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Chapter 1

Introduction

Nearly all the physical processes that determine the structure and evolution of stars
occur in their (deep) interiors. The production of nuclear energy that powers stars
takes place in their cores for most of their lifetime. The effects of the physical
processes that modify the simplest models of stellar evolution, such as mixing and
diffusion, also predominantly take place in the inside of stars.

The light that we receive from the stars is the only information that astronomers
can use to study the universe. However, the light of the stars originates from their
surfaces. Therefore it would seem that there is no way that the analysis of starlight
tells us about the physics going on in stellar interiors.

1.1 Variable stars

However, there are stars that reveal more about their physics than others. For
instance, variable stars are objects for which we can measure a time-dependent light
output, on a time scale shorter than that of evolutionary changes. There are two
major groups of variable stars, extrinsic and intrinsic variables.

Extrinsic variables do not change their light output directly. For example, the
light changes of eclipsing binary stars are caused by two stars passing in front of each
other, so that light coming from one of them is periodically blocked. The component
stars of eclipsing binaries do not need to be variable themselves. By analysing the
temporal light variations and orbital motion of eclipsing binaries, one can determine
their fundamental properties, and by assuming that their components are otherwise
normal stars, determine fundamental properties of all stars, such as their mass. In
this way, stars and stellar systems can be understood better.

Intrinsic variables, on the other hand, change their light output physically. Su-
pernovae can become brighter than their host galaxies because of the ejection of
large amounts of material. Even more revealing are stars that can change their
physical size: pulsating variables.



1.2 Pulsating stars

How can a star change its size? Under some special physical conditions, stars can
store energy in some particular interior layers for some time. This would for instance
be a zone where a certain chemical species becomes (partly) ionised. Many stars
have such ionisation regions in their interiors as a natural consequence of the gradual
increase of temperature and pressure from the stellar surface to the core.

If a (partial) ionisation region is located in a region where the thermal time scale
is of the same order of magnitude as the dynamic time scale, stellar pulsations can
develop (Cox 1980). The energy that is stored during a contraction of the star, is
released when it tries to reach its equilibrium state by expanding. Therefore, the star
actually expands beyond its equilibrium radius. When the material recedes, energy
is again stored in the stellar interior, and the whole cycle repeats: a periodic stellar
pulsation evolves. This is a rough description so-called kappa mechanism (Baker
& Kippenhahn 1962 and references therein) that drives many different groups of
pulsators.

There are other mechanisms that can cause a star to pulsate, for instance stochas-
tic excitation by turbulence in surface convection zones of solar-like stars, or excita-
tion by dust formation in red (super)giant stars. As the existence of stellar pulsations
is always linked to some excitation mechanism that requires certain physical condi-
tions, several types of pulsating stars exist in certain regions of the HR Diagram.
An overview of many types of pulsating variables is shown in Fig. 1.1.

The previous argument can also be reversed: if the instability region of some
class of pulsating variables is accurately known, its excitation mechanism must be
able to account for it. This is already a first constraint on the interior structure of
a pulsating variable. However, some types of pulsators are suitable for much more
detailed studies: multiperiodic radial and nonradial pulsators. The research field
that deals with such studies is called asteroseismology.

1.3 Asteroseismology

We start with a definition: asteroseismology is the study of the interior of (nonra-
dially) pulsating stars by means of their normal mode spectrum. This technique is
analogous to the determination of the Earth’s inner structure using earthquakes: we
use stellar pulsations as “starquakes” or, more scientifically, we use stellar pulsation
modes as seismic waves.

What is a pulsation mode? It is nothing more than an individual stellar oscil-
lation. The latter come in many different flavours, and we do not intend to give a
complete overview of pulsation modes. Instead, we refer the reader to the excellent
monograph by Unno et al. (1989) for more detailed information. For the present
purpose, it is most important to know that there are two main groups of pulsation
modes, the pressure (p) and the gravity (g) modes. These modes are classified after
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Figure 1.1: Theoretical HR diagram with many classes of pulsating stars indicated.
The dashed line is the theoretical main sequence, the dotted line the white dwarf
cooling track and some evolutionary tracks are also indicated. Used with permission
from J. Christensen-Dalsgaard.



the force that restores the stellar equilibrium shape following the motion caused by
pulsation, either pressure or buoyancy.

Pulsation modes are additionally defined by the shape of the distortions they cre-
ate on the stellar surface and interior. In general, the pulsations separate the stellar
surface into expanding and receding as well as heating or cooling areas. The shape
of these distortions can be quantified with (combinations of) spherical harmonics;
an example of these is shown in Fig. 1.2.

[P =0 Imi| =1

ml=2 Im|={ =3

Figure 1.2: Schematic description of the surface distortions produced by pulsation
modes with a spherical degree ¢ = 3. Whilst the brighter areas of the star are
moving outward, the darker parts move inward, and vice versa. Graphics courtesy
by W. Zima.

Between the expanding and receding surface areas, no motion takes place. The
lines along which this is the case are called the node lines. The number and direction
of these node lines are used for the classification of the pulsation modes. The total
number of node lines on the stellar surface is the spherical degree ¢, which must in all
cases be larger than or equal to zero. The number of node lines that are intersected
when travelling around the stellar equator is the azimuthal order m. Pulsation
modes with m # 0 are travelling waves, and as they can run either with or against
the rotation of the star, m can lie in the interval —/, /. Finally, the number of node
lines in the stellar interior is called the radial overtone k (or sometimes n).

In this framework, radial pulsations can just be seen as modes with ¢ = 0; all
other modes are called nonradial oscillations. A mode with £ = 0 is called the
fundamental mode, a mode with k£ = 1 is named the first overtone, etc. Pulsation
modes with periods longer than that of the radial fundamental mode are usually g
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modes, whereas p modes have periods equal or shorter than that; radial pulsations
are always p modes.

Now, asteroseismology takes advantage of the fact that some stars can oscillate
in many of these radial and/or nonradial modes simultaneously. This is the key
for asteroseismology, as each pulsation mode carries information about the region in
which it propagates, its pulsation cavity. Every single pulsation mode has a different
cavity, and its oscillation frequency is determined by the physical conditions in its
cavity.

Therefore, interior structure models of the stars can be refined by measuring
the oscillation frequencies of pulsating stars and by reproducing them with stellar
models. The prerequisite for successful seismic modelling, however, is that the
observer provides the largest possible number of intrinsic pulsation frequencies with
a correct identification of all the underlying modes to the theorist. Should the
observer fail to do so, for instance by over-interpreting the observational results or
by providing incorrect mode identifications, any seismic model computations will
lead to incorrect results.

Asteroseismology can go even beyond an improved understanding of stellar struc-
ture. For instance, some of the most massive pulsating stars will become Type II
Supernovae in the future. Supernova explosions are mostly responsible for the en-
richment of the interstellar medium. If we know the interior structure of an imme-
diate supernova progenitor, we will be able to constrain the chemical evolution of
galaxies. Asteroseismology of pulsating white dwarf stars teaches us about nuclear
reaction rates, neutrino physics and the history of the object’s evolution on the
Asymptotic Giant Branch. It is therefore clear that asteroseismology has a large
impact on astrophysics in general.

1.3.1 Success stories and challenges

The greatest successes of asteroseismology were obtained for the star closest to us,
the Sun. The interior structure of the Sun was modelled to fine detail (e.g., see
Christensen-Dalsgaard 2002 for an extensive review) because millions of pulsation
modes can be used for seismic analyses. Since the solar surface can be resolved
in two dimensions, even local asteroseismology (e.g., dealing with subsurface and
meridional flows) can be carried out. However, the recent revisions in the solar
elemental abundances (Asplund et al. 2004) suggest that our present solar model
needs some modifications.

Comparing the Sun and the distant stars, two major problems for asteroseismol-
ogy are immediately obvious: asteroseismologists have to work with integrated light
as stellar surfaces cannot be (sufficiently) resolved and much less light is available.
This means that only a restricted range of modes, depending on their ¢ values, is
available for analysis, and that the accuracy of asteroseismic observations will be
poorer than helioseismic data.
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Nevertheless, asteroseismology of some pulsating white dwarf stars (e.g., see
Winget et al. 1991, 1994) was quite successful, resulting in exact determinations of
masses, rotation periods, luminosities, and chemical element layer masses, as well
as in estimates of magnetic field strengths.

Why was this possible? The frequencies of the pulsation modes of these stars
were arranged in clear patterns. Pulsating white dwarfs oscillate in g modes of high
radial order. Asymptotic theory then predicts that consecutive overtones are equally
spaced in period (Tassoul 1980). Consequently, the pulsation modes of these stars
could be identified by just examining their frequency spectra.

Regrettably, this mode identification method does not work for all pulsating
stars. Even in cases where a sufficient number of pulsation modes was observed, so
that patterns within their frequencies were to become visible, they escaped detection
(e.g., see Handler et al. 2000). A second problem that is common in the analysis
of asteroseismic data is that only a small percentage of the theoretically predicted
number of pulsation modes is observed in reality, and that it is not clear which
particular set of modes the star chooses to excite to measurable amplitude.

As a result, additional observational methods that allow an identification of
the stellar pulsation modes are required. The interplay of the different surface
distortions and the changes in gravity and temperature caused by a given mode
combined with limb darkening effects give us this possibility. Therefore, amplitude
ratios or phase shifts between different photometric passbands, also in combination
with radial velocity data, can reveal the pulsation mode (Dziembowski 1977). The
line profiles of an oscillating star will also reflect the pulsations (Ledoux 1951) and
can thus be used to identify the mode. The shape of the mode can be reconstructed
by Doppler Imaging (Hatzes 1998). We conclude that one can derive, or at least
constrain, the ¢ and m values for at least the strongest pulsation modes of a given
star.

However, some words of caution are necessary here: unless the identifications
from any individual technique are unambiguous, extreme care must be taken when
applying such methods. If possible, cross-checks between different techniques must
be made, but it must also be checked whether they are indeed (mostly) independent.
We refer to the discussion by Balona (2000) who showed that the agreement of the
mode identifications derived from one photometric and one spectroscopic technique
were not due to their reliability, but resulted from the two methods being basically
sensitive to the same quantities.

In planning an observational project one should therefore take care that mode
identification methods can be applied. However, their limitations must be kept in
mind and must be critically examined.

Another observational challenge for asteroseismology is that pulsational signals of
extremely low amplitude (less than 1 millimagnitude or a few centimetres/second)
need to be detected reliably, requiring the acquisition of large amounts of high-
quality measurements. Finally, the observer should be careful to measure stars not
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only have identifiable pulsation modes, but also can be treated by theory within its
current limitations. Close interaction between observers and theorists is therefore
required. In fact, the subfields of asteroseismology where the first successes were
obtained, benefited from just this interaction.

1.3.2 Multisite observing campaigns

To detect the required number of pulsation frequencies of a star with the necessary
reliability, measurements from a single site are usually not sufficient. The regular
daytime breaks caused by the Earth’s rotation leave too many gaps in the data.
As a consequence, ambiguities in the identification of the intrinsic frequencies arise.
These become worse the closer one comes to the observational noise level, because the
relative effect of the interference of intrinsic variations with noise becomes stronger.

Therefore, an asteroseismic data set should have gaps as few and as small as
possible. There are two basic strategies to reach this goal, observations from space
satellites, or multisite campaigns. The latter involve collaboration of colleagues
interested in the matter over the whole globe. Each group applies for observing
time at their home observatory for the same time slot, observers are sent to sites
where no local collaborators are available, and then the whole network measures
the same target. In this way, daytime gaps can often be minimised, and nighttime
gaps only occur at geographical longitudes covered by few sites and suffering from
unfortunate weather conditions.

This type of observing has been done more than 50 years ago for the first time,
when communication between the different collaborators was much less efficient than
nowadays (de Jager 1963). However, worldwide campaigns were carried out regularly
within the last 20 years with collaborations such as the Delta Scuti Network, founded
by Michel Breger in 1983 (e.g., see Breger et al. 1987) or the Whole Earth Telescope
(Nather et al. 1990). The latter network is particularly well known not only for its
scientific success but also for its real-time communication between a headquarters
staffed 24 hours per day and the individual observers at the remote sites.

We would like to stress that these campaigns are not organised to minimise the
work of each individual involved in such a collaboration; they are required to reach
the scientific goal of the team. Therefore, the amount and complexity of the data sets
obtained during a multisite observing campaign is considerably larger than for single-
site observations: all observers carry out a full single-site study, and the principal
investigator has to reduce, combine and analyse the whole set, often needing the
help of co-investigators. Therefore, the naive assumption that the amount of work
put into such an effort (as far as the ones where the present author is/was involved)
by each individual co-author of the resulting paper is equal to 1/n, where n is the
number of paper authors, or the more sophisticated view that it is ~ 1/k!, where k
is the position in the author’s list, is plainly wrong: each author contributes much
more than that.
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1.3.3 Conclusions and outlook

We believe that the future of asteroseismology is a bright one. Some classes of pul-
sating stars recently became available for seismic modelling. Mode identification
methods are maturing and will become more and more reliable. Several interest-
ing individual objects were discovered recently (“hybrid” pulsators showing both
low-order p and g modes as well as high-order g modes). Because of the construc-
tion of giant mirrors, telescopes of the 2 — 4 metre class are becoming more easily
available for stellar astronomy, which will be particularly helpful for the applica-
tion of spectroscopic mode identification methods. Present asteroseismic satellite
missions (in particular MOST, Walker et al. 2003) are already delivering data of
unprecedented quality, and it is hoped that other space projects such as the recently
launched COROT satellite (Baglin 2003) will open further dimensions in precision
asteroseismology.

1.4 Structure of the following chapters

The following parts of this work are based on 43 refereed papers in major astro-
nomical journals. They are ordered in sections after the groups of pulsators that
were studied, starting with three groups of variables just a little more massive than
the Sun, moving up the main sequence to B stars and then making an excursion to
the stellar graveyard along the white dwarf cooling track. The sections themselves
are split into subject groups, following an order that should help the reader under-
stand the development within each subject group. It is therefore hoped that less
experienced colleagues can use this work as an introductory reference.

14



Chapter 2

Delta Scuti stars

2.1 Introduction

These A/F-type pulsators (with periods between 30 minutes and 6 hours) located
around the intersection of the classical instability strip with the main sequence were
among the first groups of stars to be seismically explored. It is not yet possible to
determine details of their interior structure, but some progress has been made.

Section 2.2 presents a case study for a & Scuti star. CD—24 7599 = XX Pyx
was serendipitously discovered to pulsate during a Whole Earth Telescope (WET)
run (Sect. 2.2.1) and turned out to be an unevolved multiperiodic variable. Conse-
quently, it was observed during another WET campaign (Sect. 2.2.2) that revealed
the presence of 13 independent pulsation modes, a record at the time. Repetitive
structure within the mode frequencies was discovered and was used to derive the
mean stellar density and the distance to XX Pyx - the first such determinations for
a nonradially pulsating 6 Scuti star. Section 2.2.3 is devoted to the study of the
temporal variations of the pulsation frequencies and amplitudes of XX Pyx. Section
2.2.4 reports on a massive theoretical survey to find a seismic model for the star.
This survey essentially confirming the findings of Sect. 2.2.2, but it was not possi-
ble to find the desired seismic model. A subsequent extended multisite campaign
(Sect. 2.2.5) again increased the number of known pulsation frequencies to a new
record by then, and showed that the amplitude variability of XX Pyx occurs on time
scales down to three weeks, still the shortest such time scale known for a d Scuti
star. Section 2.2.6 reports additional light variability of the star on a longer time
scale than the pulsation, already suspected and discussed by Handler (1994), who
was however unable to prove the presence of slow variability because the observing
technique used in the earlier studies of the star was unsuitable for these purposes.
Finally, Sect. 2.2.7 proves that XX Pyx is located in a close binary system, which
complicates its seismic modelling considerably. Therefore, progress must be made
on the theoretical side to account fully for the physical environment of this star,
before new observations would be justifiable.
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Section 2.3 is devoted to another thoroughly studied § Scuti pulsator, FG Vir-
ginis. As for XX Pyx, its initial study revealed a large number of pulsation fre-
quencies (Sect. 2.3.1) from an extended multisite campaign. The capabilities of the
WET network are used to search for the presence of roAp-like oscillations in FG
Vir (Sect. 2.3.2). This is interesting because both types of oscillation have never
been seen to co-exist in the same star, and it gives some constraints on the physical
conditions under which rapid oscillations in A stars become excited, and what the
driving mechanism would be. Further multisite campaigns on FG Vir not included
here (Breger et al. 1998, 2004) increased the number of known pulsation frequencies
further, culminating in the detection of more than 60 mode frequencies for the star
(Sect. 2.3.3), which is still exemplary in the field.

Section 2.4 deals with some additional § Scuti stars that are interesting can-
didates for seismic studies. The star 4 CVn is an evolved pulsator and should,
according to theory, have many more modes excited than main sequence stars such
as FG Vir and especially XX Pyx. However, it does not (Sect. 2.4.1), given a simi-
lar detection level as for the other stars. This raises the important question of the
existence of a pulsational mode selection mechanism in § Scuti stars and if so, what
it would be. Section 2.4.2 reports on an extended study of the star Bl CMi that
also has 20 pulsation modes detected, putting it into an exclusive club of only four
0 Scuti stars with more than 15 mode frequencies known; all four of them are dis-
cussed in the present work. AV Ceti (Sect. 2.4.3) is interesting for another reason:
it rotates at least twice as fast as all the other  Scuti stars discussed in detail here.
This should complicate the identification of the pulsation modes, and likely does.

Finally, Sect. 2.5 takes a look at the question of how the chemical surface abun-
dances of § Scuti stars affect their pulsational behaviour. It is well known that
metallic-line and magnetic A stars do not show pulsation of the § Scuti type, with
a few exceptions - two of them reported in Sect. 2.5.1. The spectroscopically pecu-
liar stars of A\ Bootis type are briefly introduced in Sect. 2.5.2; they are discussed
in detail by Paunzen (2003). Many of these objects are located in the § Scuti in-
stability strip and do pulsate, perhaps differently than their chemically “normal”
counterparts, which may suggest that chemical peculiarity would be more than just
a stellar “skin disease”.
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2.2 CD-24 7599 = XX Pyxidis

2.2.1 Nonradial pulsation of the unevolved hot § Scuti star
CD-24 7599 discovered with the Whole Earth Tele-

scope

Original paper:

G. Handler, M. Breger, D. J. Sullivan, A. J. van der Peet, J. C. Clemens, D.
O’Donoghue, A.-L. Chen, A. Kanaan, C. Sterken C. F. Claver, K. Krisciunas, S. J.
Kleinman, D. T. Wickramasinghe, B. J. Wills, J. L. Provencal, R. E. Nather, D. E.
Winget, T. K. Watson, M. A. Barstow, D. A. H. Buckley, 1996, A&A 307, 529
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Abstract. We report a frequency analysis of the 6 Scuti star
CD-24°7599 and the discovery that it pulsates nonradially with
at least 7 frequencies between 27.01 and 38.11 cycles per day
(312 to 441 pHz). These results are based on 116.7 hours of
photometric data obtained with the Whole Earth Telescope net-
work. New uvbyf photometry implies that the star is unevolved
and located near the observed hot border of the classical in-
stability strip. We give arguments for interpreting the pulsation
periods in terms of low-order low-degree nonradial p-modes.
Rotational m-mode splitting is likely. Few radial modes could
also be present. The rich modal content and unevolved state of
CD-24°7599 emphasize its importance for & Scuti star astero-
seismology.

