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ABSTRACT

We present results from a multisite (“Whole Earth Telescope’) photometric campaign on PG
1336—018, the close eclipsing binary system containing a pulsating subdwarf B (sdB) star.
The main part of the campaign (1999 April) resulted in ~172 h of observations, representing
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A WET campaign on PG 1336-018 835

a coverage of about 47 per cent, and additional data were obtained outside the core campaign.
Periodogram analysis shows that the light variations are dominated by three frequencies near
5757, 5585 and 5369 uHz (~174, 179 and 186 s, respectively), although many frequencies are
present, particularly in the range 5000-6000 pHz (~200-170 s). We identify, with some con-
fidence, 28 frequencies down to a semi-amplitude of 0.0005 in fractional intensity (equivalent
to about 0.5 mmag). It is clear that the pulsation frequencies of PG 1336—018 have changed
substantially since the 1996 discovery observations were made, and that amplitude changes
occur, at least in the dominant three frequencies, on relatively short time-scales (of the order of
a day). On the assumption that the pulsating star is phase-locked in the binary system, we have
searched for rotational splitting of frequencies near the orbital and half of the orbital period,
but the results are confused by aliasing at those frequencies (due to the data gaps caused by
the eclipses). A preliminary model qualitatively matches the distribution of frequencies in PG
1336—018, with some good individual correspondences, but cannot be considered adequate
because geometric cancellation should hide some of the modes which are apparently detected.
Analysis of the pulsations during eclipse recovers three of the strongest modes, but the limited
eclipse data — which can, at best, be only about 9 per cent of the total — do not allow mode
identification at this stage. Simulations indicate that an overall coverage of about 80 per cent
would be required for this to be viable. An attempt was made to determine phase shifts in
the pulsation frequencies as a way of directly measuring the size of the binary orbit, but the
uncertainties in the method are comparable to the light travel time across the orbit (probably

less than a second).

Key words: stars: individual: PG 1336—018 — stars: oscillations — stars: variables: other.

1 INTRODUCTION

The rapidly pulsating subdwarf B (sdB) stars are a recently discov-
ered class of variable star. They are generally multiperiodic, proba-
bly pulsating in low-order radial and non-radial p-modes, with peri-
ods mainly in the range 100-200 s, and amplitudes typically ~0.01
mag. Some, but not all, of them show spectroscopic evidence for a
late-type (F—G) companion and, although little is known about the
binary orbits of the pulsators (with one notable exception — the sub-
jectof this paper), it is likely that the stars in each binary are well sep-
arated. The pulsating sdB stars have been dubbed ‘EC14026° stars
following the tradition of using the prototype (EC14026—2647) to
name a class of stars, but have also been referred to as sdBV stars by
analogy with the pulsating white dwarf stars (DAV, DBV). Recent
reviews of observational and theoretical studies of pulsating sdB
stars have been given by Charpinet, Fontaine & Brassard (2001)
and Kilkenny (2002), for example.

A possible driving mechanism for the observed pulsations has
been suggested by Charpinet et al. (1997) who find that local en-
hancement of the iron abundance can occur due to diffusive equi-
librium between gravitational settling and radiative levitation. The
locally increased iron abundance creates an ‘opacity bump’ which
then drives pulsation via the k mechanism. They find that radial and
non-radial pulsations can be driven for 29 000 < T < 36 500 K
in representative models with M = 0.48 M, and log g =5.8. A
very good review of this work was recently given by Charpinet et al.
(2001).

At the time of writing, mode identification for the sdB pulsators
is in its infancy — although a promising new approach has been
described by Charpinet, Fontaine & Brassard (2002) — but because
multimode pulsations are potentially very valuable as diagnostics of
the internal structure of sdB stars and because some of the EC14026
stars clearly exhibit many pulsation modes, it is desirable to obtain

© 2003 RAS, MNRAS 345, 834-846

intensive, multisite photometric monitoring of selected stars to sep-
arate and identify the frequencies present; such campaigns have
already been carried out for a few stars. For PB8783, O’Donoghue
et al. (1998) found at least 12 and possibly 15 frequencies which
could be qualitatively identified with low-order radial and non-radial
modes in amodel with appropriate T . and log g. For PG 16054072,
the largest amplitude and longest period pulsator in this class (peri-
ods ~200-600 s, amplitudes up to ~0.3 mag), Kilkenny et al. (1999)
found over 50 frequencies with semi-amplitudes greater than 0.0006
mag. A multisite campaign for PG 10474003 (Kilkenny et al. 2002)
identified 18 frequencies between 5700 and 9605 pHz (175-104 s),
doubling the number of known frequencies and with indications
from several frequency spacings near 1.05 pHz that the rotation
period of the star is ~11 d.

In this paper we present results for a “Whole Earth Telescope’
(WET)! campaign on the pulsating sdB star, PG 1336—018, which
was detected as a hot subdwarf by the Palomar—Green survey
(Green, Schmidt & Liebert 1986) and shown to be a close eclips-
ing binary by Kilkenny et al. (1998). PG 1336—018, now officially
named NY Vir (Kazarovets, Samus & Durlevich 2000), is remark-
ably similar to the binary HW Vir (Menzies & Marang 1986; Wood,
Zhang & Robinson 1993) except that the sdB primary in HW Vir is
notknown to pulsate. A third ‘HW Vir’ system with well-determined
orbital parameters, HS 0705+6700, also containing a non-pulsating
sdB star, has very recently been discovered by Drechsel et al. (2001).

From the work by Kilkenny etal. (1998), PG 1336—018 appears to
consist of a hot subdwarf primary (7 . = 33 000 = 1000 K, log g =
5.7 £ 0.1) and a ~M5 main-sequence secondary (Tt ~ 3000 K).

! For further details, see http://wet.iitap.iastate.edu
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Figure 1. Most of a single run (fvw192) from one of the sites; integration times are 5 s. The ordinate is in units of 103 counts (per 5 s) corrected for sky
background and atmospheric extinction. The abscissa is time in seconds from the start of the run. The largest pulsation variations visible (e.g. after the first
eclipse in the bottom panel) are less than 3 per cent (peak to peak) of the total light intensity. Note the clear beating of the pulsations and that the pulsations are
very obvious in secondary eclipse and can also be seen as asymmetries in at least two of the primary eclipses, even though the pulsating star is substantially

occulted by the cool companion.

Although the two stars are well separated, each with a radius of ~20
per cent of their separation, their actual radii are only about 0.17 R,
so that their separation is less than 1 R and the orbital period is
extremely short at 0.101016 d (Kilkenny et al. 2000). A substantial
‘reflection’ effect is thus seen in the out-of-eclipse part of the light
curve, due to the large temperature difference between the primary
and secondary stars. The discovery paper found two clear pulsation
frequencies in the sdB star, with periods near 184 and 141 s and semi-
amplitudes of ~0.01 and ~0.005 mag, respectively. There were also
weak indications that there might be more frequencies present with
amplitudes <0.003 mag.

