amplitude), or
about 35 per cent (relative) to the second half of the observation
campaign with a similar quasi-periodic variation as the phase.
The residuals in the amplitude spectrum show no indication
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of an unresolved frequency leading to mode-beating. Besides
stochastically driven pulsation modes, Kilkenny (2010) sug-
gested energy transfer between modes as possible explanation
for amplitude variations. For both frequencies, a possible inter-
action between amplitude and phase of pulsations is not well
understood.

4.2. V1636 Ori

The amplitude spectrum of V1636 Ori in Fig. B.2 shows two
main pulsation modes with frequencies at f; = 631.7346d™!
and > = 509.9780d"!. The S/N is not sufficient to use a third
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pulsation mode at 566.2d~" (6553 uHz, Reed et al. 2007b). The
amplitude spectrum of TESS data in Fig. A.2 shows no evidence
for g-mode pulsations with amplitudes greater than 0.4 per cent.

A detailed look at the spectra of the two main frequencies in
Fig. 9 shows mode splitting, likely due to a change in frequency
over the long observation time.

The O-C diagram in Fig. 10 shows the two main pulsation
modes and the variation of the pulsation amplitudes.

From the second order fit in time, we derive the changes
in period P/P; = (-8.54+0.14) x 10°d™" and P/Pp =
(-2.5+0.5) x 1073 d"". We caution the interpretation of these
values as evolutionary timescales since the apparent mode split-
ting seen in Fig. 9 could explain these trends as well.

The residuals after subtracting the long term trend show a
large variation. They change by up to about +50s for f; (~140
significance) and up to about +30s for f, (~30 significance).
The amplitude for f; drops by about 0.25 per cent (amplitude)
or about 33 per cent (relative) in the time between MBJD =
55100d and 55300d, and returns to its previous level after-
wards, while the amplitude for f> remains constant within the
uncertainties. This decrease in amplitude coincides with earlier
arrival times in the O—C diagram. As already discussed in the
previous section, a possible amplitude- and phase-interaction is
not well understood. The f; pulsation mode may not be coher-
ent on such long timescales but of a short-term stochastic nature
not resolvable by our data set (e.g. KIC 2991276, @stensen et al.
2014).

4.3. QQ Vir

Figure B.3 shows the amplitude spectrum for the QQ Vir obser-
vations. The main frequency at about f; = 626.877628d™! is
presented in Fig. 11 in detail and shows asymmetries com-
pared to the window function. After the pre-whitening process,
a close frequency at about 626.881270d~! remains but attempts
to model this pulsation fail with uncertainties too large for the
timing analysis. There appear two more frequencies suitable for
our study. The amplitude spectra around f> = 552.00713d"! and
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f3 = 642.0516d"" are presented next to f; in Fig. 11. Another
peak at about 665d~' consists of at least two frequencies at
664.488549 d~! and 665.478133 d~!, but they are not sufficiently
resolvable within the individual epochs, and lead to uncertainties
in the O—C analysis that are too large.

Figure 12 shows the resulting O—C diagram and the ampli-
tudes at different epochs. Due to the large observational gap
from 2003 to 2008 with only one block of observations in
between, we had difficulties avoiding errors in cycle count.
In order to avoid a phase jump, we increased the averaging
window for initial phase values to g = 6. With this set up,
the changes in pulsation frequencies read as follows: P/P =
(1.7+1.6) x 1077d7Y, P/Pp, = (24+04) x 10°d7" and
P/P_f3 = (4.0 £0.5) x 10°°d~". While f> and f3 show no sig-
nificant variation of pulsation amplitude, f; varies by 1.5 per
cent (amplitude) or 50 per cent (relative). Thus, the correspond-
ing phase changes should be interpreted with caution. Charpinet
et al. (2006) identified the radial order k and degree [/ from aster-
oseismic modelling to be fi: [ =2,k =2; il =4,k =1; f3:
I = 3,k = 2. These combinations do not allow a direct com-
parison of our P measurements to the model calculations from
Charpinet et al. (2002), but the sign of P indicates QQ Vir to be
in the stage of He burning.

4.4. V541 Hya

The amplitude spectrum in Fig. B.4 shows two pulsation
modes with frequencies at f; = 635.32218d7! and at f, =
571.28556d7'. Both of them show a complex behaviour
(Fig. 13), indicating unresolved multiplets and/or frequency
changes that we see also in the O-C diagrams (Fig. 14). The
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Fig. 11. Amplitude spectrum of QQ Vir of the main pulsation fre-
quency fi = 626.877628d™" (top), f, = 552.00713d™" (top middle),
£ = 642.0516d™" (bottom middle) with the respective residuals after
the pre-whitening below and the normalised window-function (bottom).

S/N for a third frequency at 603.88741d! is not sufficient for
the O-C analysis. Similar to V1636 Ori, the amplitude spec-
trum obtained from the TESS light curve in Fig. A.2 shows
no evidence for g-mode pulsations with amplitudes greater than
0.4 per cent.