We detect linear combination frequencies of the pulsation
modes with the highest photometric amplitudes and suggest they
are not normal modes excited by resonance.
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1. Introduction

The seismological investigation of stellar objects by measur-
ing their pulsation frequencies and amplitudes is an extremely
powerful tool for obtaining information about the interior struc-
ture of stars. Successful studies have already been undertaken
for a number of objects and considerable theoretical and obser-
vational effort is expended on the process of asteroseismology
applied to various classes of pulsating stars.

The most commonly used observing technique in variable
star work is time-series photometric monitoring of the target ob-
jects. Subsequent extraction as well as analysis of the pulsation
frequencies and amplitudes (temporal spectroscopy) allows the
detection of low-degree (I < 3) modes. However, studies from
only a single site are confronted with the problem of spectral
leakage. Consequently, a number of multisite campaigns have
been organized by various groups. The most spectacular re-
sults have been achieved via the WET (Whole Earth Telescope,
Nather et al. 1990) network.

More than 100 pulsation modes in the pre-white dwarf star
PG 1159-035 (Winget et al. 1991), and about 60 in the variable
DB white dwarf GD 358 (Winget et al. 1994) could be identi-
fied. The observational data, in combination with accompanying
model calculations, yielded both information about the stellar
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interior (compositional stratification and/or differential rotation
data) and quality data on masses, luminosities and magnetic
field strengths (see e.g. also Bradley & Winget 1994).

This success became possible not only due to the rich modal
content in the light curves of the variable white dwarfs; an im-
portant factor here is also the range of the pulsation frequencies.
In practice, high frequencies, as found in white dwarfs (around
200 cycles per day or 2500 p:Hz) are easier to study photometri-
cally than are low frequencies around 10 c¢/d (120 pHz), e.g. as
found in é Scuti stars. One of the reasons for the considerable
amount of observing time needed for detecting low frequencies
lies in the requirement of measuring (two) -comparison stars
with the same channel in order to eliminate atmospheric and
instrumental effects. Regrettably, this procedure causes gaps in
the coverage of the target star and decreases the signal-to-noise
ratio of the observations.

Despite these difficulties, asteroseismological studies are
also undertaken for stars on and close to the Main Sequence.
The most favorable cases are the rapidly oscillating Ap (roAp)
stars (e.g. Kurtz et al. 1989), which show pulsation frequencies
comparable to those found for the white dwarfs, and the more
slowly pulsating ¢ Scuti stars (e.g. Breger et al. 1990, 1995).

Most of the well-studied 6 Scuti stars are evolved objects.
However, theoretically calculated frequency spectra for § Scuti
stars become very dense as the objects leave the Main Sequence
(Dziembowski & Krélikowska 1990). Still, the richness of ob-
served frequency spectra for evolved stars does not seem to
differ from that of their younger counterparts. Dziembowski
& Krélikowska speculated that among the possible pulsation
modes, only those trapped in the envelope are preferentially
excited to visible amplitudes. They found that trapping is es-
sentially absent at [ = 2 and [ = 3, and therefore only modes
with [ = 0 and [ = 1 should be seen in amplitude spectra of
evolved 6§ Scuti stars. This is in disagreement with the mode
identification for the evolved star 4 CVn, for which Breger et
al. (1990) and Breger (1990a) found the pulsation modes to be
consistent with [ = 2. This problem has not yet been solved
due, in part to the many degrees of freedom in mode identi-
fication procedures for 6 Scuti stars, but also because of the
lack of commonly available results of recent model calcula-
tions. An additional difficulty is represented by the sparseness
of observational data for unevolved objects, as e. g. pointed out
by Dziembowski (1990). For these stars, theoretical frequency
spectra are simple, and there is a good chance that reliable mode
identifications can be made, in turn allowing the models to be
tested.

Consequently, a suitable way of overcoming this mode-
identification dilemma is the concentrated study of a few se-
lected evolved stars as well as a number of stars in an early phase
of core hydrogen burning. The main difficulty in such studies
is the need to obtain large amounts of high-quality photometric
data to detect the expected very low-amplitude pulsation modes.
In this paper we report the light-curve analysis of an unevolved
6 Scuti star.

2. Data acquisition and reduction
2.1. WET observations

During an observing run of the WET network devoted to the
recently discovered dwarf nova 1H0857-242, the observers were
instructed to choose either CD-24°7599 or CD-24°7605 as their
comparison star. However, CD-24°7599 was soon discovered
to be variable. Since the time scale of these variations (tens
of minutes) appeared to be significantly longer than those in
the faint main target, it was decided that this comparison could
still act as an adequate sky transparency monitor, in spite of its
variability.

Consequently, CD-24°7599 was used as a second target ob-
ject. The participating sites and the journal of the observations
are given in Table 1 and Table 2, respectively. After performing
data reduction as described below, 116.7 hours of high-speed
photometry remained, resulting in a duty cycle of 40% (includ-
ing overlaps).

In this campaign, high-speed photometric measurements
with an integration time of 5 seconds were obtained with a num-
ber of two-star photometers. CD-24°7599 was always observed
with a Johnson B-filter, while 1H0857-242 was observed in
white light. Observations in both channels were interrupted at
irregular intervals to obtain measurements of the sky brightness.

This paper will be based upon the data acquired for
CD-24°7599; the analysis of the photometric observations of
1HO0857-242 will be reported elsewhere (Buckley et al. 1995).

2.2. Reduction of the high-speed photometry and preliminary
analysis

At first glance, the light curves (Figs. 1 and 2) show modulation
with a time scale of about 40 minutes. Amplitude variations from
cycle to cycle are clearly visible. A low-resolution spectrogram
obtained by BJW suggests spectral type A without peculiari-
ties. The time scale of the light variations and the spectral type
strongly support the idea that CD-24°7599 is a 6 Scuti variable.
Because ¢ Scuti stars can show periods up to 0.3 days, we did
not adopt the standard reduction technique for WET photome-
try developed to detect periods of about 15 minutes or shorter
(Nather et al. 1990, Winget et al. 1991). We first had to exam-
ine whether or not variations intrinsic to the star with periods of
some hours are present in the data. We, therefore, adopted the
following reduction scheme:

We first performed sky subtraction using a piecewise linear
fit and discarded bad data (e.g. integrations made while moving
the telescope). Where the data set contained gaps longer than
15 minutes, we treated both parts as if they were different runs.
In order to investigate the low-frequency domain in our power
spectra, we had to carefully examine the light curves for possible
sky transparency irregularities, instrumental drifts and similar
phenomena not caused by the target star. Indeed, some small in-
strumental (SAAO) and atmospheric (MKO) problems became
apparent. Consequently, we omitted the data from these two sites
for the analysis of the lowest frequencies, corrected the remain-
der for extinction by fitting a straight line to the Bouguer plot
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Fig. 1. B-light curves and the corresponding (7+1)-frequency fit (derived in Sect. 3) for the WET data on CD-24°7599. Plus signs represent
data taken at air mass values smaller than 2, open circles are data taken at air mass values larger than 2
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Table 1. Participating sites

Observatory Location Longitude Latitude Telescope
South African Astronomical Observatory (SAAO)  Sutherland, South Africa +20°49"  -32°22' 0.75m
Siding Spring Observatory Siding Spring, Australia +149°04"  -31°16 1.0m
Mount John University Observatory (MJUO) Lake Tekapo, New Zealand ~ +170°28’  -43°59’ 1.0m
Cerro Tololo Interamerican Observatory (CTIO) La Serena, Chile -70°49"  -30°09’ 1.0m
McDonald Observatory Fort Davis, Texas -104°01"  +30°40 0.9 m
Mauna Kea Observatory (MKO) Hilo/Mauna Kea, Hawaii -155°28"  +19°50/ 0.6 m
Table 2. Journal of the observations
Run Name  Observatory Observer(s) Date Start Start Length
U1 uTm) (HID 2448670 +) (hrs)
JCC-0195 CTIO IcC 27Feb92  2:21:.00 9.607 4.1
JCC-0196  CTIO JcC 27Feb92  6:25:01 9.773 2.4
JCC-0197 CTIO JCC 28 Feb92 ~ 0:48:00 10.539 7.9
CFC-0074 MKO CFC, KK 28 Feb92  6:15:20 10.788 6.7
FE2892 MJUO DIS 28 Feb 92  12:33:20 11.066 3.8
S5454 SAAO ALC 28 Feb 92 20:10:04 11.350 4.5
JCC-0198 CTIO JCC 29 Feb92  0:44:00 11.536 7.9
CFC-0077 MKO CFC, KK 29Feb92  7:39:10 11.836 33
DJS-0002 MIUO DIS 29 Feb 92 9:45:40 11914 6.0
S$5456 SAAO ALC 29 Feb92  18:39:55 12.286 5.7
JCC-0199 CTIO JCC 1 Mar92  0:47:00 12.542 7.8
DJS-0003 MJUO DJS 1Mar92  9:27:50 12.905 5.6
SJK-0195  Siding Spring  SJK, DTW 1Mar92 10:14:00 12.931 1.5
S$5459 SAAO ALC 2Mar92 19:36:54 14.330 4.9
DJS-0007 MJUO AJvdP 3Mar92  8:59:50 14.889 7.2
S5461 SAAO DOD 3Mar92  19:45:00 15.336 5.1
DJS-0008 MJUO AJvdP 4Mar92  9:00:00 15.889 7.0
S5462 SAAO DOD 4 Mar92  18:44:00 16.295 5.8
JCC-0206 CTIO JCC SMar92  6:40:30 16.791 1.7
S5463 SAAO DOD 5Mar92  18:39:00 17.300 1.6
RA273 McDonald AK 6Mar92  2:20:00 17.672 6.5
RA275 McDonald AK 7 Mar 92 2:18:10 18.608 6.0
DJS-0010 MJUO DJS, AlvdP  7Mar92  8:55:30 18.882 7.3
DJS-0011  MJUO DJS, AJvdP 8 Mar 92  8:44:30 19.887 3.3
DJS-0012 MJUO DJS, AJvdP  8Mar 92  12:59:20 20.046 32
S5471 SAAO DOD 8Mar 92  19:39:00 20.329 4.5

of the Channel 2 data, and calculated the amplitude spectrum
shown in Fig. 3 using the program PERIOD (Breger 1990b)
described in Sect. 3.

The effects of extinction, arbitrary zeropoint adjustments
and possible intrinsic stellar variability cannot be separated for
frequencies lower than about 7 c/d (80 pHz). Therefore, we
cannot use our data to search for pulsation frequencies between
0-7 c/d.

If we consider the range between 7 and 20 c/d (80-230 pHz)
in Fig. 3, we see that the amplitude of the noise peaks decreases
towards higher frequencies. We conclude that if the data are
carefully reduced, then the detection of pulsation frequencies
between 7 to 20 c/d is possible. Numerical simulations show
that the corresponding amplitudes cannot be assumed to be reli-

able. Asa “detection level” for modes in this domain we estimate
pulsations with amplitudes down to 2.5-3 mmag could be dis-
covered in our 73 hr subset. Within these limitations we did not
find evidence for low-frequency oscillations in CD-24°7599.

It may be useful to compare our noise level in the low-
frequency domain with the results of similar studies of § Scuti
stars using multi-channel high-speed photometry. Examining
Figs. 2a and 2b in Belmonte et al. (1994), we find that our noise
level is half as high, although we could not use a comparison
star in our reduction procedures. This suggests that the WET
data are of very high quality.

In order to prepare the data for the multiple-frequency anal-
ysis, we explored the feasibility of averaging data because of the
large amount of closely-spaced data points. We calculated power
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Fig. 2. Further light curves of CD-24°7599. The meaning of the symbols is the same as in Fig. 1
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Fig. 3. Amplitude spectrum for the subset of data where no atmospheric
or instrumental effects were detected. An artificial drop in the noise
level for frequencies lower than 7 c¢/d caused by the reduction technique
is visible (see text)

spectra up to the Nyquist frequency of 8640 c/d (100 mHz) for
every single run and for the combined data. Our spectra did
not show any peak with an amplitude signal-to-noise (S/N) ra-
tio larger than four! in the range where periods are found for

' The noise level is defined as the average amplitude in an over-

sampled (Af = 1/20AT, where Af is the sampling interval in the
spectrum and AT is the length of the data set) amplitude spectrum in
the domain where the suspected frequency is located. The empirical
criterion proposed by Breger et al. (1993a), that an amplitude S/N ratio

roAp stars or solar-like oscillations may be suspected (80-1000
c/d). We were also unable to find a regular frequency spacing
indicating the presence of high-order p-modes.

At frequencies higher than 1000 c/d, the power spectrum
also contains only noise. Therefore, we averaged the data into
2 minute bins for further analysis. The resulting decrease in the
calculated amplitude of the signal is not extensive, as can be
seen from the easily inferred formula (e. g. see Michel 1993):

Acalc = Atmewa (I)
w/n

where Agyc and Ay are the calculated and the true amplitude
of the signal, respectively, and n is the number of data points
contained in one cycle after averaging.

Anticipating the later result that the shortest pulsation pe-
riod found in CD-24°7599 is 37.78 minutes, we estimate that
the decrease in amplitude caused by averaging the data is less
than 0.5% of the amplitude for every mode. Consequently, we
consider this effect to be negligible.

In order to be able to use also the data from SAAO and
MKO for the analysis (a larger data sample decreases the noise
at higher frequencies), and in order to decrease the noise at low

larger than 4 usually corresponds to a peak intrinsic to the target, proved
to yield a useful guideline where to stop a period search in cases where
no further constraints on the value of a suspected frequency are avail-
able. However, we emphasize that this criterion should not be taken
as a strict limit to decide whether a frequency is not real or is. Every
doubtful case should be critically examined on its own merits.
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Fig. 4. Overlap of the runs JCC-0198 (asterisks), CFC-0077 (dots) and
DJS-0002 (plus signs)

frequencies, we finally reduced the data by removing extinc-
tion with the coefficient derived from the longest run at each
site. We then fitted low-order polynomials to the data (the or-
der of the polynomial depending on the length of the run) and
subtracted this fit to remove residual sky transparency varia-
tions and instrumental drifts. This is necessary since we did
not have measurements of constant comparison stars available.
After subtracting the frequencies found in Sect. 3, we again re-
examined the zeropoints by fitting the residuals with a straight
line. Combining all the data sets, we found very good agreement
for overlapping data. An example is displayed in Fig. 4.

2.3. Stromgren photometry

In February 1993, CS carried out uvby observations of CD-
24°7599 with the 50 cm Danish telescope at the European
Southern Observatory (ESQO). The transformation matrix (see
Sterken et al. 1993) was calculated from about 170 measure-
ments of more than 80 standard stars. Additional observations
of CD-24 7599 with g filters were acquired by GH with the 90
cm telescope at McDonald Observatory on Nov. 28, 1994, using
9 standards with spectral type A.

Consequently we determined y = V = 11.49 4+ 0.02, (b —
y) = 0.214 £ 0.008, m; = 0.160 + 0.013, ¢; = 0.956 + 0.015,
and 8 = 2.880 + 0.02 for CD-24°7599. The error sizes were
estimated from photon statistics as well as from transformation
errors.

3. Determination of the individual frequencies

In order to calculate a reliable synthetic light curve, we used
single-frequency Fourier and multiple-frequency least-squares
techniques implemented in the program PERIOD (Breger
1990b). This analysis does not depend on successive prewhiten-
ing, but calculates the best fit to the data with all given frequen-
cies simultaneously by minimizing the residuals between light
curve and fit. Using PERIOD, one can also improve the frequen-
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Fig. 5. Spectral window and power spectra for the WET data on
CD-24°7599. Note the different scales of the power-axis

cies estimated from a visual inspection of the corresponding
power spectrum by nonlinear least-squares fits.

The top panel of Fig. 5 shows the spectral window pattern
of the data. Due to the multisite coverage, aliases are quite low
in power. The panels below show the results after subsequent
removal of the variations due to two, four and seven simultane-
ously optimized frequencies.

In order to investigate whether our seven frequencies are
intrinsic to the star or not we divided the data into two partitions
of equal size and repeated the analysis for each subset. The re-
sults were consistent with each other as well as with the overall
solution. However, when removing a seven-frequency fit from
the data and calculating a power spectrum of the residuals, we
do not see white noise. Therefore, we suspect that further pul-
sation modes with frequencies around 30 c/d exist. The most
interesting peaks are located at 28.7, 29.6, 31.9 and 34.4 c/d,
respectively (332, 343, 369 and 398 uHz). These peaks were
present in both subsets, however with variable amplitudes from
data set to data set. They also do neither improve the residuals
significantly nor have amplitude signal-to-noise ratios larger
than 4. Consequently, these frequencies were not included in
our final frequency solution. The noise level between 25 and 40
c/d (290-460 pHz) is 0.37 mmag.

During the data analysis we noticed that the height of the
peaks in the power spectrum in the range of 60 to 80 c¢/d (690—
930 pHz) did not decrease towards higher frequencies, as would
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be expected for noise peaks originating from residual trans-
parency variations. A more careful examination of this domain
showed that the frequency values of several of the higher peaks
could be matched with sums or harmonics of pulsation frequen-
cies already found (Fig. 6). The peak at 2 f; exceeds the noise
level (0.17 mmag between 60-80 c/d) by more than a factor of
4, and could consequently also be included in the final multi-
frequency solution of the light curve obtained for CD-24°7599.
Although the peaks at the linear combination frequencies are
not significant in the sense of our amplitude signal-to-noise cri-
terion, their systematical occurrence at “expected” frequencies
suggests that most of them are real.

We also performed the frequency analysis using intensity
units as the expression of the amplitudes. The unit “millimodu-
lation amplitude” (mma) corresponds to a modulation of 1/1000
of the total intensity of the star’s light. Anyway, the results were
the same as those obtained using magnitudes. This agreement is
not surprising because of the small amplitudes of the pulsation
modes. All information about the (7+1)-frequency fit, which re-
flects the observed light curve well within 5 mmag per single
measurement, can be found in Table 4. Error bars of the fre-
quencies are 1o values determined following Kovacs (1981); for
further information we refer to the excellent review by Cuypers
(1993).

4. Discussion
4.1. The range of 25-40 c/d: pulsation mode identification

The first step to identify the pulsation modes of 6 Scuti stars can
be made via an estimate of the radial orders k;. We therefore re-
write the period-mean density relation @; = P/p«/pe in the
form

logQ; = C +0.5log g + 0.1 My + log Tegr + log P, 2

adopting Tegr,o = 5780 K, log go = 4.44, Myoi,0 = 4.75 (Allen
1976) and thus C' = —6.456.

The numerical values of My, log g and Teg can be derived
by applying calibrations for uvby3 photometry. Using dered-
dening formulae and calibrations given by Crawford (1979),
leads to (b — y)o = 0.068, §m; =-0.007, §¢; =-0.003 and M, =
2.3. From model-atmosphere calculations of Kurucz (1991) we
find log Tegr = 3.935 + 0.010 and log g =4.3 £ 0.05.