The combination of eclipses, reflection effect and multiperiodic
pulsation produces a stunning light curve for the system. A sample
is shown in Fig. 1, which is most of a single run of good quality
data from one of the sites involved in the current campaign. The
frequency beating is very obvious in the figure and pulsations are
clearly visible during secondary eclipses. It is also clear that the
primary eclipses show asymmetries due to the fact that pulsations
still have some effect on the light curve even when the pulsating
primary star is substantially occulted by the cool secondary. This
was not unambiguously evident in the discovery data (Kilkenny et al.
1998) although some effort was made to detect such an effect.

For PG 1336—018, the aims of the campaign were as follows.

(i) To resolve, as fully as possible, the stellar pulsation frequen-
cies by searching for additional low-amplitude modes already sus-
pected to be present in the discovery data.

(ii) To search for rotational splitting of the principal frequencies.
It is reasonable to expect, in such a close binary, that the rotation of
the components will be phase-locked to the orbital motion. Detection
of rotational splitting would help with pulsation mode identification.

(iii) To create amodel which will match the observed frequencies
— again as a way of identifying pulsation modes.

(iv) To attempt to model light variations during primary eclipse
when the pulsating sdB component is significantly occulted and to
compare these with out-of-eclipse variations. This is difficult to do
but would, in principle, allow identification of the pulsation modes.

(v) To look for phase shifts in pulsation frequencies as a way of
directly measuring the orbital size. This was tried with the discovery
data (Kilkenny et al. 1998) which were too sparse to give significant
results (the light travel time across the orbit is only ~0.9 s). With the
WET data, a more complete solution of the pulsation frequencies
might allow the orbital phase shifts to be detected.

2 OBSERVATIONS

Telescope time for time series photometry of PG 1336—018 was
allocated at the following observatories (telescopes and instruments
in parenthesis) during 1999 April: Observatorio do Pico dos Dias
(Itajubd), Brazil (0.6-m telescope + CCD detector); Beijing Astro-
nomical Observatory, China (0.85-m and 2.16-m + three-channel
photoelectric photometers); Observatoire du Pic du Midi, France
(2-m + three-channel); Uttar Pradesh State Observatory, Naini Tal,
India (1-m + three-channel); Wise Observatory, Israel (1-m +
2-channel); Osservatorio di Bologna, Loiano, Italy (1.5-m + 2-
channel); Moletai Observatory, Lithuania (1.65-m + three-channel);
Mt. John Observatory, New Zealand (1-m + three-channel);
Mt. Suhora Observatory, Poland (0.6-m + three-channel); Siding
Spring Observatory (1-m + three-channel); South African Astro-
nomical Observatory, Sutherland (1.9-m + 1-channel; 0.75-m +
CCD); Calar Alto Observatory, Spain (1.2-m + CCD); Tenerife

© 2003 RAS, MNRAS 345, 834-846
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Observatory, Spain (0.8-m + three-channel); and McDonald Ob-
servatory, Texas, USA (2.1-m + three-channel).

The WET campaign (Xcov17) on PG 1336—018 was planned to
run during 1999 April 7-21, although some sites were able to obtain
data before and after the main campaign. Table 1 gives a listing of
all the individual runs obtained during 1999 April 3-21 and Table 2
lists the other runs. Fig. 2 shows the coverage for the main campaign
data. The actual data are plotted in the figure, with the eclipses and
reflection effect variations removed (see Section 3).

The WET campaigns are designed to obtain continuous cover-
age of a selected object for typically two weeks. Usually, two or
more sites can access a principal target at any one time; this redun-
dancy compensates for bad weather or instrumental problems (for
example) at any given site. In Xcov17, however, there were two
principal targets, PG 1336—018 and BPM37093. The latter is very
much a southern hemisphere object (§ ~ —50°) and so had prior-
ity from southern sites, leaving something of a gap in the Pacific
Ocean region — about 3 h between McDonald and Beijing Astro-
nomical Observatories, even when conditions were photometric at
both sites. Thus, the Xcov17 coverage was not as continuous as
might have been wished. Despite this, the 14 days of the ‘core’
campaign resulted in about 172 h of observations, or about 47 per
cent coverage. Including all the data in Table 1, ~206 h of data were
obtained (at 43 per cent coverage).

Because PG 1336—018 is relatively bright (B magnitude outside
eclipse varies between about 13.3 and 13.5) and because most of
the telescopes used were of 1-m to 2-m class, it was decided to use
5-s integrations wherever possible. This gives good time resolution
and counts of the order of 10° per integration — sufficient for high-
accuracy photometry (see Fig. 1).

3 DATA REDUCTION

The reduction of the photoelectric data was carried out on each in-
dividual run using standard techniques (see, for example, Nather
et al. 1990). For the three-channel data, the smoothed sky counts
were subtracted from the stellar data on a point-by-point basis; for
the other data, the less frequent sky measures were linearly interpo-
lated and subtracted from each star measure. The sky counts were
sufficiently small compared to star counts and measures of the sky
background were sufficiently frequent that this procedure was per-
fectly adequate.

For each run, the mean extinction coefficient which best ‘flat-
tened’ the data was determined and applied. In addition, as different
sites, instrument sensitivities and telescope apertures result in dif-
ferent mean light-curve levels, each light curve was normalized by
its own mean level, yielding data in fractional intensity units, A7 /1.
Winget et al. (1994) have called this unit the ‘modulation intensity’,
or mi. One thousandth of an mi is then a ‘milli modulation inten-
sity’ (mmi) which is related by a scaling factor, 1.0857, to the more
conventional mmag unit; the latter is, however, logarithmic in the
measured light intensity whereas the mi is linear. We shall adopt the
mi (or mmi) throughout the analysis.

To investigate the pulsation spectrum of the sdB component, it
is necessary to remove the very obvious orbital contributions to the
light curve. The eclipses were snipped out of the data and the out-of-
eclipse reflection effect was removed by subtracting a two-sinusoid
fit to the data. This is simply an empirical treatment which seems to
work very well; we do not imply any physical meaning to the two
sinusoids.