Randall et al. (2009) speculated about rotational mode split-
ting for f3 with Afs_ = 5.12uHz and Afs . = 3.68 uHz. The
asteroseismic modelling associates f; with a [ = 0 mode and
f>» with [ = O or 1 mode (depending on the favoured model).
f3 corresponds to a [ = 2 mode. They caution this interpreta-
tion due to their limited resolution in frequency space, the mode
splitting could be an unresolved quintuplet. Our data set shows
no clear evidence for a mode splitting with Af; - = 5.12uHz
or Afs, = 3.68 uHz (see Fig. 15) but rather a mode splitting
for fi and f, with about Af = 0.08 uHz (Fig. 13). Assuming
these modes are of degree [ = 1, this could be interpreted as
a triplet. But Randall et al. (2009) model these modes with
a degree of [ = 0, which does not support a mode splitting
into triplets.

The O-C diagram in Fig. 14 shows the analysis of the two
main pulsation modes and the variation of the pulsation ampli-
tudes. The second order fits in time correspond to changes
in period of P/Py = (-1.49£0.11) x 10 d™" and P/Pp,
(0.7 +1.5) x 1073d~". For f>, the change in period does not
significantly differ from the null hypothesis. Assuming these
changes origin from stellar evolution, V541 Hya might just have
passed the point of sign change in P and at the beginning of
the contraction phase. While the arrival times scatter widely, the
amplitudes of both pulsations remain almost constant within the
uncertainties. If V541 Hya is in its evolution close to starting the
contraction phase, as indicated by a P close to zero, the changes
in stellar structure may cancel the strict phase coherence.

4.5. Testing the sub-stellar companion hypothesis

In order to set upper limits to the mass of a companion, we
computed a series of synthetic O-C curves for different orbital
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periods and companion masses, assuming circular orbits, and
compared these curves with the O—C measurements after sub-
tracting the long-term variations.
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For each synthetic O-C curve, we selected the phase that
gives the best fit to the data using a weighted least squares algo-
rithm. For each observational point, we computed the difference,
in absolute value and in o units (where o is the O-C error),
between O—C and the synthetic value. The greyscale in Figs. 16
and 17 corresponds to the mean value of this difference in o
units, which means that the presence of a companion is indi-
cated by a minimum (bright areas) of this parameter. We see that
in V1636 Ori, QQ Vir, and V541 Hya, the mean difference for
/1 is always very high, implying that the data are not compati-
ble with a companion. However, these results are limited by the
fact that the O—C diagrams of these stars are “contaminated” by
other irregular variations, presumably due to other reasons like
non-linear interactions between different pulsation modes, for
example, and therefore these constraints to the orbital period and
mass of a companion must be taken with some caution. For the f,
and f; measurements, the mean difference to the synthetic data is
smaller in sigma units (because of the larger uncertainties) and
very uniform. The uncertainties of the O—C measurements are
not small enough to favour a set of models in the period-mass
parameter space.

For f; of DW Lyn, there is a significant minimum at about
1450d (~4yr) and ~5 Mrﬁ, which is also well visible in the
O-C diagram of Fig. 8. This periodicity is not visible in the
second frequency f, which, however, has much larger error bars
due to the much lower amplitude of f, with respect to f;.

Lutz et al. (2011) described a periodicity at 80 days, detected
for f,. We can recover this signal, however, with a low signif-
icance. This would correspond to a light-travel time amplitude
of 4s (for m sini ~ 15May.), which is smaller than the 15s
measured by Lutz et al. (2011). Nevertheless, this signal is not
confirmed by fj. Thus, we rule out a companion induced signal
in the arrival times due to the lack of simultaneous signals in f

2 1 Mo (Jupiter mass) = 1.899 x 107 kg.
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and f, with similar amplitude. The tentative signal in f, is bet-
ter explained by mode beating, as already described in Sect. 4.1.
The variations seen in the first 200 days of the O-C diagram
in Fig. 8 correspond to a periodicity of about 80 days and are
accompanied by variations in the amplitude of the pulsation.

For V1636 Ori, Lutz (2011) predicted a period at 160d and
amplitude of 12s. This can not be confirmed as a companion-
induced signal. A periodic signal with an amplitude of 6.5 s (for
m sini ~ 15 My ) is indicated in the analysis of fi, but at a low
significance and accompanied by many other signals of similar
significance. This periodicity is not confirmed by a significant
signal in the measurements of f,.

5. Summary and conclusion

In this work, we present ground-based multi-site observations
for the four sdBs, DW Lyn, V1636 Ori, QQ Vir, and V541 Hya.

We investigated variations in the arrival times of their dominant
stellar pulsation modes to draw conclusions about secular period
drifts and possible sub-stellar companions. All light curves are
analysed homogeneously.