This leads to pulsation constants between 09018 and 00025
for the various modes which are not unexpected for hot § Scuti
stars (cf. Table 2 of Breger & Bregman 1975). From calcula-
tions of error propagation by Breger (1989) we estimate the
errors of the Q; values to be + 04004. Now we can constrain
the nature of the pulsation modes in CD-24°7599:

— purely radial pulsation can immediately be ruled out due to
the large ratio of the values of consecutive frequencies

— the @; values and the unevolved state of the star suggest pul-
sation with nonradial and possibly radial p modes

— since we have shown that the star is well described with a
ZAMS model we can neglect mixed modes, compare our ()

values with theoretical values calculated by Dziembowski (pri-
vate communication) and find CD-24°7599 is pulsating with
pr+1 modes

—it can be shown that the observed frequencies cannot be identi-
fied with only one [ value. However, the presence of differential
or rapid rotation could affect this conclusion

— the observed frequency differences Afa = fi — f,=2.10c/d
(24.3 uHz), Afg = f3 — f4 =2.05 c¢/d (23.7 pHz) and Afc =
fs — fe = 1.99 c¢/d (23.0 uHz) can be interpreted in terms of
nonradial m~mode splitting. Due to the small total range of ob-
served frequencies, they are very unlikely to be attributed to the
difference between [ = 1 and [ = 2 modes of consecutive radial
overtones.

We also tried to derive more specific mode identifications
using models of Dziembowski (priv. comm.), but were not suc-
cessful. Since we can only rely on the values of our pulsation
frequencies, we conclude there are too many degrees of free-
dom in our mode identification attempts. For instance, we lack
a measurement of the projected rotational velocity of the star
and also time-series color photometry.

Dziembowski & Pamyatnykh (1991) proposed the exis-
tence of so-called g. modes for & Scuti stars in the middle of
their Main-Sequence evolution. The detection of these particu-
lar modes would allow a determination of the amount of over-
shooting from the convective core, and is — for this reason —
asteroseismologically valuable. We could not find convincing
evidence that such modes are excited in CD-24°7599 but we
mention that the star may be insufficiently evolved for g. modes
to appear.

4.2. The range of 60-80 c/d: linear combinations of excited
frequencies?

In Sect. 3 we found some peaks at frequencies corresponding
to sums of already detected pulsation frequencies. Such peaks
can be artifacts. If we assume a strictly sinusoidal intensity
modulation, then the transformation into a logarithmic scale
(i.e. magnitudes) distorts the shape of the light curve, and re-
sults in the appearance of harmonics in a power spectrum. The
amplitude of such a spurious harmonic frequency at 2f can be
calculated using

an = 0.625A% log e + O(A%), 3)

where ay, is the amplitude of the spurious harmonic frequency,
and A is the amplitude of the signal itself. In Fig. 6, the only
high-amplitude harmonic can be found at 2f;. If it were due
to the effect described above, its amplitude should be about 34
pmag, well below our detection limit, and much less than 0.8
mmag we have found for that peak. We conclude that the sum
and harmonic frequencies in our power spectrum cannot origi-
nate from the choice of magnitudes as the unit of the photometric
amplitude.

Consequently, three ways of explaining the peaks coinciding
with sum and harmonic frequencies appear to be reasonable:

1. They are due to chance agreements.
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Fig. 6. Power spectrum of the domain where possible linear combination and harmonic frequencies can be found. All possible combinations
and harmonics of fi, f>, f3 and f4 are indicated and several agreements are visible. A power S/N ratio of 12.4 corresponding to an amplitude
S/N ratio of 4 (see text) in this domain is indicated

Table 3. Frequencies of the § Scuti star CD-24°7599 with an amplitude S/N ratio larger than 4

Designation Frequency Frequency Epoch (HID) B Amplitude B Amplitude  S/N
(cycles/day) (uHz) 2448670 + (mmag) (mma)
fi 38.111 £0.001 441.10+0.01 14.1263 £ 0.0001 11.2+£02 103+£02  30.1
f 36.013 +£0.001 416.81 +£0.01 14.1407 £ 0.0001 10.1+0.2 9.3+0.2 27.2
f 33.435 £ 0.001 38698 +0.02 14.1273 £ 0.0002 6.1+0.2 56+0.2 16.3
fa 31.392 £ 0.002 363.33 £0.02 14.1304 £ 0.0003 43+02 40+£02 11.7
fs 28.997 £ 0.002 335.61 £0.03 14.1509 £ 0.0005 2.6+0.2 24+0.2 7.3
fo 27.011 £0.002 312.63+0.03 14.1436 £ 0.0005 27402 25402 6.9
fr 34.662 £ 0.003 401.18 £0.03  14.1304 £ 0.0005 23£02 2.1+£02 6.1
fs=2f 76.235 £ 0.008 88234 £ 0.10  14.1365 £ 0.0006 08+0.2 0.7+02 4.6

2. They are normal modes, near combination frequencies, and
excited by resonant mode-coupling (Dziembowski 1982).

3. The light curve is harmonically distorted, because the prop-
agating material cannot exhibit a totally elastic response to
the full acceleration caused by pulsation.

Peaks at linear combinations and harmonics of known fre-
quencies are not uncommon in power spectra of § Scuti stars.
They are found in both Population I and Pop. IT high-amplitude
multi-mode pulsators (e.g. Walraven et al. 1992, Rodriguez et
al. 1992, Rolland et al. 1991) as well as in medium-amplitude
Pop. I 6 Scuti stars (Mantegazza & Poretti 1992). The most
common interpretation for those frequencies, so far, was that
resonant modes in some § Scuti stars are excited (see also An-
tonello et al. 1985).

However, Winget et al. (1994) discussed the same phe-
nomenon observed in the variable DB white dwarf GD 358, and
they were able to show that harmonic distortion is the reason for
the combination frequencies. For CD-24°7599 we can — under
the preliminary assumption that our combination frequencies
are not chance agreements — argue as follows:

If the peaks at frequency sums are caused by normal modes
due to resonant mode coupling, they should have similar am-
plitudes in all subsets of data, since growth rates for modes
in 8 Scuti stars are small (of the order 10~ and smaller, Lee
1985). This means that the contribution of any cycle of the driv-
ing modes to the resonating mode is very small, even if the actual
growth rates of the driven modes were higher by a factor of 10
or more. Moreover, if the driving of the resonant mode would
be stopped somehow, this mode would still be observable for a
long time (compared to its period).

Following this prediction, we divided the data into two sub-
sets of almost the same size. One subset contained data with
large light variations, the other set had the data with less ex-
tensive modulation. This choice was made arbitrarily in order
to avoid spurious spectral window effects caused by systematic
selection of data. The variations due to the 7 pulsation frequen-
cies were removed, and power spectra were calculated for each
subset (Fig. 7).

In Fig. 7, the peaks corresponding to linear combination
frequencies of the seven pulsation frequencies considerably in-
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Fig. 7. Power spectra of subsets of data chosen with respect to the
amplitude of the light modulation. Upper panel: data with strong mod-
ulation caused by the 7 pulsation modes. Lower panel: data with weak
light variations. Peaks at sum and harmonic frequencies are indicated
by arrows

crease in power when the star shows larger light modulations.
The reality of this effect was additionally tested by multiple
non-linear least squares analysis, variance reduction techniques
(Mayr 1994), and numerical simulations. Of course, some of the
peaks in the top panel of Fig. 7 can be chance agreements, but
certainly not all are. We, therefore, suggest that resonant mode
coupling is not the reason for the sum and harmonic frequencies
we detected during our analysis of the light curves of the 6 Scuti
star CD-24°7599. The most promising idea is that these peaks
represent nonlinearities originating in the outer part of the star’s
envelope, where the pulsation amplitude is highest.

Unlike the peaks at sum frequencies, the size of the peak at
2 fi is, however, not conspiciously decreased in the lower panel
of Fig. 7. It is also the only harmonic we could detect. Conse-
quently, we suspect that this harmonic is caused by strong driv-
ing of the mode with frequency f; (producing a non-sinusoidal
pulse shape), whose photometric amplitude is decreased by pro-
jection or geometric cancellation effects.

Finally, we also note that CD-24°7599 is the lowest-
amplitude § Scuti star in whose light curves nonlinearities were
found. In the present stage we cannot judge whether this de-
tection was simply favored by the high pulsation frequencies
of CD-24°7599 (compared to other well-studied é Scuti stars)
or whether the star is unique in this context. Also, some roAp
stars (see Kurtz 1990) and pulsating white dwarfs show harmon-
ics and linear combination frequencies in their power spectra,
but some do not. More detailed theoretical investigations of the
nonlinearities would be desirable.

5. Summary and perspectives

In this paper we reported the serendipitous discovery of a short-
period 6 Scuti star. Our data obtained with the WET technique
allowed us to search for potential oscillation frequencies higher
than 7 c¢/d (80 pHz).

We found 7 independent pulsation frequencies and inter-
preted them to be mainly due to nonradial p;1; modes. Rota-
tional m-mode splitting is probable. Few radial modes could be
present, but not necessarily. We also found some peaks at linear
combination frequencies of already detected normal pulsation
modes and suggested they are due to harmonic distortion of the
light curve.

A definite mode identification is presently not possible but
we are optimistic that additional measurements as well as model
calculations will allow an identification. For instance, a mea-
surement of the star’s rotational velocity would be very helpful
to constrain m-mode splitting. New extensive photometric ob-
servations utilizing both the WET technique and a method using
comparison stars would help to detect possible further pulsa-
tion and combination frequencies (especially frequency differ-
ences). Multicolor observations should allow a determination
of the [ value of at least the 4 modes with the highest photomet-
ric amplitudes excited in CD-24°7599 by examination of phase
shifts and amplitudes of color variations (Garrido et al. 1990,
Watson 1988, Balona & Stobie 1979). A substantial improve-
ment compared to the present study would require more than
200 hours of time-series photometry obtained on telescopes of
the 1-meter class at excellent photometric sites, but we are confi-
dent that, despite the faintness of the star, the scientific outcome
will justify this effort.
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ABSTRACT

92h of new Whole Earth Telescope observations have been acquired for the 6 Scuti star
CD-24 7599. All the seven pulsation modes reported by Handler et al. are confirmed.
However, significant amplitude variations which are not caused by beating of closely spaced
frequencies occurred within two years. Analysing the combined data of both WET runs, we
detect six further pulsation modes, bringing the total number up to 13. We also examine our
data for high-frequency pulsations similar to those exhibited by rapidly oscillating Ap stars,
but we do not find convincing evidence for variability in this frequency domain.
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tGuest observer, Laboratorio Nacional de Astrofisica/CNPq, Brazil.
FGuest observer, Institute for Astronomy, Honolulu, Hawaii, USA.

§Guest observer, Mount Stromlo and Siding Spring Observatory, NSW,
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From new colour photometry and spectroscopy we infer that CD—24 7599 is a hot main-
sequence & Scuti star with approximately solar metallicity and sini = 52 + 2 kms™'. We
cannot yet propose a definite pulsation mode identification, but we report the detection of a
characteristic frequency spacing between the different modes. We ascribe it to the simulta-
neous presence of £ = 1 and € = 2 modes of consecutive radial order. A comparison of this
frequency spacing with frequencies of solar-metallicity models, as well as stability analysis,
allows us to constrain tightly the evolutionary state of CD—24 7599. It is in the first half of its
main-sequence evolution, and has a mass of 1.85 * 0.05 My and a mean density of
p = 0.246 = 0.020 pp. This yields a seismological distance of 650 * 70 pc, which is as
accurate as distance determinations for 8 Scuti stars observed in clusters.

Most of the pulsation modes are pure p modes of radial order k£ = 4—6, but the g; mode of
€ = 2 is likely to be excited and observed as well. Since a significant contribution to this
mode’s kinetic energy comes from the outer part of the convective core, CD—24 7599 becomes
partlcularly interesting for testing convective overshooting theories.

Key words: techniques: photometric — stars: fundamental parameters — stars: 1nd1v1dual

CD—24 7599 — stars: oscillations — & Scuti.

1 INTRODUCTION

The variability of CD—24 7599 was discovered during observing
run XCOV 7 of the Whole Earth Telescope (WET, Nather et
al. 1990). To increase the scientific output of this WET run, the
star was chosen as a second target and a high-quality data set was
acquired, allowing the extraction of seven pulsation frequencies as
well as the first harmonic of one of these modes. Applying
calibrations to subsequent uvbyB photometry allowed the esti-
mation of the position of CD—24 7599 in the Hertzsprung—Russell
(HR) diagram: according to these results, this § Scuti star is located
near the hot border inside the instability strip on the lower main
sequence. The unevolved nature of CD—24 7599 is confirmed by
the star’s high pulsation frequencies between 312 and 441 pHz.

The excitation of many pulsation modes with relatively high
photometric amplitudes in an unevolved § Scuti star is extremely
important for seismology of this type of pulsator: theoretically
predicted frequency spectra are simpler than for evolved objects,
making the task of mode identification much easier.

Moreover, linear combination frequencies were detected in the
power spectrum of the XCOV 7 data; their properties were
not consistent with the ‘usual’ explanation of such phenomena:
resonant mode coupling. Their detection was somewhat surprising,
because linear combination frequencies have so far only been
reported for high-amplitude 6 Scuti stars. The analysis was pub-
lished by Handler et al. (1996, hereafter Paper I), and the reader is
referred to this paper for more information.

After removing an eight-frequency solution from the XCOV 7
light curves, the power spectrum of the residuals did not consist of

Table 1. Sites participating in the observations of CD-24 7599.

white noise. The presence of a number of further pulsational modes
with frequencies similar to those already detected was strongly
suspected. Regrettably, due to their similar amplitudes and close
spacing, we could not be confident which of the peaks were due to
intrinsic stellar variability. It was therefore decided to re-observe
the star with the Whole Earth Telescope. For a star as faint as
CD—24 7599, with such high pulsation frequencies, and with such a
complicated frequency spectrum, WET observations are reqmred
(for more details see Handler 1995a).

2 DATA ACQUISITION AND REDUCTION
2.1 WET observations

CD—-24 7599 was included as third priority target, mainly for
observatories located in the southern hemisphere, in WET observ-
ing run XCOV 10. High-speed photometry with an integration
time of 10s was obtained with two-star and three-star photo-
meters (the latter have recently been described by Kleinman,
Nather & Philips 1996). Johnson B filters were used. Whenever
possible, the channel 2 comparison star was observed in channel 1
before and after the time series of CD—24 7599 was acquired.
Cross-calibrations of all channels by measuring the sky brightness
were done at the beginning of each run with a three-channel
photometer. The participating sites and an observing log are given
in Tables 1 and 2, respectively.

Two further data sets acquired during XCOV 7, which were
overlooked during the busy last hours of this run, will also be

Observatory

Location

Longitude  Latitude Telescope

South African Astronomical Observatory (SAAO)
Wise Observatory

Siding Spring Observatory

Mount John University Observatory

Sutherland, South Africa
Mount Zin, Israel

Siding Spring, Australia
Lake Tekapo, New Zealand

+20°49°  —32°22' 0.75m

+35°46'  +30°3¢' 1.0m
+149°04° —31°16 0.6m
+170°28'  —43°59° 1.0m

Mauna Kea Observatory Hilo/Mauna Kea, Hawaii —155°28"  +19°50' 0.6m
McDonald Observatory Fort Davis, Texas —104°01" +30°40' 2.1m
Observatério do Pico dos Dias (OPD) Itajubd, Brazil —45°34 —22°31 1.6m

© 1997 RAS, MNRAS 286, 303-314
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Table 2. Journal of the WET observations.

Run Name Observatory Observer(s)  Comparison Date Start Start Length
©T) T (HID 2448670 +) (hrs)
sjk-0320 Siding Spring SIK. ' C3 2 May 94 9:46:30 804.908 25
DB002 SAAO DAHB C1 3May94  18:08:30 806.257 2.5
sjk-0324 Siding Spring SIK C3 4 May 94 8:58:30 806.875 2.5
sjk-0325 Siding Spring SIK C3 4May 94  11:27:30 806.978 0.7
‘DB007 SAAO DAHB C1 4May 94  17:42:00 807.238 3.0
jee-0230 Mauna Kea JCC C3 5 May 94 6:03:00 807.753 13
sjk-0330 Siding Spring SIK C3 5 May 94 8:56:30 807.873 3.6
DB012 SAAO DAHB C1 5May94  17:24:00 808.226 3.8
jee-0232 Mauna Kea JCC C3 6 May 94 6:06:00 808.755 14
sjk-0335 Siding Spring SIK C3 6 May 94 8:40:30 808.862 3.8
DB014 SAAO DAHB C1 6 May 94  16:58:30 809.208 42
jec-0234 Mauna Kea Jjcc C3 7 May 94 6:07:00 809.756 1.1
sjk-0339 Siding Spring SIK C3 7 May 94 8:55:30 809.873 29
DB016 SAAO DAHB C1 7May 94  17:06:20 810.213 3.9
jec-0236 Mauna Kea Jcc C3 8 May 94 6:07:30 810.756 1.1
sjk-0343 Siding Spring SIK C3 8 May 94 8:43:30 810.864 3.8
DB018 SAAO DAHB C1 8 May 94  16:57:10 811.207 4.1
ro053 OPD oG C2 8 May 94  22:55:30 811.456 22
sjk-0347 Siding Spring SIK C3 9May 94  10:18:30 811.930 22
DB021 SAAO DAHB C1 9May94  18:37:30 812.277 2.4
jec-0239 Mauna Kea JCC C3 10 May 94 6:02:00 812.752 1.0
S$5725 SAAO DOD C1 10 May 94 17:15:00 813.219 1.8
maw-0131 Mauna Kea MAW C3 11 May 94 6:01:00 813.751 1.0
§5727 SAAO DOD C1 11 May 94  17:06:00 814.213 34
maw-0133 Mauna Kea MAW C3 12 May 94 6:02:50 814.752 1.0
sjk-0354 Siding Spring SIK C3 12 May 94 8:45:00 814.865 3.7
$5729 SAAO DOD C1 12May 94  17:11:00 815.216 33
maw-0135 Mauna Kea MAW C3 13 May 94 6:00:50 815.751 0.9
MY1394 Mt. John DIS C1 13 May 94 7:50:10 815.827 43
sjk-0356 Siding Spring SJK, KW C3 13 May 94 ‘\\ 9:45:30 815.907 2.6
S$5731 SAAO DOD C1 13 May 94  17:04:00 816.211 3.6
maw-0139 Mauna Kea MAW C3 14 May 94 6:03:20 816.753 0.8
MY1494 Mt. John DIS C1 14 May 94 7:12:20 816.800 44
sjk-0360 Siding Spring SIK, KW C3 14 May 94 9:20:30 816.889 2.8
$5733 SAAO DOD C1 14 May 94  17:07:00 817.213 2.6
maw-0141 Mauna Kea MAW C3 15 May 94 6:01:00 \{7.751 0.8
sjk-0365 Siding Spring SIK, KW C3 15 May 94 8:41:00 817.862 3.6
tkw-0048 McDonald TKW, MSO C2 16 May 94 3:04:10 818.628 0.8
sjk-0370 Siding Spring SIK, KW c3 16 May 94 9:05:30 818.879 3.2
§5734 SAAO - DOD C1 16 May 94  17:41:00 819.237 14
ra277 McDonald 09m  AK - 8 Mar 92 3:41:20 19.667 45
ra279 McDonald 09 m  AK - 9 Mar 92 2:24:20 20.620 5.6

Observers: SJIK = S. J. Kleinman, DAHB = D. A. H. Buckley, JCC = J. C. Clemens, oG =0. Giovannini, DOD = D.
O’Donoghue, MAW = M. A. Wood, DJS = D. J. Sullivan, KW = K. Wu, TKW = T. K. Watson, MSO = M. S. O’Brien.

included in this study. They were reduced as described in Paper I,
and we list them in Table 2 for completeness. Re-analysing the
XCOV 7 data with those two runs made only small changes (within
the quoted errors) to the published results.