During Xcov17, results were obtained at three sites using CCDs.
Data were received from the Nordic Optical Telescope (NOT) and

© 2003 RAS, MNRAS 345, 834-846
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Table 1. Log of Xcov17 high-speed photometry of PG 1336—018.
Run name Date Start Run Observatory Tel
1999 (uT) (h) (m)
capgl336rl Apr3 04:17:24 0.7 Calar Alto 1.2
capg1336r2 Apr3 22:06:29 6.8 Calar Alto 1.2
capg1336r3 Apr 4 21:00:04 8.1 Calar Alto 1.2
eml-001 Apr 5 19:29:11 0.6 Wise 1.0
capgl336r4 Apr 5 20:40:28 8.3 Calar Alto 1.2
capg1336r5 Apr 6 20:26:06 8.7 Calar Alto 1.2
capgl1336r6 Apr 7 21:28:00 7.6 Calar Alto 1.2
iza-002 Apr 8 04:37:50 1.6 Tenerife 0.8
capg1336r7 Apr 8 21:28:00 9.2 Calar Alto 1.2
iza-003 Apr 8 22:54:50 5.9 Tenerife 0.8
jxj-9902 Apr9 13:06:40 7.3 Beijing AO 0.85
suh73 Apr9 19:42:30 7.1 Mt. Suhora 0.6
capg1336r9 Apr 9 20:40:00 4.6 Calar Alto 1.2
iza-004 Apr9 21:46:50 8.1 Tenerife 0.8
capgl1336r10 Apr 10 00:25:45 4.7 Calar Alto 1.2
capgl336rl1 Apr 10 20:52:00 2.4 Calar Alto 1.2
101004 Apr 10 22:30:00 5.0 Loiano 1.5
iza-005 Apr 10 22:41:30 7.0 Tenerife 0.8
pm1003 Apr 10 22:42:50 0.4 Sutherland 1.9
pm1004 Apr 10 23:30:30 1.5 Sutherland 1.9
capgl336r12 Apr 11 00:46:00 5.1 Calar Alto 1.2
tkw-0060 Apr 11 04:30:00 52 McDonald 2.1
iza-006 Apr 11 21:52:50 5.4 Tenerife 0.8
pm1007 Apr 11 22:07:20 7.6 Sutherland 1.9
tkw-0061 Apr 12 06:27:30 1.5 McDonald 2.1
jxj-9903 Apr 12 13:49:50 7.3 Beijing AO 0.85
suh74 Apr 12 18:55:40 1.7 Mt. Suhora 0.6
eml-004 Apr 12 18:56:40 1.8 Wise 1.0
pm1008 Apr 12 21:00:00 6.8 Sutherland 1.9
iza-007 Apr 12 22:30:50 7.0 Tenerife 0.8
jXj-9904 Apr 13 13:10:30 6.1 Beijing AO 0.85
n49-0416 Apr 13 17:12:00 5.7 Naini Tal 1.0
capgl336rl4 Apr 13 21:32:45 1.3 Calar Alto 1.2
iza-008 Apr 13 21:34:20 7.9 Tenerife 0.8
tkw-0062 Apr 14 08:22:00 0.6 McDonald 2.1
n49-0417 Apr 14 17:17:30 5.6 Naini Tal 1.0
suh76 Apr 14 19:18:10 7.0 Mt. Suhora 0.6
fvw187 Apr 14 22:13:36 1.9 Sutherland 1.9
fvw188 Apr 15 01:24:50 1.8 Sutherland 1.9
jXj-9905 Apr 15 12:58:40 7.0 Beijing AO 0.85
suh77 Apr 15 19:10:50 1.8 Mt. Suhora 0.6
n49-0418 Apr 15 19:38:50 1.7 Naini Tal 1.0
fvw190 Apr 15 22:27:30 3.5 Sutherland 1.9
suh78 Apr 15 22:47:50 3.9 Mt. Suhora 0.6
tkw-0061 Apr 16 03:41:30 59 McDonald 2.1
lo1604 Apr 16 19:57:52 53 Loiano 1.5
jlp-0160 Apr 17 04:36:00 6.4 McDonald 2.1
fvw192 Apr 17 21:34:30 7.3 Sutherland 1.9
jlp-0162 Apr 18 03:58:20 7.3 McDonald 2.1
jxj-9907 Apr 18 15:17:30 3.4 Beijing AO 0.85
jlp-0164 Apr 19 05:45:00 1.6 McDonald 2.1
jlp-0165 Apr 19 07:29:15 3.6 McDonald 2.1
ap1999q2 Apr 19 10:38:50 1.0 Mt. John 1.0
ap1999q3 Apr 19 11:36:30 2.6 Mt. John 1.0
n49-0420 Apr 19 17:21:30 39 Naini Tal 1.0
edroda04 Apr 19 20:41:40 4.4 Moletai 1.65
n49-0422 Apr 20 16:47:10 4.6 Naini Tal 1.0
ita200499pg Apr 21 01:43:00 1.6 Itajuba CCD 0.6
jlp-0167 Apr 21 03:28:20 45 McDonald 2.1
jlp-0168 Apr 21 08:10:29 29 McDonald 2.1

120Z Yot G| uo Jasn Ausisaiun Bingspnons 1seg Aq 002€26/7E8/E/SYE/a101e/SeIuw/Wwod dno"olwapeoe//:sdny Wwolj papeojumo(



838  D. Kilkenny et al.

Table 2. Log of other high-speed photometry of PG 1336—018.

Run name Date Start Run Observatory Tel

1999 (uT) (h) (m)
mdr019 Mar 8 10:30:00 1.6 McDonald 2.1
mdr028 Mar 14 06:48:00 4.7 McDonald 2.1
mdr031 Mar 17 04:48:00 4.6 McDonald 0.9
mdr032 Mar 18 09:30:00 2.5 McDonald 0.9
mdr034 Mar 19 04:34:00 7.5 McDonald 0.9
mdr036 Mar 20 08:29:00 3.6 McDonald 0.9
ma2099q2 Mar 20 13:42:00 3.8 Mt. John 1.0
mdr038 Mar 22 03:53:30 8.0 McDonald 0.9
mdr040 Mar 23 08:08:00 1.3 McDonald 0.9
notpg1136rl May 2 22:27:32 6.6 Nordic 2.6
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Figure 2. Coverage diagram for the Xcov17 campaign on PG 1336—018.
Each panel represents one day and the panels read left-to-right and top-
to-bottom. The panels are 0.2 mi in height so that the ordinate carets are
separated by 0.05 mi (fractional intensity units; see Section 3). The actual
data are plotted, although on a very compressed scale, with the eclipses and
reflection effect variations removed.
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Itajuba Observatory in the standard WET format and data reduction
proceeded as above. The NOT uses windowing software to read out
the CCD which results in a dead time of only about 1 s, whilst Itajuba
used a frame-transfer CCD, making observations with the required
sampling interval of 5 s easily attainable. Data from Calar Alto were
received as differential photometry but, as any comparison stars will

0 3000 6000 9000
Frequency (uHz)

12000 15000

Figure 3. Periodogram (amplitude/frequency) for the data in Fig. 2. Am-
plitude units are fractional intensity (AZ/I) in thousandths or mmi units.
The frequency range plotted is equivalent to periods down to 67 s.

probably be significantly redder than PG 1336—018, differential ex-
tinction across the CCD can introduce small non-linear ‘drifts’ into
the reduced data. After correcting for the eclipses and reflection
effect, any remaining trends were removed using second-order to
fourth-order polynomials (this assumes that any low-frequency vari-
ations are produced by residual sky or instrumental effects rather
than by the star). A further problem was encountered with the Calar
Alto data because CCD detectors are generally used for ‘deep’ imag-
ing, where very precise timekeeping is usually unnecessary. The data
acquisition software was not linked to a highly accurate time ser-
vice such as the GPS network and consequently small errors might
accumulate over the course of a long run on a given night. (All sites
were checked near the start of each observing run to be synchronized
to better than 1 s with time from the US Naval Observatory, even
though nearly all sites have access to the GPS network.) However,
careful checks using the phases of the pulsational variations and
analyses with and without the Calar Alto data have convinced us
that these are consistent with the rest of the data.