From the O-C measurements, we derive an evolutionary
timescale from the change in period P. Comparing to model cal-
culations from Charpinet et al. (2002), we infer the evolutionary
phase of the target. Although some P measurements are influ-
enced by mode splitting, we can tell from the sign of P; of
DW Lyn that the star is likely still in the stage of central He
burning. We can draw a similar conclusion from the sign of P of
QQ Vir. The P measurements of V1636 Ori are likely affected by
mode splitting, making it difficult to interpret the results in the
context of stellar evolution. V541 Hya shows P measurements
close to zero, which indicates the star being at the transition
phase between He burning and contraction due to the depletion
of He in the core.

Comparing the atmospheric properties from Table 1 with the
evolutionary tracks for different models from Fig. 1 in Charpinet
et al. (2002), we can confirm the hypothesis that DW Lyn and
QQ Vir are in their He burning phase. V541 Hya agrees within
20 of the log g measurement with one model at the turning point
between the two evolutionary stages.

However, we can not exclude frequency and amplitude vari-
ations on smaller timescales than resolvable by our data set.
Using temporally higher resolved Kepler-data of KIC 3527751,
Zong et al. (2018) cautioned about long-term frequency or
phase evolutions ascribing to non-linear amplitude and fre-
quency modulations in pulsating sdBs. We see such effects
already in our data set, even with a low temporal resolution com-
pared to the Kepler sampling with a duty cycle of more than
90 per cent.

Observations on DW Lyn and V1636 Ori were published by
Lutz et al. (2008a, 2011); Schuh et al. (2010); Lutz (2011). Our
analysis of these observations, including extended data sets, do
not confirm the tentative companion periods of 80 and 160 days,
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Fig. 16. Minimum companion mass as a function of orbital period. Greyscale shows the difference between the O—C measurements and artificial
O-C data generated for a given combination of companion mass and orbit. We note that at this stage, the phase optimisation of the artificial data is
done independently for each pulsation frequency. The median of gaps in between the epochs is indicated by a vertical dotted line. See text for more
details. (a) DW Lyn. Contour lines for f; are placed at 2, 3, 4, and 5 o (left panel), and for f, at 3.25 and 3.5 o (right panel), as indicated by their
labels. The planetary signal proposed by Lutz et al. (2011) at a period of 80d is indicated as dashed line. (b) V1636 Ori. Contour lines for f; are
placed at 9 and 10 o (left panel), and for f; at 2 and 2.2 o (right panel), as indicated by their labels. The planetary signal proposed by Lutz et al.
(2011) at a period of 160d is indicated as dashed line. (¢) QQ Vir. Contour lines for f; are placed at 15, 20, and 25 o (left panel), for f, at 1.1 and
1.3 o (middle panel), and for f; at 1.3 and 1.5 o (right panel), as indicated by their labels.

respectively. These signals more likely arise due to mode beat-
ing indicated by partly unresolved frequency multiplets and
amplitude modulations.

Almost all analysed pulsation modes show formal significant
changes in arrival times, but the amplitudes of these periodic sig-
nals do not correlate with frequencies, excluding the light-travel
time effect due to orbital reflex motions for such variations and
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thus giving upper limits on companion masses. Only DW Lyn
might have a planetary companion on a long orbital period, as
indicated by one arrival time measurement. But this can not be
confirmed with a second measurement, due to larger uncertain-
ties. Additionally, more studies question the presence of already
proposed companions, for example, Krzesinski (2015); Hutchens
etal. (2017). Our unique sample of long-term observations shows
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panel), as indicated by their labels.

a complex behaviour of mode- and amplitude interactions in
sdBs which should be addressed in further studies. Until this has
been addressed, caution is advised when interpreting O—C pulse
arrival times in terms of companions.
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Fig. A.1. Light curves of the TESS observations. Grey points are considered outliers and partially exceeding the plotting range. (@) V1636 Ori.
(b) V541 Hya.
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Fig. A.2. Amplitude A spectrum of the TESS observations. Upper panel: spectrum of V1636 Ori. Lower panel: spectrum of V541 Hya. The only
peak above the noise level is the 120 s alias due to the cadence of the observations.
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Appendix B: Amplitude spectra

Table B.1. Additional pulsation modes identified for our targets not used
in the O—C analysis due to their low S/N.

Target fld! A/%

DWLyn  475.8231(2)  0.09(18)
319.4042(3)  0.06(12)
463.0100(6)  0.03(18)
V1636 Ori  566.24031(3)  0.6(3)
QQ Vir 733.0704(1)  0.3(1)
664.4886(1)  0.2(1)
572.73611(5)  0.19(9)
664.7122(1)  0.1(1)
434.1522(6)  0.01(7)
502.410(2) 0.01(9)
V541 Hya  531.16759(16)  0.03(7)
603.88741(6)  0.03(8)
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Fig. B.1. Amplitude spectrum of DW Lyn. Upper panel: observations A.ps. Lower panel: residuals A, after subtracting the light curve models
from the observations.
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Fig. B.3. Same as Fig. B.1 but for QQ Vir.
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Fig. B.4. Same as Fig. B.1 but for V541 Hya.
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