2.2 Comparison stars

In typical WET observations, the comparison stars serve to monitor
the quality of the photometric conditions, and their data are not
necessarily used during the reductions. This is possible since the
periods of the light variations of typical WET targets, i.e. white
dwarfs, are (except in the presence of clouds) significantly shorter
than the time-scales of variations of sky transparency. However, this

© 1997 RAS, MNRAS 286, 303-314

is not the case for CD—24 7599, whose pulsation periods found in
Paper 1 were between 38 and 53 min. Therefore we intended to
make use of the comparison star data to compensate for atmospheric
effects as often as possible; however, since this can introduce errors,
we proceeded with caution, as follows.

We selected three possible comparison stars: C1 = SAO 176755
was chosen to be the primary comparison object, since its spectral
type of FO suggests that it has similar colours to the target. Hence it
could also be a 6 Scuti star and its photometric constancy must be
checked carefully. SAO 176755 can only be observed in channel 2
for telescopes with apertures of about 1 m. Consequently, we further
selected the star GSC 6589—0348 as C2 for larger telescopes and
C3 = CD-24 7591 for smaller telescopes. We did not have
spectral types for C2 and C3 available, but a comparison of their
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Table 3. UBV(RI), photometry for the comparison
stars.

Star v B-V U-B V-R V-I

C1 10.17 0416 0.008 0.241 0479
Cc2 1297 0.707 0.181 0444 0.879
C3 1126 1.093 1015 0670 1254
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Figure 1. Amplitude spectra of the reduced channel 2 star data. Upper panel:
C1 = SAO 176755; lower panel: C3 = CD—24 7591. There is no evidence
for variability of either of these stars in the investigated frequency range, as
can be judged by comparison with the curve, above which we regard a peak
to be significant.

magnitudes on the Palomar plates suggested that they are neither
extremely hot nor very cool objects..

Still, it was felt desirable to obtain colour photometry of the
comparison stars. In 1995 March, GH acquired UBV(RI), photo-
metry of the three stars as well as of a number of faint E-region
standards at the 0.5-m telescope of the South African Astronomical
Observatory. The results are summarized in Table 3, from which we
can estimate that C1 is an early to mid-F star, C2 has early to mid-G
spectral type and C3 is a mid-K dwarf. C2 and C3 are clearly too
cool to be inside the instability strip. On the other hand, reddening
might put C1 inside the instability strip. Therefore, uvbyg photo-
metry was also obtained for C1 (Handler 1995b), showing that it is
not likely to be a short-period pulsating variable.

2.3 Constancy of the comparison stars

Before reducing the programme star data, we examined the com-
parison stars for variability. A search for variations with time-scales
of a day or longer, as well as for possible variations occurring on
time-scales of several hours, gave negative results. Moreover, we
only found occasional small (< 3 per cent) signs of photomultiplier
tube drift, suggesting high long-term stability of the instruments
used. :

It is most important to check the constancy of the comparison
stars in the frequency range of interest for the programme star
before constructing differential time series. Therefore we first
examined the extinction-corrected data for transparency variations
by comparing the channel 1 and 2 measurements. Those runs where
we found transparency variations superposed on both the variable
and comparison star data were set aside. For the remaining runs, we
summed the channel 2 data in 120-s bins (as we will do later with the
variable star data), converted the time of measurement into Helio-
centric Julian Date (HJD), and calculated amplitude spectra for
these data (Fig. 1).

We only plotted the amplitude spectra for comparison stars C1
and C3, since C2 was observed only for about 3 h during the WET
run. Consequently, C2 was not used further in our reductions. C1
and C3 are constant. No peak in Fig. 1 even approaches the level at
which we would consider it to be real (amplitude signal-to-noise
ratio of 4); for the definition of this criterion see Breger et al. (1993).
The shape of the significance curves is typical for variations in sky
transparency (1/f-component) plus scintillation noise.

The unit that we usually adopt in this study to express intensity
amplitudes is milli-modulation amplitude (mma); it corresponds to
a fractional modulation of 10~ of the mean intensity. Power spectra
are labelled in micro-modulation power (wmp), where
1 pmp = (1 mma)z.

We should comment on the noise level that we achieved in the
low-frequency domain: in Paper I we showed that WET performs
very well for frequencies lower than 1000 wHz. We found the
observing technique to become unreliable for frequencies lower
than 80 wHz, but capable of discovering variability with amplitudes
of about 2.5 milli-modulation amplitudes (mma) between 80 and
230 wHz. Examining Fig. 1, we note that the noise level achieved
here is even lower than that in Paper I. We can now confidently
assert that our detection limit between 100 and 250 wHz for the
present data set is around 1.5 mma (note that each panel in Fig. 1
contains only about 30 h of measurement). The low-frequency cut-
off can be estimated to be near 120 wHz. Not surprisingly, this is
somewhat higher than in Paper I, since the runs analysed here are
shorter on the average.

2.4 Reduction of the programme star time series

Owing to the low count rates no correction for coincidence losses
was required. Sky subtraction was performed by fitting polynomials
or splines to the sky measurements of the two-channel instruments,
and subtracting those fits from the data. For three-channel data, the
sky measurements were multiplied by a gain ratio determined from
the cross-calibrations for each of the channels. Then they were
subtracted from the channel 1 and 2 data on a point-by-point basis.
However, the time series of the sky measurements was smoothed
whenever possible, in order not to introduce additional scatter to the
data.

Having shown that our comparison stars are constant in light, we
can finally construct the time series of our measurements of
CD-24 7599. Extinction corrections were performed by fitting a
straight line to the magnitude versus air mass plot of the data in both
channels. The intensity time series were normalized by dividing by
the average count rate.

Whenever necessary, transparency variations were compensated
for by dividing the time series for CD—24 7599 by that of C1 or C3.
Depending on the time-scale of the transparency variations, some
smoothing of the comparison star data was applied. The degree of
smoothing was chosen to give the lowest scatter in the variable star
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light curve. In this way it is sometimes also possible to correct
carefully for thin clouds. Special care was taken not to introduce
artefacts during these corrections.

Finally, all the measurements were summed into 120-s bins, and
the times of measurement of CD—24 7599 were converted into
HID. The resulting light curves are shown in Fig. 2 together with a
14-frequency fit that we derive in the next section. The two
additional runs acquired in 1992 are included in Fig. 2 with the
14-frequency fit for the XCOV 7 data. The light curves are plotted
exactly on the same scale and by using the same units as in Paper 1.

In total, 92 h of photometric data were acquired during this run,
corresponding to a duty cycle of 27 per cent. Considering that
CD—24 7599 was only the third priority object, and that the
coverage for the first priority target during this run was the best
ever achieved (Nather 1995), this number of data is remarkable and
emphasizes one particular strength of the Whole Earth Telescope
operation: the ability to obtain good results for multiple targets.

2.5 Colour photometry of CD—24 7599

Since mode identification for § Scuti stars depends critically on the
estimation of the radial order of the excited modes and thus depends
on the star’s luminosity, gravity and temperature, the latter values
must be well known. Therefore we carried out additional colour
photometry of CD—24 7599.

GH acquired Strgmgren as well as Johnson—Cousins photo-
metry with the 0.5-m telescope at SAAO (see also Section 2.1 and
Handler 1995b), while EP and PN obtained measurements of the
star in the Geneva system with the 0.7-m Swiss telescope at the
European Southern Observatory. The results of the new Strgm-
gren photometry were combined with those reported in Paper I
and are summarized together with the other colour photometry in
Table 4. ‘

2.6 Spectroscopy

Further constraints for pulsational models and for mode identifica-
tion of a & Scuti star can be gathered from the object’s rotational
velocity and from its metal abundance. Consequently, GH took
high-resolution spectra of CD—24 7599 with the Cassegrain
Echelle spectrograph attached to the McDonald Observatory
2.1m telescope on 1996 March 28 and 30. A wavelength range
of 4290-4790A was covered with an effective resolution of
R = 50000.

The spectra were reduced using the standard RaF procedures
and were added together into a 120-min exposure. The
rotational and the radial velocity of CD—24 7599 were determined
by using the program rotate (Piskunov 1992) which yielded
vsini = 52 = 2 kms™' and RV = +72 = 2 kms™". Furthermore,
from an abundance analysis of the elements Fe, Ti and Mg, carried
out with the program package Abundance Analysis Procedure
(Gelbmann 1995), we estimate [M/H] = 0.0 = 0.2.

3 FREQUENCY ANALYSIS

Our frequency analysis was performed using the program PERIOD
(Breger 1990), the main features of which were described in Paper I.
We first calculated a spectral window of our data (shown in the
uppermost panel of Fig. 3). This spectral window is not as good as
usually achieved by WET, but we keep in mind that CD—-24 7599
had only third priority during this run, so we regard the window to
be more than satisfactory.
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We then computed power spectra of the original data as well as of
pre-whitened light curves (Fig. 3). Pre-whitening was done by
subtracting a synthetic light curve from the data by simultaneously
optimizing the frequencies, amplitudes and phases of previously
identified periodicities.

In Fig. 3 we have indicated the seven pulsation frequencies
reported in Paper I. As can easily be seen from a comparison with
fig. 5 of Paper I, conspicuous amplitude variations occurred within
the two years between the two WET runs. However, all pulsation
modes found earlier are still present, although we would not have
been able to detect unambiguously more than four of these modes
based only on the new data set. Moreover, f; and fg have very low
amplitudes in the new data. On the other hand, the lowest panel of
Fig. 3 clearly shows that the residuals and the shape of the
significance curve are by no means consistent with noise caused
by variations in sky transparency and by scintillation. Further
pulsation frequencies must be present, a conclusion that we already
reached in Paper L

Since our available data set is now larger, we can attempt to
determine at least some of the additional frequencies. Because of
the amplitude variations we need to be careful. Thus we calculated
synthetic light curves by first optimizing the frequencies for the
whole data set, and then subtracting these fits by locking the values
and the phases of the frequencies over the two years, but allowing
the amplitudes to be different in the two data sets. This results in
somewhat higher formal residuals between light curve and fit, but it
increases the reliability of the resuit by reducing the number of free
parameters. We note that allowing the amplitudes in the solution to
vary avoids the problem of picking up spurious frequencies caused
by the amplitude variations. Moreover, fixing the phases in the pre-
whitening procedure of the combined data set will also not cause
artefacts. In case of (small) frequency/phase variations between the
two WET runs a ‘mean’ frequency will be obtained, completely
accounting for such effects.

Consequently, we removed such an eight-frequency fit from the
data. However, severe aliasing is present, since the two data sets are
of 11- and 14-d duration, respectively, spaced by about 800d.
Therefore we determined the residuals between the light curve
and our fit for several trial frequencies, and adopted the value that
yielded the lowest residuals. Although such an approach can only
result in formal frequency values, we believe that it is much more
credible than other procedures (especially in the presence of
amplitude variations), e.g. simply adopting the highest peak in the
original or pre-whitened power spectra. '

We calculated the power spectrum of the residuals and dis-
covered several significant peaks. Following the procedure above,
we determined the values of these frequencies step by step (check-
ing whether new frequencies affect the other values and adjusting
them, if necessary) by calculating a simultaneous n-frequency fit to
the data, until no new frequencies could be identified with con-
fidence. Some steps of the pre-whitening process are shown in
Fig. 4; the significance curve in the lowest panel clearly confirms
our detections. The resulting 14-frequency fit to the data of both
WET runs is listed in Table 5. The amplitude variations of 3, f>, f3, f4
and f, are considered to be significant, and f;, f;; and f;4 are also
likely to have changed their amplitudes within the two years
between the two WET runs. We shall discuss the amplitude
variations in detail elsewhere (Handler et al., in preparation),
including additional time-series photometry. It should also be
noted that the signal-to-noise ratio of the modes (determined
following Breger et al. 1993) detected in Paper I is now larger
(resulting in 12 formally significant peaks), since part of the
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Figure 2. B light curves and the corresponding 14-frequency fit (derived in Section 3) for the new WET data on CD—24 7599. The two older runs plus the 14-

frequency fit taken from Paper I are also shown.

residual ‘noise’ left in the old solution is due to frequencies intrinsic
to CD—24 7599.

After removing our new 14-frequency solution from the data, the
residual power spectra are still not consistent with white noise.
Although non-white noise could in part be generated as an artefact
of pre-whitening, we think that there are still intrinsic frequencies
left in the residuals. Our new frequency solution leaves an rms
residual of 4.0 mma per single measurement in the XCOV 7 data
and 3.5 mma per single measurement in the XCOV 10 data. The
better quality of the new data is attributable to a number of reasons:
the use of three-star photometers at some sites, the ability to correct
carefully for transparency variations, the facts that CD—24 7599
was observed in channel 1 (less bad points), that the measurements
were taken at lower average air mass, etc.

In the second lowest panel of Fig. 4, we can identify a peak near
340 pHz, which is significant according to our convention. However,
this peak is only prominent in the 1992 data, while there seems to be
just a normal noise peak at this frequency in the 1994 data. This
prevents us from suggesting that the 340-pHz peak is real. It should
also be noted that this peak is very near to aliases of f3 and f; and could
therefore be affected during pre-whitening, since the new data have a
more complicated window pattern. The same comment applies to a
peak near 398 wHz, which was already regarded to be promising in
Paper I. We hasten to add that we would not have been able to detect
all frequencies in Table 5 without pre-whitening. We consider pre-
whitening to be a very useful method, but only when applied carefully.

In Paper I, we reported the detection of linear combination
frequencies in our power spectra. Consequently, we also examined
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Figure 2 — continued

Table 4. Johnson—Cousins, updated Strgmgren—Crawford and
Geneva photometry of CD—24 7599.

\% B-V U-B V-R V-1
11.50 0.343 0.228 0.204 0.436
+0.01 =*0.007 =*0.010 *0.007 *0.010
\'A b-y m; C; B
11.50 0.225 0.150 0.982 2.871
*£0.01 =0.008 =*0.013 +0.013  *0.015
my B2-V1 d m; g A
11.47 0.144 1.318 -0.504 0.089 0.455
*0.01 *=0.008 =*=0.014 *0.014 *0.014 =*0.014

this data set for such peaks. The power spectrum in the respective
frequency range is shown in Fig. 5 (after pre-whitening of the 14-
frequency solution in order to avoid spectral leakage into the high-
frequency domain: see Breger et al. 1996), and some linear
combination frequencies can again be discerned, although they
are not significant. We note, however, that the noise in this
frequency region is not white as well (which can best be seen by
examining the shape of the significance curve), suggesting that
intrinsic frequencies are present in this domain. We regard this as a
confirmation of the presence of linear combination frequencies in
the light curves of CD—24 7599.

We also analysed the behaviour of the star at high frequencies. In
Paper I, we briefly reported a null result for a search for frequencies
similar to those of rapidly oscillating Ap stars or solar-like oscilla-
tions. Recently, Breger et al. (1996) examined the high-frequency
domain for the é Scuti star FG Vir in detail. They did not find
evidence for variability with frequencies between 1 and 10 mHz.

In Fig. 6, we show a power spectrum of the combined, unbinned
XCOV 7 and XCOV 10 data at high frequencies. Pre-whitening in the
low-frequency domain was again performed to avoid spectral leakage
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to higher frequencies. In the 1992 data from SAAO, a spurious
periodicity due to a periodic tracking error was removed before this
analysis was performed. This tracking error was also found in other
studies and has been corrected (see Martinez 1993). Consequently, no
such effect was found in the 1994 SAAQ data. There is no evidence
for high-frequency variability intrinsic to CD—24 7599.

Finally, we searched for a characteristic frequency spacing
between the modes of CD—24 7599, as this could indicate either
rotational splitting or the excitation of consecutive radial over-
tones." To search for such a splitting, we performed a Fourier
analysis of our pulsation frequencies, assuming unit amplitude for
all peaks. The latter makes the method insensitive to effects of mode
driving, amplitude variations, inclination, etc. Consequently, we
will obtain information about possible regular frequency spacings
present, in analogy to the spectral window of photometric time
series: if the data points are equally spaced, the window has maxima
at the sampling frequency and its harmonics (see Kurtz 1983 for an
illustration). The result of this analysis is shown in Fig. 7.

The highest peak in Fig. 7 corresponds to a frequency spacing of
26 wHz, and the two peaks next to it represent spacings near 18 and
14 nHz. To assess the significance of this detection, we created
artificial power spectra consisting of 13 random frequencies
between 310 and 445 pHz and searched them for characteristic
spacings between 20 and 35 wHz with the same method as
described above. In less than 3 per cent of all trials we obtained
peaks at least as high as the 26-pHz peak in Fig. 7. Therefore we
consider the detection of a characteristic frequency spacing of
26 nHz in the power spectra of CD—24 7599 to be statistically
significant. The meaning of this result will be discussed in
Section 4.2.

lof course, for low-overtone pulsators such as § Scuti stars, one cannot
expect to find the asymptotic frequency spacing. However, the deviations
from a regular frequency spacing are small even for low radial overtones,
and so some regularity in the power spectrum can be expected if a large
number of possible pulsation modes are excited to visible amplitude.
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Figure 3. Spectral window and power spectra for the XCOV 10 data of
CD—24 7599. The peaks already identified in Paper I are indicated with the
same designations as in the first paper.

4 THE POSITION OF CD-24 7599 IN THE
HR DIAGRAM

4.1 Colour photometry

With the new colour photometry at hand (Table 4), we can revise the
position of CD—24 7599 in the HR diagram. We start with a check
of the consistency of the Strgmgren—Crawford and Johnson—
Cousins data.

Applying the calibrations of Crawford (1979) to the Strgmgren—
Crawford photometry, we determine E(b—y) = 0.154,
(b —y)o = 0.071, 6m; = 0.003 and 6¢; = 0.039. This also yields
M,=197. A comparison of (b—y), and E(b—y) with
the UBV(RI). photometry of Table 4 by using the relations of
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Figure 4. Spectral window and power spectra for the combined XCOV 7 and
XCOV 10 residuals of CD—24 7599. Six new pulsation frequencies are
found.

Caldwell et al. (1993) suggests that the measurements in these two
systems are consistent with each other within the observational
uncertainties.

Now we can use Kurucz’s (1991) model atmospheres to estimate
T = 8400 = 150 K and log g = 4.25 = 0.15 for CD—24 7599,
which correspond to a slightly more evolved evolutionary state than
suggested in Paper I (however, also with the new data, the star is still
close to the zero-age main sequence, or ZAMS). Furthermore,
Smalley’s (1993) calibration supplies [M/H] = 0.05 = 0.15.