The Xcov17 data, reduced and corrected as described above, are
displayed in a very condensed form in Fig. 2 with the corresponding
periodogram covering the range 0 < f < 15 000 uHz shown in
Fig. 3. The latter is also on arather small scale, but serves to show that
virtually all of the signal is between about 4000 and 9000 uHz and,
in what follows, we have concentrated (although not exclusively)
on this frequency range.

4 FREQUENCY ANALYSIS

Because the detection of many modes of pulsation provides the
possibility of investigating the internal structure of stars (see, for
example, Winget et al. 1991), the first aim of the multisite cam-
paign was to resolve and accurately measure as many frequencies
as possible. The frequency analyses described in this section were
all carried out using periodogram analysis following the method of
Deeming (1975) as modified by Kurtz (1985).

4.1 Xcov17 photoelectric data in halves

Formally, the Fourier transform is a transformation of the light curve
and all peaks do not represent physical pulsation modes. The pres-
ence of the same significant peaks in two data sets — or two separate
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subsets of the full data set — strengthens their identification as phys-
ical modes. So, as a first step, the photomultiplier data from the two-
week Xcov17 campaign were divided into two ‘halves’ of about 6 d
each (the first day and a half of the actual campaign produced very
little data for PG 1336—018, due to poor weather conditions; see
Fig. 2). Periodograms were calculated for each data subset in the
range 3500 < f < 9500 puHz (periods between about 285 and 105 s,
respectively). The frequency with the largest amplitude in each pe-
riodogram was removed by a least-squares procedure (Deeming
1968) which calculated the best-fitting amplitude and phase for the
given frequency and subtracted the resulting sine wave from each
data set. New periodograms were then recomputed based on the re-
vised data sets. This procedure was repeated until the 20 frequencies
with largest amplitude had been removed. A comparison of the two
sets of results showed 14 frequencies which agreed very well (A f <
0.4 uHz) between the two halves of the data. The next step was to re-
move these 14 frequencies simultaneously from both data subsets,
using a Taylor expansion non-linear least-squares technique, and
then to calculate individually the next 20 frequencies, from which
five more close matches were found.

Fig. 4 shows the window functions for the two data subsets. The
very obvious alias patterns have a frequency separation at ~230
uHz, or a periodicity of ~0.05 d, and are clearly caused by the
gaps in the data where the two eclipses per orbital period (0.101016
d) have been removed. Present, although not so clear in the figure,
are the alias patterns with 11.57 pHz separation — the 1-d aliases.
Fig. 5 shows the periodograms, with no frequency removal (or ‘pre-

1

A
|

—2000 0 2000
Frequency (uHz)

Figure 4. Window functions for the first (upper) and second (lower) halves
of the Xcov17 photomultiplier data. The functions are normalized to unity
at zero frequency. The very obvious aliasing (A f ~ 230 puHz) is due to the
regular gaps in the data where the eclipses have been removed. The effect
of the 1-d alias patterns (A f ~ 11.57 uHz) is just discernible.
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Figure 5. Periodograms (amplitude/frequency) for the first (upper) and
second (lower) halves of the Xcov17 photomultiplier data. Amplitude units
are fractional intensity (A I/I) in thousandths or mmi units. The small
vertical lines in the middle of the figure indicate 27 of the 28 frequencies
extracted from the full data set (the other frequency is off the figure at
10 315 pHz). See Table 4 for a full listing.

whitening’) for the same data. Note the occurrence of corresponding
peaks, even at low amplitude, in the two plots. As an example, Fig. 6
shows the periodograms for the data after the removal of 19 frequen-
cies. The noise is at about the 0.2-mmi level, and it appears that even
after subtraction of 19 frequencies, there is still significant power at
several frequencies in both periodograms, especially in the 7000-
8000 uHz range (~140-125 s). Consequently, as a third iteration,
the first 19 frequencies were simultaneously removed from the data
and the next 30 strongest frequencies determined individually. This
reached down to amplitudes of ~0.4 mmi and revealed four further
matches.

The two data subsets were also analysed in the frequency ranges
500 < f < 3500 pHz and 9500 < f < 30 000 puHz (so that,
together with the analysis described above, the period range 33—
2000 s was covered). No significant power was found in the low-
frequency range, given that slow changes are as likely to be artefacts
of the reduction processes as variations in the star. In the high-
frequency range, one frequency was identified in both the ‘a’ and
‘b’ data subsets at ~10 315 uHz or a period of 96.9 s, although the
amplitude is very small (~0.5 mmi); this frequency is just visible
in Fig. 3.

Table 3 lists the 24 frequencies extracted from the two half data
sets in order of decreasing amplitude in the first (‘a’) data set; this
is not the exact order in which they were detected, because indi-
vidual sequential frequency extraction and non-linear simultaneous
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Figure 6. Periodograms (amplitude/frequency) for the first (upper) and
second (lower) halves of the Xcov17 photomultiplier data after simultaneous
removal of 19 frequencies. In the middle of the figure, the short vertical lines
indicate 18 of the first 19 frequencies removed from the full data set; the
long vertical lines indicate the nine frequencies subsequently extracted.

extraction can produce slightly different results. Typical formal er-
rors from the simultaneous fitting procedures are about 0.08 mmi
in amplitude and range in frequency from about 0.02 pHz for the
largest amplitudes to about 0.13 puHz for the smallest, although a
better indication of the errors is probably the agreement between
the results from the ‘a’ and ‘b’ data sets.

The baselines for the half data sets are roughly 6 dor T ~ 5 x
10° s. The corresponding resolution for complete separation of two
frequencies in such a data setis ~1.5/T (Loumos & Deeming 1978)
or 2.9 pHz for the half data sets. The quantity 1/7 (~2 uHz) can be
regarded as a reasonable limit, closer than which nearby frequencies
would be ‘unresolvable’, so that we could not expect to separate any
frequencies more closely spaced than about 2 pHz. By extension, if
frequencies extracted from the two halves of the data are closer than
1/T, we can say they are formally the same. For all of the frequencies
listed in Table 2, the differences between the results from the two
half data sets are less than 1/5T7 (0.4 uHz), well within the 1/T
resolution.