Making use of the Geneva photometry, we can deredden
B2 — V1, since E(b—y) is known (all other Geneva indices
listed in Table 4 are reddening-free). With a ratio
E(B2 — V1)/E(b — y) = 1.146, this yields (B2 — V1), = —0.032.
Next, we apply the new calibrations of Kiinzli (1994) and derive
T = 8250 = 150K and log g = 4.25 * 0.15. From the reference
sequence of Hauck et al. (1991), we infer Am2 = —0.041. Berthet’s
(1990) calibration then provides [M/H] = —0.19 *+ 0.14.

Thus the colour photometry suggests that CD—24 7599 is a main-
sequence star with T = 8300 = 200 K and log g = 4.25 = 0.15,
and with approximately solar metal abundance. The error bars given
here were chosen to yield best agreement between the different
determinations and are therefore conservative. According to the
results above, the values for the pulsation constants Q; of the
different modes, as derived and listed in Paper I, decrease by 19
per cent (or 1o).
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Table 5. Frequencies of the & Scuti star CD—24 7599 with an amplitude signal-to-noise ratio larger than 4. The frequencies given yield
the lowest residuals between observed light curve and fit, but can only be seen as formal values. The frequency errors are estimated from

our trial fits and should be realistic; they are integer multiples of the spacing of the aliases (1/799 d).

Frequency Amplitude (1992) SIN Amplitude (1994) SIN
(nHz) (cycles/day) (mma) (mmag) 1992 (mma) (mmag) 1994
f 441.090 * 0.014  38.1101 = 0.0013 106 £ 02 11.5*02 511 147%02 159+02 528
b 416.808 = 0.029  36.0122 * 0.0025 9.2+02 10.0 £ 0.2 41.6 3.0+02 3302 105
f 386.982 = 0.029  33.4353 % 0.0025 59+02 6.4 +02 25.1 35+02 38+02 120
fa 363.339 £ 0.029  31.3925 =+ 0.0025 35+02 38+0.2 14.6 1.7+02 19+02 6.1
fs 335.590 = 0.029  28.9950 = 0.0025 22+02 24 +0.2 9.5 2502 27+02 8.3
fs 312.533 £ 0.029  27.0028 * 0.0025 2202 2402 9.5 1.5+02 1.6 02 53
5 401.224 * 0.043 34.6657 = 0.0038 2.1*02 22*02 8.9 19+02 20*02 6.3
fs=2fi 882180 £0.043  76.2203 * 0.0038 0.7 02 0.8 +02 5.0 1.0 +02 1.1 £02 8.2
fo 315.550 = 0.159  27.2635 *+ 0.0138 09 *02 1.0 +0.2 38 1.7+0.2 19*02 6.1
fio 342.820 + 0.087  29.6196 * 0.0075 14 %02 1502 5.8 12202 1302 4.1
fu 389.313 * 0.145 33.6367 = 0.0125 1.1x02 12+02 45 1.6 0.2 1702 54
fiz 332,153 £ 0.159  28.6980 * 0.0138 1.0x02 1.1 £02 42 1.3+x02 1502 47
fia 361.150 = 0.188  31.2033 * 0.0163 1.3+x02 14+02 5.3 1.0 =02 1.1 202 34
fia 369.285 = 0.116  31.9062 * 0.0100 09+ 0.2 1.0+02 3.8 1.5+02 17202 53
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Figure 5. Power spectra for the XCOV 10 data of CD—24 7599 in the range

where linear combination frequencies can be found. Some of these frequen-
cies are again present.
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Figure 6. Power spectra of the combined XCOV 7 and XCOV 10 data of
CD—24 7599 in the high-frequency domain. No convincing evidence for
high-frequency oscillations of the star can be found.
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Figure 7. Search for the presence of a regular frequency spacing within the
13 pulsation modes of CD—24 7599. The highest peak corresponds to a
frequency spacing of 26 pHz and is statistically significant (see text).

4.2 Model calculations

Given the observed pulsation frequencies, temperature, surface
gravity and metallicity, we now face the theoretical challenge of
trying to construct stellar models that will satisfy the observation-
ally derived constraints. To compute the models, we have used the
standard stellar evolution code which was developed in its main
parts by B. Paczynski, M. Kozlowski and R. Sienkiewicz. The same
code was applied previously in the study of FG Vir (Breger et
al. 1995a).-We used the latest versions both of the OPAL opacity
tables (Iglesias et al. 1995) and of the OPAL equation of state
(Rogers, Swenson & Iglesias 1996) which were copied from
Lawrence Livermore National Laboratory by file transfer protocol
(FTP). The effects of slow solid-body stellar rotation were taken
into account together with the assumption about conservation of the
global angular momentum during the evolution of the star from the
ZAMS.

We calculated the models assuming an initial hydrogen abun-
dance X = 0.70 and a heavy element abundance Z = 0.02. We used
the standard mixing-length formalism for convection adopting the
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parameter o = 1. This choice has a negligible effect on the model’s
parameters (see also Audard & Provost 1994). Stellar masses from
1.75 t0 2.05 M, were considered in steps of 0.05 M. Since we only
have a lower limit to the rotational velocity of CD—24 7599, we
computed three sequences with v, = 75, 125 and 175 kms™! on
the ZAMS. For this choice of parameters, the models that fit the
values of T.¢ and log g derived in Section 4.1 are in the main-
sequence stage of stellar evolution. We note that the assumption of
global angular momentum conservation results in only a small
change of the rotational velocity during main-sequence evolution:
the model with v,,, = 100 kms™" on the ZAMS will have v, =
93 kms ™ at the end of the main-sequence stage.

For the models considered we performed a linear non-adiabatic
analysis of low-degree oscillations (£ = 2). The effects of slow
rotation on the oscillation frequencies were calculated up to second
order in the rotational velocity using the method developed by
Dziembowski & Goode (1992). In these oscillation calculations we
neglected the Lagrangian perturbation of the convective flux. The
choice of « has again a negligible effect on mode frequencies in the
frequency range of interest, but has a non-negligible effect on mode
stability. For the models used here an increase of « promotes
instability and results in some increase of the frequency range of
the unstable modes.

We are now in a position to apply two different methods to
determine the position of models matching CD—24 7599 in the HR
diagram. First, we performed a stability analysis of the pulsation
modes: as a § Scuti star model evolves from the ZAMS, instability
first occurs at high p-mode frequencies (and high overtones). As the
radius of the star increases, the excited p-mode spectrum shifts to
lower frequencies. Additionally, lower radial overtones become
excited as well (this is illustrated, for example, by Dziembowski
1995).

Consequently, we can compare the unstable model frequencies
with the modes actually excited to observable amplitude (assuming
that there are no further modes outside the range of pulsation
frequencies detected so far) as the model evolves, and we can
derive arange of possible effective temperatures for given mass. We
performed this procedure for models in the range of 1.75-2.00 M.
For more massive models the theoretically expected and observed
frequency ranges did not match anymore; most of the modes
between 312 and 441 pHz were stable. To account for the unknown
rotation rate of CD—24 7599, we averaged the results of the
stability analysis over the different rotational velocities of the
models and increased the error bar in the effective temperature
accordingly.

'For lower mass models, the range of unstable model frequencies
becomes larger than the observed one, and therefore the error size of
the determination of possible model effective temperatures
increases. Moreover, this comparison can only be done for model
frequencies of m = 0. Thus rotational splitting may affect the result.
We incorporated this in our error estimate. The position of models
matching the observed frequency range of CD—24 7599 will be
displayed in Fig. 9 below.

The second method to determine the position of the star in the HR
diagram uses the frequency spacing derived in Section 3. Let us first
explain its origin. If it were caused by rotational splitting,
CD—24 7599 would need to rotate with v ~ 190 kms ™" (adopting
the values of T and log g determined in Section 4.1 and
M = 1.85Mg). However, at such large rotation rates the rotation-
ally split pattern becomes asymmetric due to second-order effects
of rotation. Therefore the detection of a 26-uHz spacing due to
rotational splitting is not expected.

T
1

T
L

300 350 400 450
Frequency (uHz)

Arbitrary amplitude
©c 0o o o o =~
oM Bk~ O ® O

Figure 8. Schematic amplitude spectrum of € = 0-2 and |m| < € pulsation
frequencies for one possible model of CD—24 7599 (see text for its
parameters). The modes are of radial order k = 3-5. Peaks with an
amplitude of 1.0 represent radial modes, those with 0.67 amplitude corre-
spond to dipole mode frequencies, while peaks with amplitudes of 0.33 are at
frequencies of quadrupole modes.

Another possibility is that this frequency spacing is caused by
the presence of consecutive radial overtones of the same €. For
illustration, we computed a model of CD-24 7599 with
parameters close to those inferred in Section 4.1 (M = 1.85Mp,
log T = 3.920, log L = 1.147, thus log g = 4.20) with v, =
75 kms ™', and plot its pulsation frequencies in Fig. 8.

As can be seen, consecutive modes of equal £ and m have
approximately the same frequency spacing even at low overtones.
However, a spacing of 26 wHz would correspond to a post-main-
sequence evolutionary state of the star (e.g. Heller & Kawaler
1988), even though we do not measure the asymptotic value. Modes
of consecutive radial order in Fig. 8 have a spacing of about 60 pHz.

On the other hand, the m = 0 components of € = 2 modes are
approximately intermediate in frequency compared with the € = 1
modes of the same & and k — 1. Consequently, if modes of both
€ =1 and € = 2 were excited in CD—24 7599, we would expect to
see half of the spacing of consecutive overtones of the same £ (a
suspicion which already emerges from a close look at Fig. 8). To
check this idea, we performed the Fourier analysis described at the
end of Section 3 for the model frequencies. The considered model
frequency range matched the range actually excited in the star.

The resulting power spectra closely resembled Fig. 7. By
comparing the location of the highest peaks in the spectral
window with the model frequencies, we verified that this analysis
indeed returns a value for half the frequency spacing of modes of
consecutive radial overtones with the same € and m. Now we can
also explain the peaks at spacings of 18 and 14 pHz in Fig. 7: they
are harmonics of the basic spacing of 54.0 pHz, like the 26-pHz
peak. :

We performed several further tests to verify the validity and
applicability of this analysis tool. For instance, we determined the
location of the highest peak for several trial model frequency
spectra when we assumed different rotation rates (which change
the ‘noise properties’). We found that the method is reliable when
carefully applied.

Finally, we determined the error size for a frequency spacing of
54.0 pwHz. We considered a number of model frequency spectra,
randomly selected 13 modes in the range of 310-445 pHz and
analysed them in the same way as the observed frequencies. From
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these simulations we estimate that the accuracy of our determi-
nation is *2.3 pHz. We would like to make a technical comment
here: the frequency spacing analysis performed above seems to be a
very powerful tool to investigate the frequency spectrum of § Scuti
stars and other multimode pulsators. However, it must be noted that
the frequency spectrum of CD—24 7599 is particularly well suited
to this method: the star has a large number (about 40 per cent) of all
possible (£ = 2) modes excited (cf. Fig. 8), and pulsates in only a
few radial overtones. For stars with only a few observed modes or
for objects whose theoretical frequency spectra are very dense, we
do not expect this technique to be very helpful.

As the mean frequency spacing of 54.0 = 2.3 pHz found for
CD-24 7599 is a measure of the sound crossing time through the
object, we can use it to determine its mean density. To be as
objective as possible, we decided to adopt the following procedure:
we selected a sequence of five models along their main-sequence
evolutionary track in the HR diagram in steps of 0.005 in log T,
roughly centred on a frequency spacing of 54 wHz in the 300-
450 p.Hz range. The same mass and rotational velocity ranges as for
the stability analysis were considered. The pulsation modes were
then searched for equal frequency spacings with the Fourier
technique described above. We used all modes in the frequency
range excited in CD—24 7599. This is a worst case assumption:
rotationally split modes as well as g modes introduce ‘noise’, and
therefore the error bars that we obtain are conservative. As in the
stability analysis, we found a dependence of the resulting frequency
spacing on the star’s rotation rate. This was again taken into account
when estimating the error size.

As the model evolves along the main sequence, the sound
traveltime across the object increases and thus the spacing of
consecutive overtones of the same € and m decreases. Conse-
quently, we can, at given mass, infer the effective temperature of
the model matching the 54.0-uHz spacing best by fitting a straight
line to a frequency spacing versus effective temperature plot.2 With
these parameters in hand, we can easily calculate the mean density
of the best matching model.

We found no dependence of the mean density of the best
matching models on mass, as may be suspected. This allows us to
determine the mean density of the most promising models of
CD—24 7599 to be 0.246 * 0.020 po. The main contribution to
the size of this error comes from the uncertainty of the mean
frequency spacing of the observed modes. We note that there could
be systematic errors in this determination, e.g. the star may have a
metallicity different from the assumed Z = 0.02. Then the evolu-
tionary tracks of the models would change and the instability would
shift to (slightly) different overtones. Therefore the ratio of the
determined frequency spacing to the asymptotic value and thus to
the mean density would change. However, some tests (like employ-
ing a different equation of state in the models) suggest that this
would alter our results only within the quoted errors. Anyway, the
results of model calculations reported here are only a first step in the
seismological investigation of the star; a more complete account
will be given by Pamyatnykh et al. (in preparation).

Before we start to point to a definite mode identification, we will
compare and discuss our constraints on the position of CD—24 7599
in the HR diagram. They are summarized in Fig. 9.

2This assumes that the model evolves along a track described by a straight
line in the theoretical HR diagram. For the small temperature range that
needs to be considered and for stellar evolution on the main sequence, this is
correct within the errors of the determination of the frequency spacing.
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Figure 9. Determination of the position of CD—24 7599 in the HR diagram.
Full lines correspond to some of our evolutionary tracks for Z = 0.02. The
star symbol denotes the position of the star determined from colour
photometry, while the dashed-dotted box represents the corresponding
error size. The dots with the horizontal error bars are possible positions of
the star determined from our stability analysis. The straight line connects
models with mean densities of 0.246 = 0.020 5. Finally, the observed red
and blue edges of the instability strip taken from Breger (1995, dashed lines)
as well as the theoretical blue edge of our models (dashed-triple dotted line)
are indicated. ‘

The results of our different independent analyses agree well. The
model calculations suggest a slightly more evolved evolutionary
state for the star than does the colour photometry, but this is well
within the errors. Taking all our constraints together, we infer that
CD—24 7599 is in the first half of its main-sequence evolution and is
best represented by a model with Z = 0.02, M = 1.85 = 0.05Mp
and p = 0.246 = 0.020 p. This yields R = 1.96 £ 0.07Rp and
L =14.7 = 1.6Lg, allowing us to infer a distance to the star of
650 = 70 pc. This seismological distance to CD—24 7599 is as
accurate as distance estimates that one can derive for § Scuti stars in
clusters. We also note that independent model calculations by
Bradley & Guzik (1996) give results consistent with those presented
in this paper. , :

Now we can compare our pulsation frequencies with those of our
best matching models. We define the fundamental radial mode to be
k = 1. Most of the excited modes are pure p modes, for which three
overtones (k = 4—6) are present. Consequently, we cannot explain
all 13 modes with only £ =0 and € = 1. Moreover, it is also
impossible that exclusively € =0 and ¢ =2 modes are seen:
otherwise the frequency spacing analysis would have revealed the
54-pHz spacing (and not only its harmonics), since the m =0
component of £ =2 modes has a frequency only a few wHz
different from that of the radial mode with the same k. Thus both
€ = 1 and € = 2 modes must be present.

Turning to rotational splitting, we can infer a lower limit to the
star’s rotational frequency from its v sin i and its radius determined
above. This yields v, = 5.9 pHz. Even at this low rotation rate,
second-order effects of rotation become important and destroy the
frequency symmetry of the rotationally split peaks in the power
spectrum. Without any further constraint on the € values of the
individual modes, we did not find clues for deciding which modes
belong to the same rotationally split multiplets. In this context it
should be noted that non-linear calculations for € =1 modes
(Buchler, Goupil & Serre 1995) predict equal frequency spacings
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within the triplets independently of the stellar rotation rate; an
observational examination of this effect has to await definite mode
identifications.

Interestingly, in models with mean densities matching that
inferred for CD—24 7599, one g mode for £ = 2 is excited at a
frequency of about 350 wHz. This mode originates as the g; mode
on the ZAMS and, since a significant fraction of its kinetic energy
comes from the outer part of the convective core, it can be taken as
a test for convective overshooting theories (Dziembowski &
Pamyatnykh 1991). It is interesting to note that the observed
frequency spectrum of CD—24 7599 is denser around 350 pHz
than at higher frequencies. This can be taken as evidence that this g,
mode is actually observed in CD—24 7599. If so, the star becomes
particularly interesting for seismology.

5 SUMMARY AND CONCLUSIONS

The & Scuti star CD—24 7599 has been re-observed with the Whole
Earth Telescope. At least 13 pulsation modes are excited in this
object. With the help of new colour photometry as well as model
calculations, we have shown that the star is best represented by
models of solar metallicity with mass 1.85 £ 0.05Mp and
p = 0.246 + 0.020 po. We have inferred a seismological distance
of 650 = 70 pc. The star is in the first half of its main-sequence
evolution and it pulsates mainly with p modes of k£ = 4—6. Both
€ =1 and € = 2 modes are present and about 40 per cent of all the
possible modes have been detected by us. However, one g; mode for
€ =2 may be excited as well, thus making CD—24 7599 an
excellent candidate to test convective core overshooting, one of
the most important parameters for stellar evolution calculations.

Therefore it is of considerable importance to continue to study
the star comprehensively. Detailed theoretical investigations are
underway (Pamyatnykh et al., in preparation). Another extended
photometric campaign [similar to that for the & Scuti star FG Vir, for
which Breger et al. (1995b) acquired about 550h of data] to detect
even more pulsation modes ought to be undertaken. As already
pointed out in Paper I, the observations should be done in more than
one filter to be able to determine the £ values of the pulsation modes
of the highest amplitudes, thus increasing our chances of finding a
secure mode identification. Then precision asteroseismology of a
normal main-sequence star should be possible.
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ABSTRACT

We present 132 h of new time-series photometric observations of the 6 Scuti star CD—24 7599
acquired during 86 nights from 1993 to 1996 to study its frequency and amplitude variations.
By using all published observations we demonstrate that the three dominating pulsation modes
of the star can change their photometric amplitudes within one month at certain times, while
the amplitudes can remain constant within the measurement errors at other times. CD—24 7599
also exhibits frequency variations, which do not show any correspondence between the
different modes.

The typical time-scale for the amplitude variations is found to be several hundred days,
which is of the same order of magnitude as the inverse linear growth rates of a selected model.
We find no evidence for periodic amplitude modulation of two of the investigated modes (f
and f3), but f; may exhibit periodic modulation. The latter result could be spurious and requires
confirmation. The observed frequency variations may either be continuous or reflect sudden
frequency jumps. No evidence for cyclical period changes is obtained.

We exclude precession of the pulsation axis and oblique pulsation for the amplitude
variations. Beating of closely spaced frequencies cannot explain the amplitude modulations of
two of the modes, while it is possible for the third. Evolutionary effects, binarity, magnetic
field changes or avoided crossings cannot be made responsible for the observed period
changes. Only resonance between different modes may be able to explain the observations.
However, at this stage a quantitative comparison is not possible. More observations, especially
data leading to a definite mode identification and further measurements of the temporal
behaviour of the amplitudes and frequencies of CD—24 7599, are required.

Key words: techniques: photometric — stars: individual: CD—24 7599 — stars: individual: XX
Pyx — stars: oscillations — 6 Scuti.

1 INTRODUCTION

Frequency and amplitude variations have been discovered in
various classes of pulsating star. Several different causes can be
distinguished.

*E-mail: gerald@procyon.ast.univie.ac.at

T Guest Observer, McDonald Observatory, University of Texas at Austin.
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Amplitude variability may simply be produced by beating of
independent close pulsation frequencies. The different pulsation
modes of rapidly oscillating Ap (roAp) stars vary in amplitude over
the rotation period because these stars are oblique pulsators (Kurtz
1982). Some RR Lyrae stars change their amplitudes as well as the
shape of their light curves: the Blazhko effect (Blazhko 1907). The
peculiar Cepheid HR 7308 exhibits periodic amplitude variations
attributed to a resonance (Van Hoolst & Waelkens 1995). Several
objects belonging to different classes of pulsators have been
reported to switch their mode spectrum on short time-scales: e.g.
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the 6 Scuti star 21 Mon (Stobie, Pickup & Shobbrook 1977) or
pulsating central stars of planetary nebulae (Ciardullo & Bond
1996). For other stars, some pulsation modes only seem to be
excited at certain times; they come and they go (e.g. Matthews,
Kurtz & Wehlau 1987 for a roAp star; Kleinman 1995 for cool DA
white dwarfs). Some further objects seem to change their ampli-
tudes slowly compared with their pulsation periods (e.g. Breger
1990a and Poretti, Mantegazza & Bossi 1996 for 6 Scuti stars;
Jerzykiewicz & Pigulski 1996 for a 3 Cephei star; Nather 1995 for a
DB white dwarf), but most of the pulsation modes are detected all
the time.

Frequency changes are also attributable to several causes. In case
of binarity, periodic frequency modulation owing to the orbital
motion of the pulsating star is generated (e.g. Kleinman et al. 1994;
Kiss & Szatmary 1995). Stellar evolution predicts variations of
pulsation frequencies because of temperature and radius changes.
Evolutionary frequency changes seem to have been detected for
AHBI variables (Diethelm 1996) and for the hot DA white dwarf
G117-B15A (Kepler et al. 1991, 1995), but the cool DA G29-38
(Kleinman 1995) exhibits frequency modulations on much shorter
time-scales.

Cyclic frequency variability has been found for the roAp star HR
3831 as well as for a number of related objects (see Martinez &
Kurtz 1995). Because of the similarity to the frequency changes of
solar p modes during a solar cycle, Kurtz et al. (1994) suggested that
the frequency variability of HR 3831 may be caused by a magnetic
cycle of roAp stars.

For 6 Scuti stars, the situation is also difficult. Breger (1990b)
noted that evolved stars show decreasing periods, which is in
conflict with their expected evolutionary period change. Rodriguez
et al. (1995) recently updated this study and confirmed the results
for evolved 6 Scuti stars. Moreover, they pointed out that main-
sequence 6 Scuti stars show period variations that are much too
large to be attributed to stellar evolution alone. It may also be the
case that period changes of some 6 Scuti and SX Phe stars are not
smooth, but that period jumps occur at certain times (Powell, Joner
& McNamara 1995).

Photometric variability of the 6 Scuti star CD—24 7599 was
discovered during an observing run of the Whole Earth Telescope
(WET: Nather et al. 1990) network. The star was included as a
second target in this campaign, and seven frequencies of pulsation
were detected (Handler et al. 1996, hereafter Paper I). Follow-up
WET observations revealed the presence of at least six more
pulsation modes, and by undertaking a preliminary seismological
analysis, Handler et al. (1997b, hereafter Paper II) showed that the
star is a 1.85-Mg object in the first half of its main-sequence
evolution. Recently, CD—24 7599 has been given the variable star
designation XX Pyx (Kazarovets & Samus 1997).

It was noted in Paper II that significant amplitude variations
occurred within the two years between the two WET runs. Since
this time-scale for amplitude variations of a § Scuti star appeared
to be very short, it was decided to monitor the star more often in
order to constrain this time-scale. Of course, such long-term
monitoring also allows us to look for possible frequency varia-
tions. In this paper we report the results of the first three years of
this programme.

2 DATA ACQUISITION AND REDUCTION

New time-series photometric observations of CD—24 7599 were
acquired with various instruments and observing techniques at
several sites; a summary of these observations is given in Table 1.

Data were acquired at McDonald Observatory (MD) in Texas, USA,
with the 0.8-, 0.9- and 2.1-m telescopes, at the South African
Astronomical Observatory (SA) with the 0.5-m telescope, at the
Cerro Tololo Interamerican Observatory (CT) in Chile with the
0.6-m telescope, and at Mt John University Observatory (MJ), New
Zealand, with the 1.0-m telescope. Our codes for the instruments
are as follows: P1D denotes differential photometry with a single-
channel photometer, P1H stands for high-speed photometry with a
single-channel photometer, P2H is high-speed photometry with a
two-channel instrument, and P3H represents high-speed photome-
try with a three-channel photometer. Some time-series CCD photo-
metry was also acquired.

All photoelectric observations were obtained through a Johnson
B filter, since generally (except for the SA data) blue tubes were
used. This maximizes the number of photons counted for this rather
faint (V=11.50 mag) star by simultaneously producing highest
signal-to-noise ratio data (for a discussion see Breger 1992).
Because of the much more numerous photoelectric measurements,
we also used the B filter for the CCD observations. Regrettably, the
CCD run from 1995 December 20 was acquired through a V filter
because of minor technical problems.

Integration times were 5 or 10s, respectively, for the photo-
electric measurements, while we integrated for 25 s with the CCD,
which had a readout time of 155s.

Since some pulsation modes of CD—24 7599 have low photo-
metric amplitudes, we could not expect to be able to monitor the
frequency and amplitude variations of all modes. Consequently, we
restricted ourselves to the modes that showed relatively high
amplitudes in most of the data sets. Moreover, due to the multi-
periodic nature of the light variations, we had to be careful not to run
into aliasing ambiguities.

Therefore we decided to monitor the star whenever possible for a
time span of at least 12 nights. The (usually) dominating pulsation
modes of CD—24 7599 have frequencies of 33.44, 36.01 and 38.11
cycle d™' (387.0, 416.8 and 441.1 nHz, respectively) and can
therefore be separated from each other and from the further
known pulsation frequencies together with their alias structure
when observing for 12 nights or more.

2.1 Photometric reductions

The two- or three-channel photoelectric measurements were
reduced as described in Paper II. SAO 176755 was always used
as Channel 2 comparison star; in Paper II we showed this object to
be constant in light. It is also outside the 6 Scuti star instability strip
(Handler 1995). In a few cases, we used the Channel 2 data to
correct for sky transparency variations or thin clouds.

Single-channel high-speed measurements were sky-subtracted
and corrected for extinction. Whenever doubts about the good
photometric quality of the nights occurred, the respective runs
were discarded.

The differential observations were also corrected for sky back-
ground and extinction, and a differential light curve of CD—24 7599
relative to the comparison stars SAO 176755 and HD 76912 (the
latter showing no evidence for variability) was generated.

Our CCD data were processed and reduced as described by
Handler, Kanaan & Montgomery (1997a); none of the eight
selected comparison stars was discovered to be intrinsically vari-
able. The single run acquired through the V filter was also used in
the analysis after increasing the measured amplitude by a factor of
1.32, adopting the theoretical B/V amplitude ratio given by Watson
(1988). The possible phase shift introduced by including this run is
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Table 1. New photometry of CD—24 7599.
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Table 1 — continued

Telscp. Inst. Obs. Date Start At Telscp. Inst. Obs. Date Start At
(UT) (UT) (hrs) (UT) T (hr)
MD 0.8 P1D GH, ES 17 Mar 93 2:32:47 1.11 MD 0.9 P2H GH 22 Oct 95 10:24:15 1.73
MD 0.8 PID GH, ES 20 Mar 93 2:16:43 0.73 MD 0.9 P2H GH 24 Oct 95 11:17:05 0.84
MD 0.8 PID GH 26 Mar 93 2:23:02 0.97 MD 0.9 P2H GH 25 Oct 95 10:28:15 1.72
MD 0.8 PID GH 27 Mar 93 2:29:58 0.55 MD 0.9 P2H GH 27 Oct 95 10:00:10 2.14
MD 0.8 PID GH 28 Mar 93 2:29:20 0.74 MD 0.9 P2H GH 28 Oct 95 9:50:25 2.36
MD 0.8 PID GH 31 Mar 93 2:34:36 0.77 MD 0.9 P2H GH 30 Oct 95 9:36:15 0.92
MD 0.9 P2H GH 24 Nov 94 11:51:30 0.79 MD 2.1 P2H GH 12 Dec 95 8:47:30 1.14
MD 0.9 P2H GH 26 Nov 94 11:11:00 1.50 MD 2.1 P2H GH 14 Dec 95 9:11:50 3.28
MD 0.9 P2H GH 27 Nov 94 11:25:15 1.28 MD 2.1 P2H GH 15 Dec 95 8:30:50 2.67
MD 0.9 P2H GH 29 Nov %4 9:03:25 0.91 MD 0.9 CCD GH,MM 16 Dec 95 11:47:30 1.16
MD 0.9 P2H GH 30 Nov 94 11:27:20 1.27 MD 0.9 CCD GH 20 Dec 95 10:53:18 1.57
MD 0.9 P2H GH 1 Dec 94 11:15:30 1.11 MD 0.9 CCD GH 21 Dec 95 10:14:26 1.21
MD 0.9 P2H GH 2 Dec 94 11:10:15 1.56 MD 0.9 P2H GH 25 Dec 95 9:13:50 2.90
MD 0.9 P2H GH 3 Dec 94 10:47:05 1.90 MD 0.9 P2H GH 27 Dec 95 10:43:50 2.07
SA 0.5 P1H GH 2 Mar 95 18:10:39 2.11 MD 0.9 P2H GH 28 Dec 95 10:47:00 2.08
SA 0.5 P1H GH 3 Mar 95 18:22:45 2.03 MD 0.9 P2H GH 29 Dec 95 6:09:10 1.03
SA 0.5 P1H GH 4 Mar 95 18:18:10 1.89 MD 0.9 P2H GH 30 Dec 95 10:26:35 1.39
CT 0.6 P1H WwZ 5 Mar 95 0:30:05 1.60 MD 0.9 P2H GH 8 Feb 96 3:13:10 1.32
CT 0.6 P1H wZ 6 Mar 95 0:25:03 1.99 MD 0.9 P2H GH 11 Feb 96 3:47:40 1.06
SA 0.5 PIH GH 6 Mar 95 18:00:52 2.19 MD 0.9 P2H GH 12 Feb 96 6:53:40 1.33
CT 0.6 PIH \\v4 7 Mar 95 1:14:56 1.37 MD 0.9 P2H GH 14 Feb 96 3:59:30 0.73
CT 0.6 PIH wzZ 8 Mar 95 0:14:41 227 MJ 1.0 P2H DJS 16 Feb 96 14:39:20 2.08
SA 0.5 PIH GH 8 Mar 95 17:56:18 1.99 MJ 1.0 P2H DJS 17 Feb 96 14:01:40 2.13
CT 0.6 PIH wz 9 Mar 95 0:10:43 2.16 MJ 1.0 P2H DJS 20 Feb 96 14:52:10 1.22
CT 0.6 PIH wzZ 10 Mar 95 0:15:18 2.06 MJ 1.0 P2H DJS 21 Feb 96 14:45:00 2.07
CT 0.6 PIH wz 11 Mar 95 0:10:59 1.87 MD 0.9 P2H JG, GH 22 Feb 96 6:40:29 1.46
SA 0.5 PIH GH 11 Mar 95 18:00:32 1.63 MD 0.9 P2H GH 6 Mar 96 1:50:00 1.14
CT 0.6 PIH \\4 12 Mar 95 0:04:17 2.04 MD 0.9 P2H GH 10 Mar 96 1:45:20 1.08
CT 0.6 PIH \\4 13 Mar 95 0:00:57 1.90 MD 0.9 P2H GH 11 Mar 96 3:27:20 2.68
SA 0.5 PIH GH 13 Mar 95 17:57:00 1.63 MD 0.9 P2H GH 12 Mar 96 1:55:35 0.78
SA 0.5 PIH GH 14 Mar 95 17:59:09 1.57 MD 0.9 P2H GH 13 Mar 96 1:52:20 1.33
SA 0.5 PIH GH 19 Mar 95 17:56:00 1.66 MD 0.9 P2H GH 15 Mar 96 1:56:10 1.22
CT 0.6 PIH \\4 19 Mar 95 23:51:25 1.71 MD 0.9 P2H GH 16 Mar 96 1:57:30 1.18
SA 0.5 PIH GH 20 Mar 95 17:51:20 1.61 MD 0.9 P2H GH, NA 18 Mar 96 2:02:15 1.17
CT 0.6 PI1H \\v4 20 Mar 95 23:49:35 1.57 MD 0.9 P2H GH, NA 19 Mar 96 2:07:20 1.13
MD 0.9 P3H AN 21 Mar 95 1:24:00 1.74 MD 0.9 P2H GH, NA 21 Mar 96 2:11:04 1.04
CT 0.6 PI1H N4 21 Mar 95 23:43:22 1.67 MD 0.9 P2H NA, GH 24 Mar 96 2:04:40 2.42
MD 0.9 P3H AN 22 Mar 95 2:17:00 1.26 MD 0.9 P2H NA, GH 25 Mar 96 2:10:13 1.00
SA 0.5 P1H GH 22 Mar 95 23:12:19 0.53 MD 0.9 P2H NA 26 Mar 96 2:17:28 1.38
SA 0.5 P1H GH 23 Mar 95 17:39:59 1.47 MD 0.9 P2H NA 28 Mar 96 2:05:07 1.36
CT 0.6 P1H WwZ 23 Mar 95 23:40:42 1.41
MD 0.9 P2H GH 17 Oct 95 10:31:50 1.51 Total 86 nights 132.40
MD 0.9 P2H GH 18 Oct 95 10:41:30 1.36
MD 0.9 P2H GH 19 Oct 95 10:37:45 1.46 Observers: GH = G. Handler, ES = E. Serkowitsch, WZ = W. Zima, AN =
MD 0.9 P2H GH 20 Oct 95 10:24:20 1.65 A. Nitta, MM = M. H. Montgomery, DJS = D. J. Sullivan, JG =J. A. Guzik,
MD 0.9 P2H GH 21 Oct 95 10:20:10 1.78 NA = N. Audard.

small compared with the accuracy of our O—C values to be derived
in the next section.

The reduced data were summed into 120-s bins to give all the
observations equal weight and to decrease the number of data points
to a reasonable amount. Finally, the times of measurement were
converted into Heliocentric Julian Date (HJD). Neither barycentric
nor leap-second corrections were applied; they simply were not
necessary.

3 ANALYSIS
3.1 Amplitude variations

Our frequency analysis was performed with an updated version of
the program perIOD (Breger 1990c). First, amplitude spectra were
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calculated for all the monthly subsets of data. It was found that f; =
441.1 pHz is prominent in all data sets, except 1993 March. We pre-
whitened that frequency by fitting a synthetic light curve to the
monthly data sets and calculated amplitude spectra of the residuals.
The result is displayed in Fig. 1.

Fig. 1 shows several remarkable features. The amplitude of f;
dropped to half its value from 1994 May to November. Afterwards,
it grew again to decrease by about 40 per cent from 1995 October to
1996 February. Moreover, the amplitude of f, was dramatically
reduced between 1993 March and 1994 May. Since then, the
amplitudes of f, and f; seem to have increased slowly.

To quantify the amplitude variations better, we simultaneously
fitted, whenever unambiguously detected, fi, f> and f; as well as any
further pulsation frequency (if clearly present in the amplitude
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Figure 1. Monthly amplitude spectra of CD—24 7599 before (left-hand panels) and after pre-whitening f;=441.1 wHz (right-hand panels). Spectral windows are
inserted in the right-hand panels. The locations of f|, f,=416.8 wHz and f;=387.0 wHz are indicated. Amplitude variations on time-scales down to 2 months are

clearly visible.

spectra and if identified in Paper II) to the data and derived the
amplitudes for these frequencies. We note that because of the
small 1993 March data set we could only fit 5, and because of
the short time baseline for 1994 November, we only considered
fi and f5. On the other hand, we also included f4;=312.5 wHz in
the synthetic light curves for 1995 March and December.
f13=361.2 pHz was detected in 1995 October. We note that we
did not attempt to quantify the amplitude variations of fg and f3:
these frequencies are close to aliases of fs=335.6 pwHz and
fo=315.6 pwHz, respectively. Amplitude variations of fg and fi3
may therefore simply be caused by beating with such aliases and
cannot be considered to be reliably determined.

The results of our analysis are summarized in Table 2; the
amplitudes for the two WET data sets were taken from Paper II.
A graphical representation of the amplitude variations is dis-
played in Fig. 2. We have also indicated lo error bars deter-
mined following Kovacs (1981). Because of the probable
presence of further low-amplitude pulsation frequencies, these
error bars may be underestimates owing to correlated noise:
e.g. see Kepler et al. (1995). However, since our considered
pulsation modes always dominate the amplitude spectra and
since we checked that our frequency solutions are stable,
correlated noise should neither systematically nor significantly
influence our analysis.
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Table 2. Monthly amplitudes of CD—24 7599 (in mmag).

fi =441 pHz f=417pHz  f, =387 pHz
Mar 1992 115+ 02 10.0 0.2 6.4 +0.2
Mar 1993 <5 145+ 18 <5
May 1994 159 + 0.2 33+02 38 +02
Nov 1994 7404 <25 4.1*04
Mar 1995 10.8 + 03 28 %03 2803
Oct 1995 12.0 + 04 2.7 * 04 5404
Dec 1995 8.6+ 0.4 58+04 40 *04
Feb 1996 7305 6.5+ 05 4105
Mar 1996 75+05 3205 78 +05

From Fig. 2 it turns out that some pulsation modes of
CD—24 7599 can change their photometric amplitudes on time-
scales down to one month. We looked for amplitude variations on
even shorter time-scales by subdividing the two WET data sets as
well as the three-site data from 1995 March, but we could not find
evidence for such short-term amplitude variability.

We also searched for possible periodicities in the amplitude
variations. The uppermost panel of Fig. 2 indeed indicates some
cyclic variability of the monthly amplitudes of f;. We quantified this
by calculating a sinusoidal fit to these data. Our best fit (yielding a
period of 446 d, a mean amplitude of 11.5 mmag and an amplitude
of the amplitude variations of 4.3 mmag) leaves a surprisingly low
residual scatter of only 0.11 mmag per monthly data point, which is
smaller than the smallest error of each individual determination of
the amplitude of f;.

Therefore one may be inclined to believe that f; indeed shows
periodic amplitude variations. However, we keep in mind that we
had to determine four independent parameters (frequency, ampli-
tude, phase and zero-point) from only eight data points for our
sinusoidal fit, which leaves ample room for spurious results. We
also note that our fit fails to predict the low amplitude of f; (< 5
mmag) for 1993 March: the fit suggests an amplitude of about 15
mmag for this data set.