Conversely, there are three very close pairs of frequencies in
Table 3 (near 5434, 5586 and 5759 pHz). The first two pairs of
these, with separations of 2.5 and 2.7 uHz, are just closer than the
formal limit for complete frequency separation and all three could
be artefacts — for example, the beat periods of the pairs of frequen-
cies are all around 4 d, so that some instrumental difference causing
apparent amplitude variation might result in one period being split

Table 3. Frequencies, semi-amplitudes (s, and sp) and periods derived by
simultaneous fitting of all 24 frequencies from the two halves of the Xcov
17 photomultiplier data reduced separately. Typical formal errors are ~0.08
mmi in amplitude and about 0.02-0.13 pHz in frequency.

fa fo Af Sa Sb P, Py,

(pHz) (uHz) (uHz)  (mmi)  (mmi) O ©)
5757.28 5757.32 —0.04 4.8 4.6 173.693  173.692
5585.52 5585.76 —0.24 4.1 3.9 179.034  179.026
5369.42 5369.37 0.05 34 3.9 186.240 186.241
5392.19 5392.15 0.04 1.8 29 185.453  185.455
5444.31 5444.22 0.09 1.8 1.8 183.679  183.681
5435.56 5435.43 0.13 1.7 2.3 183.974 183.978
5598.64 5598.25 0.39 1.6 1.8 178.615  178.627
5760.73 5760.81 —0.08 1.6 1.7 173.589  173.586
5432.89 5432.92  —0.03 1.2 1.3 184.064  184.063
7071.05 707130 —0.25 1.2 1.1 141422 141.417
5516.69 551690 —0.21 1.1 1.0 181.268  181.261
5587.99 5587.81 0.18 1.1 1.0 178.955 178.961
5916.23 591646 —0.23 0.9 1.1 169.026  169.020
5356.28 5356.66 —0.38 0.9 0.8 186.697  186.683
5506.22 5505.95 0.27 0.9 0.7 181.613  181.622
5891.54 5891.55 —0.01 0.8 0.9 169.735  169.735
7108.92 7108.95 —0.03 0.7 1.0 140.668  140.668
4885.16 4885.17 —0.01 0.7 0.8 204.702  204.701
5400.79 5400.42 0.37 0.8 0.5 185.158  185.171
7880.90 7880.64 0.26 0.6 0.8 126.889  126.893
5470.70 5470.87 —0.17 0.6 0.7 182.792  182.786
5219.02 5218.68 0.34 0.6 0.6 191.606 191.619
7948.43 7948.24 0.19 0.4 0.7 125.811 125.814

10314.78 10314.97 —0.19 0.4 0.5 96.948 96.946

into two. It is known that some of the pulsating subdwarfs can have
several very close frequencies (Kilkenny et al. 1999) so the reality
of the close frequencies in PG 1336—018 cannot be ruled out, but
amplitude modulation could also produce such close frequencies.

4.2 Xcov17 photoelectric data as a whole

Next, a periodogram analysis of the Xcovl7 core campaign
(April 7-21) was carried out and all the frequencies in Table 3 were
quickly recovered. In addition, when the data were pre-whitened
by those 24 frequencies simultaneously, and a further periodogram
determined, there still remained several peaks which appeared sig-
nificant. The noise in the periodogram, as estimated by the top of
the ‘grass’, appears to be at about the 0.25-mmi level; peaks with a
height >0.4 mmi appear significant. However, to be conservative,
we have accepted only four more frequencies with amplitudes >0.5
mmi. We also carried out an analysis of all the data (listed in Tables
1 and 2) and recovered the same frequencies. Table 4 lists all 28 fre-
quencies with the additional four frequencies bracketed to indicate
that they were not detected independently in the two ‘half” analyses.
The frequencies are ranked in order of decreasing amplitude and, in
what follows, we use the nomenclature £, to indicate the nth-ranked
frequency.

Note that the baseline of the full campaign data set yields 1/7T ~
1 uHz — twice as good as the ‘half” data sets — and we still recover
the three closely spaced frequencies mentioned in Section 4.1.

5 RESULTS

5.1 Comparison with the 1996 discovery data

The discovery paper (Kilkenny et al. 1998) reported results from the
1996 observing season for PG 1336—018. In Fig. 7, we reproduce the
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Table 4. Periods, frequencies and semi-amplitudes for the main
campaign (data in Fig. 2).

Rank P f + s
) (1H2) (HH2) (mmi)
18 204.70 4885.135 0.033 0.7
27 195.65 (5111.097) 0.048 0.5
21 191.61 5218.963 0.039 0.6
16 186.69 5356.449 0.032 0.8
3 186.24 5369.369 0.007 3.7
4 185.45 5392.145 0.010 2.5
25 185.15 5400.761 0.046 0.6
10 184.05 5433.175 0.022 1.3
5 183.98 5435.422 0.013 2.0
7 183.68 5444316 0.015 1.7
22 182.79 5470.859 0.039 0.6
17 181.63 5505.681 0.032 0.8
12 181.27 5516.719 0.026 1.0
2 179.03 5585.657 0.007 4.0
13 178.96 5587.777 0.029 1.0
6 178.62 5598.527 0.016 1.7
20 177.90 (5621.260) 0.038 0.7
1 173.69 5757.304 0.005 4.7
8 173.59 5760.765 0.015 1.7
15 169.74 5891.498 0.029 0.9
11 169.03 5916.264 0.025 1.0
28 162.25 (6163.430) 0.051 0.5
9 141.42 7071.261 0.022 1.3
14 140.67 7108.759 0.029 0.9
23 134.90 (7412.908) 0.042 0.6
19 126.89 7880.963 0.035 0.7
24 125.81 7948.553 0.042 0.6
26 96.95 10314.780 0.054 0.5

periodogram of the discovery light curve (a 5.2-h ‘white light’ run),
the periodogram from the Xcov17 campaign and a periodogram
from a 1996 ‘U’-band light curve. The latter was only a 2.7-h run
but has the advantage that it should be relatively unaffected by any
light from the much cooler companion.