An examination for possible periodic amplitude variations of f,
and f3 yielded negative results. Most of the promising modulation
frequencies were near the Nyquist frequency of the data set, and
those clearly below the Nyquist frequency gave residuals much
higher than those of the individual measurements. We conclude that
there is some evidence for periodic amplitude variation of f; (but
confirmation is needed), and no evidence for periodic amplitude
variability with constant modulation amplitude of f, and f; with
time-scales between 4 months and 4 yr.

On the other hand, we may estimate the time-scale on which the
amplitude variations occur from examining Fig. 2: it is about 450 d
for f}, approximately 250 d for f, and about 350 d for f;.

3.1.1 Pulse shapes

Owing to non-linearities (e.g. the Blazhko effect in RR Lyr stars),
the pulse shapes of the different modes may vary when their
amplitudes change. However, only f; has large enough amplitude
in most data sets to allow a meaningful comparison.

Therefore we determined its pulse shapes in the following way:
we fitted the best n-frequency solution to the 1992 March, 1994
May, 1994 November, 1995 March, 1995 October, 1995 December
and 1996 February + March subsets of data. Then we calculated a
synthetic light curve from all the frequencies except f; and its
harmonic (if detected). This synthetic light curve was subtracted
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Figure 2. Time-dependent variation of the amplitudes of the three strongest
modes of CD—24 7599. The error bars are of 1o size. The downward arrows
denote data sets for which we could only infer upper limits of the amplitudes.
A possible sinusoidal fit to the amplitudes of f; is also shown (see text). Note
the larger scale of the lowest panel.

from the data, so that only the modulation of f; plus noise remained.
Consequently, we constructed phase diagrams with respect to f,
consisting of 25 normal points. Some of them are shown in Fig. 3.

There seems to be no significant change in the pulse shape of f;
when the amplitude of the pulsation changes. To quantify this
suspicion further, we applied the following test. We aligned the
phases of our pulse shapes and normalized the amplitudes to the
same value. We generated differential phase diagrams by subtract-
ing these normalized pulses from each other. Then we Fourier
analysed the differential pulse shapes and looked for power at
harmonic frequencies. To judge the significance of such peaks, we
generated pulse shapes consisting of Gaussian noise sampled in the
same way as the differential phase diagrams and having the same
standard deviation (as determined when calculating the normal
points). Even with this procedure, we could not detect any sig-
nificant change in the pulse shape of f; dependent on its amplitude.
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Figure 4. O—C diagrams for the three strongest modes of CD—24 7599. The
error bars are lo. Some possible fits are shown: the full line assumes a
constant period change, while the dash—dotted lines correspond to sudden
changes of otherwise constant pulsation frequencies.

3.2 Frequency variability

To search for possible frequency variations in our data set, we first
have to determine the best frequency values for the three modes
under consideration. Yearly or monthly aliasing may prevent a
correct determination of the pulsation frequencies. However, since
our data sets often comprise a good fraction of a month or of a year,
this problem is not severe.

Table 3. O—C values of CD—24 7599 (in seconds).

f, =441 pHz £ =417 pHz £, =387 pHz

Mar 1992 +138+9 —104* 10 +30 18
Mar 1993 +45 * 91

May 1994 —118 =8 +500 = 46 —39 + 40
Nov 1994 —209 * 40 +274 = 81
Mar 1995 —115*13 +461 = 55 —73 %56
Oct 1995 +5+23 +289 = 107 —129 56
Dec 1995 +88 = 28 +51 £ 45 +37 = 67
Feb 1996 +54 = 45 —39 %58 +16 + 94
Mar 1996 +19 = 45 —283 * 106 +60 = 53

We first took the frequencies from Paper II as accurate starting
values. Afterwards, we refined these frequencies by fitting them to
the combined 1996 February/March data set. Consequently, we
could also incorporate the 1995 December and October data, further
refining our frequencies. This allowed us to bridge to the 1995
March data, and with the frequency values from this combined
data set it was easy also to include the 1994 data and to improve
our frequencies once more. Finally, also the 1993 and 1992 data
could be used. With this procedure we finally determined
fi =441.088 wHz, f, =416.797 pHz and f; = 387.011 nHz.
There is no aliasing ambiguity for any of these values.

We simultaneously fitted the frequencies listed above to the
whole data set as well as to the monthly subsets, and constructed
‘observed minus calculated (O—C) diagrams for each of the
pulsation modes. These are displayed in Fig. 4, while the O—Cs
for the monthly data subsets are listed in Table 3. We note again
that the 1o errors may be underestimates, but the basic shape of
the O—C diagrams is not expected to be influenced. We are
careful to point out that there is no aliasing ambiguity in the O—C
diagrams themselves. Examining Fig. 4, we find no correspon-
dence between the behaviours of the frequency variations of the
different modes.

We show possible fits to the O—C diagrams. Following Kepler et
al. (1995), we calculated a parabolic fit of the form
0-C= AE0+AP><E+1><P><E2 3P

2 dt

to the data, where AE)) is a possible shift in the zero-epoch, E stands
for the epoch, AP represents a possible inaccuracy in the adopted
period, P is the period itself and dP/dt is the secular period change.
The individual data points were weighted inversely proportionally
to their error size. This yields values of dP/dt of
+2.55+031x107" ss7! for f;, —6.9 + 1.2x 107 557! for f,
and +0.5 = 1.1 x 10710 g57! for f;. While £ and f, show formally
very significant changes, f; can be assumed to have constant
frequency throughout the whole data set.

We also computed piecewise linear fits to the O—C values of f
and f to illustrate that the parabolic fits are not unambiguous. One
could as well claim that f; and f, were constant from the beginning
of our observations until the end of 1994, and then they suddenly
decreased by 0.0039 wHz and increased by 0.0149 wHz, respec-
tively. No such statement about f; is possible. Finally, we note that
the present data set is too small to look for eventual cyclic frequency
changes. We can only state that the time-scale for such cyclical
changes cannot be shorter than =~1000 d, and that the shape of the
O—C diagram for f; should not be interpreted in this way with the
current number of data available.
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4 DISCUSSION

4.1 Amplitude variations

The simplest explanation for amplitude variability is beating of
closely spaced pulsation frequencies, where the beat period is not
resolved in our data sets. Beating would result in periodic, sinusoi-
dal amplitude modulation. This cannot be the case for f, and f3, but
is possible for fi. This would require at least two close frequencies.
Since it has been shown in Paper II that CD—24 7599 is a main-
sequence star, its theoretical frequency spectrum is simple and
therefore the occurrence of closely spaced frequencies with high
photometric amplitudes is unlikely. Beating of unresolved frequen-
cies would generate phase variations on the same time-scale as the
amplitude variations. Since the dominant contribution to the O—C
diagram of f; in Fig. 4 does not occur on that time-scale, we cannot
examine this hypothesis in more detail. We conclude that beating of
multiple modes is not the cause for the amplitude variations of f,
and f3, while it is possible, but not probable, for f;.

Balona (1985) suggested that precession of the pulsation axis
could explain the amplitude variations of some binary § Cephei
stars. This is also conceivable for non-radially pulsating é Scuti
stars. However, the short time-scales of the amplitude variations of
CD—24 7599 and their complicated nature argue against such an
interpretation; the latter also provides strong evidence that possible
oblique pulsation is not responsible for the amplitude variations.
Furthermore, low- (Paper I) and high-resolution (Paper II) blue
spectra as well as a low-resolution red spectrum (Kerschbaum,
private communication) obtained for CD—24 7599 showed no trace
of a binary companion to the star. We conclude that precession of
the pulsation axis or oblique pulsation of CD—24 7599 does not
generate the observed amplitude variations.

Another possible explanation for amplitude variability in multi-
modally pulsating stars is non-linear interaction between the
different modes. In this case, their amplitude variations should
occur on time-scales of the order of the reciprocal of their linear
growth rates.

To allow a qualitative comparison of the temporal behaviour of
the star’s pulsation amplitudes with theory, we computed a number
of pulsational models (see Paper II for more details) for
CD—24 7599. We tried to match the observed frequency range of
the star with the unstable mode domain of our models, but did not
focus too much on reproducing the location of the star in the
Hertzsprung—Russell (HR) diagram as inferred in Paper II. Finally,
we chose a 1.95-Mg, log 7. = 3.907 model, which exhibits a
pulsationally unstable frequency range of 285-468 wHz; the (so
far) detected pulsation modes of CD—24 7599 lie within 312—-441
pHz. Moreover, this model has two radial modes at the same
frequencies as the observed f; and fj,. Linear growth rates of this
model are shown in Fig. 5.

The growth rates of our model in the frequency range of interest
are about 4-9 yrfl. Their reciprocal is of the same order of
magnitude as the time-scales of the amplitude variations. It is also
interesting that the predicted time-scales of amplitude variation
become much smaller for modes near the high-frequency cut-off
compared with modes at somewhat lower frequencies. This resem-
bles the observed behaviour of CD—24 7599 well. Therefore we
consider the qualitative agreement between theory and observations
to be very encouraging.

Of course, we cannot quantify this result further, since we do not
(yet) have definite mode identifications for CD—24 7599 available.
Therefore our model is rather ill-constrained and the growth rates of
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Figure 5. Growth rates for a 1.95-Mg), log T = 3.907 model for CD—24
7599. Circles represent radial modes, squares are dipole modes, and
triangles correspond to quadrupole modes. Open symbols denote mixed
modes, and only m = 0 modes are displayed. The pulsationally unstable
frequency range is 285-468 wHz.

a final model of the star may be different from those calculated here.
However, they are expected to be of the same order of magnitude. It
should also be noted that more observations of the temporal
behaviour of the modes are required to constrain the observed
time-scales of the amplitude variations better. For more details on
this kind of amplitude modulation we refer to the discussion by
Jerzykiewicz & Pigulski (1996).

We may also compare the shape of the amplitude modulations
with those predicted by non-linear theory. Moskalik (1985) studied
resonant coupling of an unstable mode to two lower frequency
stable modes. This can lead to periodic amplitude modulation with a
slow exponential increase followed by a rapid drop in amplitude,
accompanied by a large phase jump. Our observed amplitude
variations do not show such features; phase jumps are not present
in our O—C diagrams.

Buchler, Goupil & Hansen (1997) investigated resonances in
non-radial pulsators by means of the amplitude equation formalism.
They obtained solutions with constant and variable amplitudes. In
the case of 2:1 resonances they found periodic (but not necessarily
sinusoidal) amplitude modulations. This may be observed for f;, but
not for f> and f3. On the other hand, Van Hoolst (1995) studied 1:1
resonances and showed that irregular amplitude variations, resem-
bling those of f, and f3, are possible.

4.2 Frequency variability

One of the most interesting branches of pulsating star research
utilizes period changes to infer the evolutionary speed of stars in
several parts of the HR diagram. However, it has turned out that for
many objects the observed period changes do not unambiguously
reflect effects of stellar evolution. For main-sequence 6 Scuti stars,
evolutionary period changes of the order dP/dr =~ 47 X 1074 g57!
are expected (e.g. see Rodriguez et al. 1995). However, the
measured period changes of two of the examined modes of
CD—24 7599 are 3—4 orders of magnitude too large, and one has
even negative sign. The period variability of CD—24 7599 can
therefore not solely be caused by its evolutionary temperature and
radius changes.

With two modes having different signs of dP/d¢, a binary origin
can also be ruled out for (a large fraction of) the observed period
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changes. Furthermore, as noted above, there is no trace of a
secondary in any spectrum that we have available for the star.

Possible magnetic field changes are also very unlikely to cause
the frequency variations of CD—24 7599. It is a rather hot 6 Scuti
star (Papers I and II), and can therefore only possess a very shallow
surface convection zone (even compared with most roAp stars).
Moreover, we have no spectroscopic evidence for the presence of a
magnetic field in CD—24 7599.

Another possibility for generating frequency variations would be
avoided crossing (Aizenman, Smeyers & Weigert 1977). In cases
where g and p modes are very close in frequency, large period
changes are expected. However, we consider this to be unlikely for
two reasons. First, it would be surprising if two of the three modes
that we monitored were just in the short-lived stage where avoided
crossing occurs. Secondly, in the evolutionary stage of CD—24 7599
as inferred in Paper II, only one g mode of € = 2 will be excited.
Following Dziembowski & Pamyatnykh (1991), this mode would
be expected to have a frequency of about 315 wHz. The two modes
observed to show significant period variations have frequencies of
417 and 441 pHz, respectively.

Considering resonances (as investigated by e.g. Buchler et al.
1997) between different modes as the explanation of the observed
behaviour, one would expect the frequency variations to occur on
similar time-scales to the amplitude variations. While this may be
the case for f; during the late 1995 and 1996 observations, it is not
seen for the other two modes. The dominating part of the
frequency variations should then be the result of some other
effect.

5 SUMMARYAND CONCLUSIONS

We have studied the amplitude and frequency variations of the
6 Scuti star CD—24 7599 over a time span of four years. The three
dominating pulsation modes of the star can change their photo-
metric amplitudes within a month. The associated time-scales are
about 450 d for f, approximately 250 d for f, and ~ 350 d for f;. No
changes in the pulse shapes accompany the amplitude variations of
fi- There is some evidence that the amplitude variations of this
mode may be periodic, but confirmation is needed.

Precession of the pulsation axis in a possible binary system or
oblique pulsation cannot explain the observations. Beating between
closely spaced pulsation modes is only possible, but not probable,
for fi. The time-scale of the amplitude variations is of the same
order of magnitude as the reciprocal of the growth rates of the
modes, which points towards resonant mode coupling as the origin
of the amplitude variations. However, the few possible quantitative
comparisons between observation and theory give inconclusive
results.

The frequency changes of CD—24 7599, if interpreted as being
continuous, show very discrepant behaviour among the three modes
under consideration. dP/ds values of +2.55 * 0.31 x 10~ "% s s™! for
f1,—69*+12x107""ss7! forf, and +0.5 + 1.1 x 107" s 57! for
f3 can be derived. It is, however, also possible that sudden frequency
jumps of f; and f, occurred, while f3 remained constant within the
errors of measurement over the whole four-year data set.

Evolutionary effects, binarity, magnetic field variations or
avoided crossing cannot be made responsible for the observed
period changes. Resonant coupling of the modes may explain part
of the observations.

To conclude, a better quantification of the amplitude and
frequency variations of CD—24 7599 can only be given when

definite mode identifications are available. For this star this
seems to be possible, considering its unevolved stage and its
therefore simple theoretical frequency spectrum (Paper II). A
large multisite campaign allowing us to achieve definite mode
identifications for the star will be undertaken at the beginning of
1998.

Further observations of the temporal behaviour of § Scuti stars (or
pulsating white dwarfs) exhibiting amplitude and frequency
changes are needed. CD—24 7599 gives us a unique opportunity
to study these effects, since they occur on time-scales long enough
to be conveniently monitored, but short enough that a valuable data
set can be acquired within a few years.
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Abstract. Frequencies of 13 oscillation modes in the starscillating white dwarfs may appear small, reproducing mode
XX Pyxidis (CD-24 7599) are accurately measured but for nofrequencies with model calculation represents a challenge.
of the modes the spherical harmonic degr@eq known. We What makes our task more difficult than in the solar and
present results of an attempt to construct the model whose lowhite—dwarf cases, is the fact that the observed spectra do not
¢ mode frequencies reproduce possibly close the observatiaeseal patterns enabling mode identification. Modes detected in
Models are constrained by the mean photometric and spec#@Scuti stars are of low radial order and their frequencies do
scopic data for the star. However, the strongest constraint mait obey simple asymptotic relations. Further, these stars are
the effective temperture is from the requirement that the modesher rapid rotators and rotational splitting is not equidistant.
excited in the star fall into the range of the modes driven by tivulticolor photometry may be used to determine the spherical
opacity mechanism. harmonic degre¢, Spectroscopy allows, in addition, to deter-

Our models are built with the standard stellar evolution coaeine the azimuthal ordet;,. In practice, however, reliableand
allowing no overshooting from the convective core. Effects of values are only seldom available. Thus, mode identification
rotation are taken into account both in stellar evolution andim 6 Scuti stars cannot be done independently of calculations
linear nonadiabatic oscillation calculations. Uniform rotatioimvolving construction of equilibrium models and their oscil-
rate and conservation of the global angular momentum duriladion properties. The aim is to construct a stellar model with
evolution are assumed. frequencies of low—degree modes which fit the observed ones.

We find several distinct mode identifications and associatkdanalogy to helioseismology we use the nasasmic model
stellar models leading to frequency fits of similar quality. De- The ultimate purpose of seismic model construction is test-
termination of the’ values for some of the modes could removimg the ingredients of stellar evolution theory: its basic assump-
the ambiguity. None of the fits is satifactory: the mean depaisns and the input microscopic physics. Stellar evolution theory
tures exceed the mean observational frequency error by at ldast reached an advanced level some 20 to 30 years ago. How-
one order of magnitude. The fits could be improved by meaesger, important questions concerning convection and rotation
of adjusting model parameters that were kept fixed. Howevegmain unanswered. For instance, is the mixing—length theory
such effort will be meaningful only after improving accuracy isufficient for describing convective flux in subphotospheric lay-
calculation of the effects of rotation in oscillation frequenciesers? If so, what is the best choice for the mixing length param-

eter,«, depending on stellar parameters? What is the extent of

Key words: stars: oscillations — stars: evolutiod-Scu — stars: element penetratiol,.., from the convective to the radiative
individual: CD-24 7599 = XX Pyx regions? What is the law of the angular momentum evolution?
What is the role of rotationally induced instabilities in chemical
element mixing?

Inrecentyears considerable progress has been made in treat-
ment of the equation of state and opacity for stellar interiors (see

Long-—time network observations of Delta Scuti stars resultedfdiristensen-Dalsgaard &dppen 1993 and references there,
establishing truly multimodal character of oscillations in a fef#09ers etal. 1996, Rogers & Iglesias 1994 and references there,
objects of this type. The four objects with the largest numbKHesias & Rogers 1996, Seaton 1996). The uncertainties, how-
of modes detected are FG Virginis with 24 modes (Breger et &Y€, are difficult to estimate. It is therefore important to use
1997), 4 Canum Venaticorum with at least 17 modes (Bred%‘i’ss'my dlvgrsmed sets of observational data for testing. Ob-
1997), XX Pyxidis with 13 modes (Handler et al. 1997a) antEVers provide us very accurate frequency measurements but a
BH Piscium with 13 modes (Mantegazza et al. 1996). Thoughgor effortis needed to connect these quantities to other stellar

these numbers of modes in comparison with the Sun or cert§hfracteristics and to parameters used in model construction.
In the next section we will outline methodology of con-

Send offprint requests 1&V.A. Dziembowski structing seismic models, which, we believe, is applicable to all

1. Introduction
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multimoded Scuti stars in the Main Sequence phase of eveith n < 0 andn > 0 modes which in ZAMS models are
lution. We should stress that our work is not the first effodonsecutive g— and p—modes, respectively. #or 1 there is
aimed at reproducing observed frequencies in objects of thig fundamental mode which is denoted with= 0. With this
type. Goupil et al. (1993) modelled GX Pegasi for which fivehoice, in evolved models some of modes denoted with 0
frequencies have been measured. Breger et al. (1995) and Guiaikhave predominatly g—mode properties aride versa
and Bradley (1995) constructed models of FG Virginis, which The parameters given b5 are those characterizing the
approximately reproduced observations. Our target accuracgidlutionary sequence like initial mad$, chemical composi-
much higher —we wantto approach the level of the observatiofiah, X, andZ,, and the angular momentum. In addition, there
error. is a single parameter identifying the model within the evolution-
The rest of this paper concerns XX Pyxidis (CD-24 7599%uy sequence. The age is always a good choice. In the present
which seemed to be a good choice for the first attempt in aceipplication we use the initial equatorial velocity, o instead
rate reproducing observed spectrum. Amongst most multimagfethe angular momentum andg 7.¢ instead of the age. The
d Scuti stars it is the hottest and least evolved. In such st&iger choice is acceptable because XX Pyx is certainly in the
the predicted spectrum of unstable modes is relatively simpéspansion phase of the Main Sequence evolutionapds a
With the progress of stellar evolution the instability extends onotonic function of the age. In any case there are five param-
mode of mixed pressure/gravity (p/g) character and to pure gters inPg.
modes. Separations in frequency between modes of the samerhe quantities one may include B, are mixing—length
¢ >0 decrease, which Complicates mode identifcation. In p%rameten, Overshooting distancéover, as well as parame-
Main Sequence stars the density of predicted spectra is so higl3 characterizing angular momentum evolution and mass loss.
that the task of mode identification will remain impossible unyone of these will be included in the present work. Constraining
less we discover the clue to mode selection. Furthermore, thgse parameters is certainly the most important application of

uncertainty in the description of the subphotosperic convectiggteroseismology. However, as we will see later in this paper,
is less severe in this relatively hot star. we are not yet at this stage.