The main peak in the 1996 data seems to be at 5435 nHz (184.0s),
corresponding to fs (or perhaps f19) in the Xcov17 data. The next
most significant peak in 1996 was at 7076 uHz (141.3 s) and clearly
matches fo + f14 in the current data. Beyond these two frequen-
cies, little could be deduced from the discovery data, although it was
noted that there could well be more frequencies below the 0.003-
mag level. In Fig. 7, f is not visible in the 1996 white light data,
although there is a weak corresponding peak in the U data; f, might
have a corresponding peak in the white light data, but is not visible
in the U data; and the frequencies f3 and f4 (at 5369 and 5392
wHz) are not visible in either set of 1996 data. It is not likely that
these effects are a matter of resolution; a 5-h light curve such as the
upper part of Fig. 7 will give a frequency resolution of about 55 ptHz
and the f, f, and f3 frequencies are separated by ~200 puHz. In
addition, frequency spectra of the Xcov17 data calculated on a run-
by-run or day-by-day basis easily resolve the main frequencies seen
in the middle panel of Fig. 7. As examples, Fig. 8 shows consecutive
individual observing runs (of reasonable length) where it is clear that
the power, at least in the three dominant frequencies, is changing
from run to run. Fig. 9 is a similar plot of consecutive runs from a
single site. Again it is obvious that the power in the three main peaks
changes in a complex manner. The f1/f2, f1/f3 and f2/ f3 beat
periods are only 1.6, 0.7 and 1.3 h respectively, which makes beat-
ing between the largest modes an unlikely explanation. Additionally,
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Figure7. A comparison of the (amplitude/frequency) periodograms for the
PG 1336—018 discovery data of 1996 (upper), the Xcov17 core campaign
data (middle) and a U-band light curve also obtained in 1996 (lower). The
upper and lower figures are taken from Kilkenny et al. (1998), although the
amplitude scales have been adjusted to make the comparison of frequencies
easier. The vastly better resolution of the middle periodogram is a result of
the much longer baseline and high data density and also serves to highlight
the value of multisite type campaigns.

with an orbital period of 2.4 h, it is unlikely that structural or temper-
ature variations due to the companion can be the cause (unless they
are not tidally locked). One possible explanation would be that these
are in fact unresolved peaks in the amplitude spectrum. Although
the length of the campaign makes this seem unlikely, similar stars
(PG 1605, PB 8783) also show closely spaced peaks — and the barely
resolved peaks in our amplitude spectrum (such as f4 and f10 or
f1and f8) do not rule out this explanation.

5.2 Rotational splitting of frequencies

In a very close binary system such as PG 1336—018, it is to be
expected that the circularization and synchronization times will be
very short — of the order of a few decades (Zahn 1977). It is thus
reasonable to assume that the orbital period of the system is also
the rotation period of the two components of the system. We have
searched for frequency differences at the orbital period (0.101016
d) and at half the orbital period — equivalent to 114.576 and 229.152
nHz respectively, and frequency differences near these values are
listed in Table 5.

Typical splitting coefficients (C,,), derived from evolutionary
models, for low-order modes appropriate for EC 14026 stars range
from 3 to <0.08 per cent Unfortunately, the extracted eclipses
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Figure 8. A comparison of the (amplitude/frequency) periodograms for
consecutive runs. Each run name is indicated (see Table 1) as well as the run
start time from BJED 2451200. The three dominant frequencies are clearly
resolved and have variable amplitudes.

produce a gap every 114.576 uHz, from which the Fourier trans-
form produces an alias peak (as evident in Fig. 4) at successive
overtones of the orbital period (114.576, 229.152, 343.728 pHz,
etc.). This makes it extremely difficult to separate real, rotation-
ally split modes from aliases caused by the extracted eclipses. The
mode most likely to be rotationally split is f,—f3, where the am-
plitudes are sufficiently large to rule out aliasing and the splitting
is far enough away from half the orbital period (~13 puHz) that it
is unlikely to be an alias. The remaining splittings are difficult to
justify at best, particularly because one of each pair typically has an
amplitude far greater than the other and the low amplitude peak is
directly on the alias introduced by cutting out the eclipses.

5.3 Models

Although it is rewarding to resolve the complex pulsations of PG
1336—018 in so much greater detail than previously, the real goal
is to compare observed pulsations to model pulsations. It is only
through the models that we can hope to understand the internal
conditions of sdB stars.

The usual way of comparing a model to observations is by using
spectroscopic results as a constraint on 7 and log g and finding
those models whose periods are in the same range as observed (see,
for example, Kilkenny et al. 2002; O’Donoghue et al. 1998). To nar-
row the range of models further, it is necessary to have additional
constraints, such as an observational way to identify the spherical
harmonics of individual modes. This is usually accomplished by us-
ing evenly spaced frequencies or periods in the observed amplitude
spectrum. For p-mode pulsations (as expected in EC 14026 stars;

0.05 T

ixj-9902 9 Apr

jxj-9903 12 Apr

ixj-9904 13 Apr

Al/1 (mmi)

jxj-9905 15 Apr

jxj-9906 17 Apr

4000 5000 6000 7000 8000
Frequency (uHz)

Figure 9. A comparison of the (amplitude/frequency) periodograms for
consecutive runs from a single site (BAO). Each run is indicated as well as
the run start date.

Charpinet et al. 2001) evenly spaced frequencies can be caused by
successive values of the radial order n (sometimes called k) for the
same degree index ¢ (however, for low n values, the frequencies will
not be split evenly) or by multiplets with the same values of £ and
n, but differing azimuthal order m. In the latter case, the degeneracy
is typically broken by rotation and neighbouring m values are split
(to within a few per cent) by the rotation frequency. Thus, for Am
=1, Af ~ P For PG 1336—018, we assume such constraints
a priori.

Because it is in a close binary, we assume it is tidally locked
so that we know the rotation period, which provides characteristic
frequency splittings to look for. Such splittings (or multiples thereof)
would be a sign of rotationally split modes. Because (2¢ + 1) m
values are allowed, the number and spacing of such modes would
allow ¢ values to be constrained. Such constraints could then be
passed on to the model.

To this end, we have computed the pulsation periods of evolution-
ary models (generated using ISUEVO; Dehner & Kawaler 1995), as

Table 5. Possible rotationally-split frequencies.

Frequency Af (o)
fa=f17 113.536 0.009
fo—f2 114.798 0.002
fi6=f22 114.410 0.001
f11=f2 115.579 0.008
fo—f3 216.288 0.03
f3-f6 229.158 1.3 x 1073
fa=f20 229.115 8.1 x 1073
f16=r2 229.208 12 x 107*
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in Kawaler (1999). Such models are specified by five independent
parameters: log g, T, the core mass M .o, the mass of the outer
hydrogen-rich envelope M,y and the metallicity. Ideally, log g and
T o are constrained by spectroscopy and the remaining parameters
determined by fitting the periods — as in Kawaler et al. (1995) and
independently confirmed using Hubble Space Telescope (HST) data
in Reed, Kawaler & O’Brien (2000), or in Kawaler (1999) and in-
dependently confirmed using rotational velocities by Heber, Reid &
Werner (2000). However, this only works if it is possible to identify
the spherical harmonics of the observed modes (such as the rota-
tionally split modes described above). Otherwise, it is only possible
to estimate these parameters based on theory and an approximate fit
of the model periods to those observed.

As an illustrative example of this process, we have evolved so-
lar metallicity models off the zero-age extended horizontal branch
(ZAEHB) using a fixed core mass of 0.470 M) and varying M ¢,
from 0.0000 to 0.0055 M, in steps of 0.0001, keeping only those
sequences that match (to within 20') the spectroscopic constraints.
The vast majority of models within the spectroscopic constraints
have periods in the range of those observed. To select from within
this group of models, it is necessary to use additional clues from the
observations.

We begin by concentrating on the high amplitude periods. As
previously noted, the amplitude spectrum of PG 1336—018 is largely
dominated by three periods. Of these, two are split by 2 f o, Which
would correspond to A m = 2. As such, possible values of £ and
mare L =1, m=+1, -1;¢{ =2, m=+41, —1,orm =0, £2
— assuming that £ > 2 modes cannot be seen due to geometric
cancellation across the surface (Reed et al., in preparation). The
remaining mode, f, is assumed to be radial as no rotationally split
components are detected. Of course, it is possible that f is £ #
0, but then the remaining multiplet components would have to be
below our detection limit, which is an order of magnitude less than
the amplitude of f. Because f, and f are a rotationally split pair
of comparable amplitude, our assumption of £ = 0 for f; seems
reasonable, and certainly adequate for this example. Among the
models available, the model with the closest fit to the observed
periods with the above mode constraints has a total mass of 0.4704
M@, log g = 5.726 and T'¢;r = 31 200 K.

Table 6 shows the pulsation periods for low values of n and ¢ for
the p-modes of the best-fitting sdB model. We stress that this is a

Table 6. Pulsation periods of an evolved sdB star with T = 31 000 K
and log g = 5.726. The ‘}’ symbol indicates periods used to constrain the
model.

Degree Radial Azimuthal Model PG 1336
index order period period

14 n m (s) (s)

1 3 —1 96.0 97.0

1 3 0 97.1

1 3 +1 98.2

0 2 0 114.6

1 2 —1 164.2 162.3

1 2 0 167.3

1 2 +1 170.6 169.7

0 1 0 174.3 173.71

2 1 -2 174.9

2 1 -1 178.5 179.0f

2 1 0 182.2 181.6

2 1 +1 185.9 186.21

2 1 +2 190.1 191.6

2 0 -2 214.9
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very preliminary identification; the periods in the table indicate that
models of evolved sdB stars can qualitatively reproduce the observed
periods. More secure identifications, and therefore constraints on
the properties of PG 1336—018, will have to wait until a more
exhaustive grid of model parameters, appropriate for this region of
the HR diagram, is complete.

As an additional constraint, we can use the known inclination,
i ~ 81°, of the orbit; assuming that the pulsation axis is aligned
with the rotation axis (as is commonly the case for non-radial pulsa-
tion; although a subsequent paper will explore perturbations on this
assumption). It can be shown (Dziembowski 1977) that non-radial
pulsation amplitudes are proportional to P, (cos i). For extreme
values of i, certain non-radial amplitudes should be unobservable.
At i ~ 81°, amplitudes for modes with ¢ = 1, m = 0 and £ = 2,
m = =1 should be reduced by 84 per cent.

This makes it seem unlikely that our identifications for f, and
f3 are correct. However, our model is illustrative of the success
that can be had in general producing models with pulsation peri-
ods in the proper range, and also in the risk of fitting models to
observed pulsations without constraints on the spherical harmon-
ics. PG 1336—018 pulsates in 28 modes between 96 and 205 s,
while our model can only produce 14 pulsations (11 if the incli-
nation is taken into account). Therefore, without the added con-
straints provided by our assumed P, and pulsation inclination,
we would have far too many models that fit the observations. In
fact, it would be nearly impossible to create a model that matched
the spectroscopic constraints but did not fit some of the observed
periods.

Over 30 pulsating sdB stars have now been detected. Of these,
only a few have had their temporal spectrum resolved and within this
group only three or four have additional constraints to allow precise
modelling. Examples are: PG 1605+072 for which Kawaler (1999)
made a model fit; PG 00144067 for which Brassard et al. (2001)
have modelled the 13 observed frequencies; and PG 10474003 for
which Charpinet et al. (2002) have given preliminary theoretical
results.

The observations described in this paper (and our preliminary
model fit) will hopefully provide a basis for theoreticians to advance
their models. In particular, it would be of very great interest to
see an application of the Montréal parameter search method to PG
1336—018 (see, for example, Brassard et al. 2001; Charpinet et al.
2002).

5.4 The pulsation spectrum in primary eclipse

Because non-radial pulsations manifest themselves as a geometric
effect (alternating hotter and cooler regions on the stellar surface),
and because the visible surface area of the sdB pulsator changes
during primary eclipse, so might the observed pulsation amplitudes
— depending, of course, on the pulsation mode. In principle, we can
use these changes to determine what modes are present if we can
distinguish real modes from aliased modes during primary eclipse.
A substantial problem is that we only have 800 s (~0.2 h) of eclipse
data in every 2.4 h of orbital period. At best, therefore, we can only
obtain a data coverage of about 9 per cent of any given baseline.
Additionally, the ~800 s of coverage is only about four or five pul-
sation cycles, which is very limited, given the number of frequencies
detected in the out-of-eclipse data. This means that every real os-
cillation frequency creates a large and complex assortment of alias
peaks in the Fourier transform. This might not be a problem if we
had observed all (or most) of the primary eclipses. Unfortunately,
during the best 11-d period of the run, we only accumulated 49 per
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Figure 10. The upper panel shows typical eclipse data with the averaged
template or correcting contour (solid line) offset by —0.2. The lower panel
shows the same eclipse corrected by the smooth template from the upper
panel and showing obvious pulsations.

cent of the primary eclipses, making the gaps even larger — effec-
tively, the eclipse data have only about a 4 per cent coverage of the
data baseline.

In order to remove the effect of the eclipse variations, we first ex-
tracted all the eclipses and added them together to create a template
eclipse in which the pulsation effects have been essentially averaged
out (see the upper panel of Fig. 10). The individual eclipses were
then divided by the template eclipse, leaving a flattened eclipse (il-
lustrated in the lower panel of Fig. 10). In some cases, a second-order
to fourth-order polynomial was also used to remove second-order
effects (caused by varying seeing at different sites, for example).

Fig. 11 shows the Fourier transform of all the primary eclipse data
along with the data window. There is one very obvious frequency in
the eclipse data at 5757 uHz (f) and we were able to recover two
other frequencies at 5585 and 5505 uHz (f, and f,7). However,
the aliasing was too severe to allow further frequency extraction.

Although these data were insufficient to use eclipse mapping to
identify pulsation modes, it does indicate that the method is viable.
With less than 40 per cent of the eclipses, we were able to recover the
two highest amplitude modes. Simulations suggest that a coverage
of around 80 per cent would be sufficient to recover most of the real
pulsations.

5.5 Orbital phase shifts

In an earlier paper, Kilkenny et al. (1998) reported an attempt to
detect phase shifts in the principal pulsation frequency due to the
binary orbit. They found no significant effects and noted that from
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Figure 11. The upper panel shows the Fourier transform of all primary
eclipse data. The lower panel shows a data window for the eclipse data.

the light-curve and radial-velocity solution, the light travel time
across the orbit was only about 0.9 s — small compared to the errors
in the determination of the phase shifts from relatively small blocks
of data. They also noted that the secondary pulsation would induce
an even bigger (apparent) phase shift into the primary frequency
— and the effect would be further complicated if either pulsation
had a variable amplitude. Clearly, a much more detailed map of the
pulsation frequencies was required, and we now have that.

With the much larger data set at our disposal, we divided the data
into eight parts, based on tenths of the orbital phase, 0.05 < ¢ <0.15,
0.15 < ¢ <0.25, and so on, but omitting phases 0.45-0.55 and 0.95-
0.05 which cover the two eclipses. We tried several solutions, none of
them completely satisfactory. It would be preferable to solve for all
known frequencies simultaneously, because this reduces the effect
that even weak frequencies might have in producing apparent phase
shifts in the other frequencies. In practice, this was not possible
because, although we tried initially to solve for all 28 frequencies in
Table 4, some of the weaker frequencies were consistently missed (or
the solution produced a slightly different frequency when ‘forced’).
It is not hard to see how this happens — with the data restricted
to a phase range of only a tenth of the orbit, we have an effective
coverage of only about 5 per cent (given that the total coverage is
about 47 per cent). In other words, the window function looks like
that displayed in the lower panel of Fig. 11, which results from
a comparable sample of the total data set. We have tried various
solutions with the misidentified frequencies omitted, cutting first
to 24 and then 21 frequencies, but none of these was satisfactory.
However, although the solved frequencies did vary slightly from
attempt to attempt, the frequency differences (between the different
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Figure 12. Phase shifts in the 10 strongest frequencies from Table 4 as a
function of orbital phase. The ordinate carets are separated by 0.05 rad (1.4 s
at 5757 uHz) and the zero point is arbitrary, as we are interested only in phase
differences. The error bars indicate the formal 1o errors of the frequency
extraction procedure.

orbital phases) seemed to remain relatively stable. In Fig. 12, we
present a solution for the 10 strongest pulsation frequencies, which
turn out to be those with amplitudes greater than 1 mmi (actually
>1.3 mmi). It is clear that the formal errors in the data points are
mostly much larger than the effect we might expect to see from the
binary orbit — or any other effect which might be present in the data,
because the 10 sets of data shown in Fig. 12 can almost all be fitted
with a horizontal straight line which would cut all of the 1o error
bars, implying no significant effect. The weaker frequencies show
even less significant results.

The strongest frequency ( f; at 5757 uHz) has the smallest errors,
typically around 0.03 rad, corresponding to a phase shift of about
0.5 per cent, or about 0.8 s in the 173-s pulsation. This is similar to
the size of the effect we expect from the binary solution. A formal fit
of a sinusoid to the eight orbital phase points results in an amplitude
of 0.02 & 0.007 rad, or a peak-to-peak effect of 0.04 rad, equivalent
to 1.1 &= 0.4 s for the light travel time across the orbit. It appears
that this result is unduly weighted by the point at phase 0.1; removal
of this point results in an amplitude solution of 0.01 £ 0.002 rad,
or about 0.6 £ 0.1 s for the orbital size. The errors quoted are the
formal errors from the sine fitting, but it seems more reasonable to
expect the error to be of the order of the difference between the two
solutions.

We have also fitted a sinusoid to all 80 points (10 frequencies
at eight orbital phases), weighting the data as 1/02, but the derived
amplitudes are negligible — especially for the more realistic solution
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which satisfies the physical restriction that the phase shifts must be
at extrema for orbital phases 0.0 and 0.5 (at the eclipses) when the
pulsating star is nearest to and farthest from the observer. It can be
seen in Fig. 12 that some of the frequencies seem to show secular
trends in phase — but not all in the same direction. Because such
trends imply that there is a commensurability between orbit and
phase change, they are probably not real. This strongly suggests
that the formal errors from the frequency extraction process are
underestimated and explains why adding in more data points does
not improve the errors in the fit.

We have also tried combining the data around orbital phases 0.1
and 0.9, and comparing the pulsation phases to the combined data
around orbital phases 0.4 and 0.6. This results in arange of phase dif-
ferences between effectively zero and about 0.4 rad — no consistent
solution emerges. Again the errors are too large.

The above results are rather inconclusive and all of the above
solutions will be further confused by the effects of the weaker fre-
quencies and perhaps by any amplitude variations of the kind noted
in Section 5.1.

6 SUMMARY

In Section 1, we listed five aims of the current multisite campaign.
Only one of these has been attained with the success we had hoped
for, although some progress has been made with all.

(i) We have greatly increased the number of known frequencies
for the pulsating sdB star, PG 1336—018, from two definite iden-
tifications (plus a few suspected at the <3-mmi level) to over 20,
possibly as many as 28, identifications down to amplitudes around
0.5 mmi, none of which appears to be a harmonic or sum of other
identified frequencies. We have also established not only that the
frequency structure has changed markedly since the discovery ob-
servations of 1996, but also that this structure appears to change
on time-scales comparable with a day. It is not clear at this stage
whether this is due to frequencies yet unresolved or to amplitude
changes due to some other mechanism.

(ii) A search for rotationally split modes was largely unsuccess-
ful, although f, and f3; might be such a case. With no sign of
rotational splitting of the f, mode, however, we have assumed this
to be a radial mode and f, and f; to be rotationally split compo-
nents of a non-radial mode for the purposes of creating a model of
the pulsating star.

(iii) Evolutionary models were generated to fit the observed pul-
sation frequency regime and spectroscopic constraints — as has been
done for several other EC14026 stars. The known inclination and as-
sumed tidally locked rotation period provide additional constraints
for PG 1336—018. These constraints indicate that our best-fitting
model does not adequately describe the pulsation structure of PG
1336—018. None the less, the significant number of frequencies
identified by this work, along with the added constraints should
provide a useful basis for future modelling attempts.

(iv) We have been successful in extracting pulsational light vari-
ations from primary eclipse data (the discovery paper found this
impossible from the much smaller data set) but have only been able
positively to identify three frequencies — and with insufficient detail
to use eclipse mapping to identify actual modes. Simulations (car-
ried out after the campaign) suggest that if 80 per cent of primary
eclipses had been observed over the two-week run, rather than 47
per cent, the method would have been much more successful.

(v) For a similar reason, the current data set is too small to allow
a direct determination of the orbital size from the pulsation phase
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shifts. Certainly, our data agree with the orbital radius determined
from the binary solution within the experimental errors, but they are
some way from improving on the accuracy of the orbital size (and
hence the stellar radii).
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