After presenting data in Sect. 3, we discuss in Sect. 4 con-
straints on mean parameters of the star. The methodology of the
simultaneous search for mode identification and refinement%#- T00IS
model parametgrs is de_scribed in Sect. 5. In the same secY0§11 Eyolution code
several alternative solutions are presented. In Sect. 6 we ex-
plain why these are unreliable and in the last section we disc&@&sllar evolution code we use was developed in its original ver-
prospects for construction of a still improved seismic model sfon by B. Paczfiski, R. Sienkiewicz and M. Kozlowski. Itis in
the star. fact a modern version of B. Padzski's code (Paczyski 1969,
1970), which is now written in a modular form enabling an
easy implementation of microscopic physics data from various
sources. In the present application we use most recent versions
2.1. Principles of OPAL opacity (Iglesias & Rogers 1996) and equation of state

The number of modes detected in individgcuti stars is far (Rogers etal. 1996) data. The nuclear reaction rates are the same
as used by Bahcall and Pinsonneault (1995).

too small to attempt to determine radial structure directly from The effect of q wrifugal f is taken int

measured frequencies. Everything we may hope to achieve is t? ethec 0 atl_vere;geh cden rtl utga or_?g 1S av?/n Into ac-

to use the observed frequencies to determine global parame? {nt In Ihe equation for nydrostafic equitibrium. We assume
piform rotation and conservation of global angular momen-

characterizing the star and certain parameters of the theory. . . .
. These are the simplest assumptions which we are prepared

equations of problem are obtained by equating observed éHr(P e . o
calculated frequencies, to abandon if this is required for a successful seismic model con-

struction. Similarily, we are prepared to introduce overshooting
Fjobs = ficat(£j,mj,nj, Ps, Pp), (1) and/pr rotationally ind_uced mixing of the chemical glements_,
outside of the convective core, but these effects are ignored in

wherej labels measured frequenciés, m;,n; are numbers the present work. With these assumptions the input parameters

identifying the modeP 5 gives the set parameters characterifor sequences are total masyd,, initial values for hydrogen

ing the model, andP gives the set of free parameters of th@bundanceX,, metal abundance7,, and the equatorial ve-

theory. locity Viot,0. Initial heavy element mixture is that of Grevesse
A comment is needed abous. Nonradial modes excited in & Noels (1993). The assumed parameters for convection are

& Scuti stars could be p—modes, g—modes, and modes of mixeg 1, dover = 0. The choice ofy is unimportant in the present

character. In the present application, continuity a@fs function application.

of P for specified(¢, m,n) is essential. The avoided crossing For selected values .« the code returns all needed pa-

effect causes that the continuity is guaranteed if we define ttaneters of the model such Bg geg, Vot OF 2 and the matrix

n values at ZAMS where the g— and p—mode spectra are sepfithe coefficients needed for calculation of linear nonadiabatic

rated in frequency. Following Unno et al. (1989) we will denotescillation properties.

2. Construction of seismic stellar models
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2.2.2. Nonadiabatic oscillation code Table 1.Frequencies of the 13 pulsation modes andthie-harmonic

. . . of the§ Scuti star XX Pyx unambiguously detected by HPO
The code we use is amodified version of the code developed long

ago by one of us (Dziembowski 1977). The important modifica- Frequency Ampl. (1992) Ampl. (1994)
tion is taking into account the effect of the averaged centrifugal (cycles/day) (mmag) (mmag)
force. Maodified equations for adiabatic oscillations are given byf: 38.1101+ 0.0004  11.5-0.2 15.9+ 0.2
Soufietal. (1997). The corresponding change in the full nonadifz 36.0113+ 0.0010  10.0£0.2 3.3£0.2
abatic set is trivial. The input to this code specifies the range ofs 33.4370+ 0.0002  6.4:0.2 3.8+0.2
frequencies and the maximum value/ofThe standard output /4 31.3925+ 0.0025  3.8:0.2 1.9+0.2
are the following characteristics of the = 0 modes: complex f5 28.99504 0.0025 24502 2.7+0.2
dimensionless frequencies modified growth rates;, and the Jo 27.0028+ 0.0025 2.4£0.2 1.6+£0.2
complex ratio of the flux to displacement eigenfunctions at thef7_ 34.6657+ 0.0038 2.250.2 2.0+0.2
fs=2f1 76.2203+ 0.0038 0.8+ 0.2 1.1+ 0.2
surface,r. _ _ e 27.2635+ 0.0138 1.0+ 0.2 1.940.2
The frequency,, which we compare with observations is F10 20.6196+ 0.0075 15+ 0.2 1.3+ 0.2
given by the real part of: fi1 33.6367+ 0.0125 1.2t 0.2 1.7+0.2
fi2 28.6980+ 0.0138 1.1+ 0.2 1.5+ 0.2
f=R(0) \/? ) fis 31.2033+ 0.0163 1.4£0.2 1.1+ 0.2
fia 31.9062+ 0.0100 1.0+ 0.2 1.7+ 0.2

For higher order p—modes beginning with, say- 5 or 6,

the nonadiabatic effects are importantatthe level of the accurggy iy pe refined. The three revised frequencies are also listed
offrequencyme_zasurements.Tfhe g(rjowth rbalte IS grl]\_/e:%{/q). in Table 1. Their error sizes differ from those listed in HPO,

f‘ more c_?gvenl(_ent measure o moh e sta |h|ty/w”|c Vares - since these frequencies are now known without alias ambiguity.
rom —L, if damping occurs everywhere in the stellarinterior, ty . er these three frequencies are slightly variable (Handler

+1, if driving occurs everywhere. At neutral stability we hav% al. 1997b). Therefore the error bars have been modified to
n = 0. Values ofy are important as constraints on modes ar}icount for the latter effect

models. We will use them in the next sections. A5 have

applications in asteroseismology, especially, in determination

of /—values (see Cugier et al. 1994). However, we do not ha#eConstraints

neccesary observational data on XX Pyx to make use of tl)tiS_L Mean surface f b .

quantity. A parameters from observations
To estimate the position of XX Pyx in the H-R diagram, color

2.2.3. Calculation of the rotational splitting photometry and high—resolution .spectrpsco.py of the star have
been carried out by HPO. Applying calibrations to the photo-

Rotation has an important effect on the structure of oscillatignetric data, they infer that XX Pyx is a main-sequefi&euti

spectra. Even at modest equatorial velocities such as 50— with 7. = 8300 + 200 K, log g = 4.25 & 0.15. From

km/s the effect of rotation can not be reduced to the linear spliteir spectroscopy HPO determined the star’s projected rota-

ting oc m$2. Our code calculating the rotational splitting is actional velocity withvsini = 52 4 2 km/s and that the object

curate up to2?. It is a version of the code by Dziembowskihas approximately solar metal abundaridéy H] = 0.0 40.2.

and Goode (1992) modified by two of us (WAD, AAP) and

M.=J. Goupil. It uses the adiabatic approximation. The sarﬁee S i th

nonadiabatic correction evaluated with the the code describ 8 tructures in the power spectra

in the previous subsection is added to all modes within the mln important constraint for identifying the different pulsation

tiplet. frequencies of XX Pyx with the corresponding quantum num-

bers was found by HPO. They searched for characteristic spac-

ings within the 13 pulsation frequencies with a Fourier tech-

nigue: they assumed unit amplitude for all the individual pul-

More than 350 hours of time—series photometric observatiasegtions they detected and Fourier analysed the resulting signal.

of XX Pyx are available. These include two Whole Earth Tel&his is analogous to a spectral window: the power spectrum of

scope runs (Handler et al. 1996, 1997a) as well as follow—apch a signal has maxima at the sampling frequency and its har-

measurements to study the star's amplitude and frequency varenics (see Kurtz 1983). With this method it is possible to find

ations (Handler et al. 1997b). regular frequency spacings in an objective way.

Analysis of the two WET data sets allowed the extraction of There are two physical reasons why regular frequency spac-

13 pulsation frequencies plus one 2f-harmonic. These frequamgs can be present: in case of slow (rigid) rotation the members

cies are summarized in Table 1, and mostly taken from Handtdrdifferent multiplets are approximately equally spaced in fre-

et al. (1997a, hereafter HPO). Moreover, from an examinatigaency. Since the measuresin i of XX Pyxis 52 km/s (HPO),

of the follow—up data, the values of frequencigs f> and f3 rotational splitting could, under favourable circumstances, be

3. Frequency data
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N e As can easily be seen from Fig. 1, the assumption that regular
" frequency spacings are present even at relatively low overtones
is justified. The frequency spacings of the differéatare very
similar. Consequently, HPO carried out the Fourier analysis de-
scribed above and discovered aregular frequency spacing within
the pulsation modes of XX Pyx, with a probability of less than
3% that this detection was caused by chance. Because of the
value of this spacing~ 26 yHz ~ 2.25 c/d), HPO suggested
that it cannot reflect rotational splitting (since the second—order
terms would destroy any frequency symmetry at such high ro-
tation rates).

From a comparison of the Fourier analyses of the observed
and of several model frequency spectra, HPO concluded that
this spacing is caused by the presence of modes corresponding
to consecutive overtones ¢f= 1 and¢ = 2 modes. HPO
determined the spacing of consecutive overtones ofanee/
with 54.0+2.3 uHz (= 4.67+0.20 c/d). This frequency spacing
is a measure of the sound crossing time through the object, and
thus it can be used to determine the mean density of the star.
For a model sequence with solar metallicity, HPO determined
p = 0.246 & 0.020 p.

HPO performed several tests to verify the validity of this
T e ik e o method and the correctinterpretation of its result (see their paper
5 o 6 v for more details) and found their Fourier technique to be reliable,

sart (p/r) since the frequency spectrum of XX Pyx is very well suited

Fig. 1. Asymptotic frequency spacing of high-order p-modes of ol Such an analysis: only a few overtones are excited, but a
main—sequence models compared to the mean spacifg 6f 1, 2 large number of possible pulsation modes are photometrically
modes in the frequency range excited in XX Pyx. Only axisymmetra@bserved.

(m = 0) modes are shown. Rightmost points correspond to stellar Actually, one can use this Fourier method to test a common
models of lowest mass and highest effective temperature. The highgsumption in mode identification attempts from photometric
mass and/or the lower e_ffect'ive temperature the higher overtoneS(é)[f]d radial velocity) data: with increasing degreef the pul-
p—modes are appeared in a fixed frequency range, therefore thetr@?gbn& geometrical cancellation (Dziembowski 1977, Goupil

&P

frequency spacing is approaching the asymptotic value. The scat . .
the datapoints, most pronounced for 0 modes, reflects the different |. 1996) decreases the photometric amplitude of the modes.

rotation rates of our models. The discontinuities/of 2 modes at Therefore, it is ”5“‘?‘”3’ assumed f{hat only modes Witk 3
/(5/75) < 0.46 are due to intruding g-modes, while more reguldf@n be detected using ph(_)tometnc datg. 'I_'he_ photometrlc am-
level shifts of¢ = 1 and/ = 2 modes are caused by different overtoneBlitude of anf = 3 mode with the same intrinsic amplitude as

(and different number of these overtones) appearing in the frequeféy! = 1 mode is only about a factor of 12 smaller, which is
range of interest. approximately the range of photometric amplitudes of the dif-

ferent pulsation modes detected for XX Pyx. However, when

considering rotational splitting, seven modes/cf 3 can be
detected. The second possibility is that consecutive modespeésent, but only threé¢ = 1 modes. Therefore it can not be
the samée are excited. Even for low—overtone pulsations sugiiled out that a non—negligible numberf= 3 modes is ex-
modes are approximately equally spaced in frequency. cited to observable amplitude.

Toillustrate this second possibility, we used our basic grid of Consequently, we applied HPO's Fourier technique to model
the main—sequence models and their oscillation frequencies (equencies, incorporating modes with= 3 and/or/ = 4. In
Subsect. 5.2)M = 1.75 — 2.05 M, with a step 0f0.05 M, caseswhere many of these hifyjnodes were present, no signif-
log Tegr = 3.905 — 3.925 with a step of 0.05V,¢,0 = 50 — icant frequency spacing could be found, since their rotationally
125 km/s with a step of 25 km/s. For each of these modelsplit patterns “masked” the regular spacing of the- 0 — 2
we compared the asymptotic frequency spacing with the meaades. Only with a few of the high modes the typical fre-
spacing between frequencies of consecutive modes of a givejuency spacing could be revealed. This suggests that most of
value. We restrict to the observed frequency range of XX Pythe pulsation modes of XX Pyx are indeed/cf 0 — 2.

The results are shown in Fig. 1. (Remember that the asymptotic

frequency spacing for high overtone p—modes is determin % Implication f the stabilit

by the following formula, see Unno et al. 1989, Eq. (16.36%‘ - Imphcation from the Stability survey

Av = 0.5/( OR dr), wherec is the sound speed, — i.e. it isXX Pyx is a hots Scuti star located near the blue edge of the
proportional to the square root of the star's mean density.) instability strip. In such an object the opacity mechanism driving
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T aomsezs A | aosses 1L zosse0s 1 Some of the results for such a case will be discussed at the end
051 1k A ™ 4 of this section.
- < x 1 * 5. b At this stage we allow no free theoretical parametBrs
0fnmmnean —_—- == # -] - --- . .
E . oo s o Ik e ] and we fixX, andZ, at the values 0.7 and 0.02, respectively.
~os |- o, < JF 4 JFs : 4 Thus, we allow only three free model parametras; Vi o,
2 o Eo 1t 1 andT.g. For each model the modes are assigned to minimize
Y T A m Lod 1 .3 1 | |
o N — T P
1.95;3.926 [ 1.95; 3.915 1.95; 3.905 ] 2 _ 1 2
05 ;’7 ae K Pe x @ % | X" = 7 Zizl(fobs,i - fcalc,z’) ) (3)
L 1F o ® 1F i 4 ]
SRS MY | SN S | S ‘.. wherej = 13 or 12. The first value was used in the case when
; £, I 2 SIS = 1 we assumed < 2 for all modes. In the alternative version
—oer v Bl - ‘:;_DX 1 we search for the minimum of? relaxing the fit for one of
b e e AR .1 measured frequency. In the automatic fitting routine we made
o Temnoms AF oo temaes 1f | 1es e ] Sure that each of the mode] frequencies was assigned at most to
o[- JE xe=1 JE mx=« - one of the stellar frequencies.
[ 1E at=2 pex ® ol X s ]
o 4 ] e x ]
O ——y . T p o .
S dF e i ° g 5.1. Uncertainties in stellar and model frequencies
.y K aK K __ Lo« E . - .
. x 1t 3; 1 In our search for best models and mode identification we use
cabcbial b J R R Lo unweighted observational data. The reason is that the errors in
£, [o/d] 1, [e/d] 1, [e/d] the frequency measurements are smaller than the uncertainities

Fig. 2. Normalized growth rates;, plotted against frequency, in in the theoretical values. In Table 1 we may see that the errors

selected models spanning the allowed range&/adndlog T.s. The rangg fromd x 107 for £, to 1_63 x 107 for f13;1 Thqs the
values ofM (in solar units) andog T are given in each panel. Mod- '€lative accuracy of frequency is, at worst x 10~ %, which is
els were calculated with, = 0.7, Zo = 0.02 and Vi, = 0. The DY one order of magnitude less than the theoretical uncertainty.
symbolps is plotted near the corresponding radial overtone. The thick The main problem on the side of theory is in the treatment
horizontal line shows the range of frequencies measured in XX Pyof rotation. We found that at equatorial velocities100 km/s

the second order perturbation treatment yields relative accuracy

in frequencies- 5 x 1073,
is confined to modes in a narrow range of frequencies and the

driving effectis marginal. Thisis seenin Fig. 2. Valueg okver
exceed 0.05. The range pivheren > 0 never spans more than
three radial orders for radial modes. In models considered {i&h the codes described in Subsect. 2.2 we prepared tables
lowest values of: is 4 and the h|ghest is 8. The behaviour qf\”th frequencies for modes with= 0’ 1, 2 Covering the range
n(f) in several models is shown in Fig. 2. The selected modeJsthe stellar pulsation frequencies. At this stage we neglected
have the surface parameters in the range consistent with the ggéaeffects of near—degeneracy which we discuss in Sect. 6,
on XX Pyx. The independence drand occurence of a singlepecause it complicates calculations and it is not essential at this
maximum are typical features for the opacity driven modes. stage. The range dbg T.¢ values wag3.905 — 3.925] with a
Values ofy do not have the same reliability as thosefof step of 0.05. The lower limit is somewhat less than the lower
Our treatment of the optically thin layers and the convective flyit allowed by the photometry (Subsect. 4.1) while the upper
is crude. Therefore we will regard identifications with modegmit follows from the stability consideration (Subsect. 4.3).
of small negative;'s as admissible. However, we can excludghe range of equatorial velocities wii® — 125] km/s with a
identifications involving radial modes with < 4 andn > 8 as  step of 25 km/s. Here the lower limit follows from thesin i
well we can exclude all models with, approximatéty; 7. > measurement (Subsect. 4.1). The upper limit was adopted to
3.925 and the low mass models witihg Ter > 3.92 (see Fig. 2). avoid large errors in treatment of rotation. The adopted mass
range was$l.75—2.05] M, with a step ob.05 M. The implied
range of the mean density is significantly larger than that inferred
in Subsect. 4.2. We consider models in the wider range of mean
We have no observational information about ffendm values densities because there is a nonzero probability that the HPO
for the modes detected in XX Pyx. The assignment of these t&pacing is caused by chance.
guantum numbers as well asmay only be done together with
model parameter determination. The basis is Eq. (1) applie
the 13 measured frequencies. We only assume that all mo
are of low degree. Most of the results we will present here wev¢e calculated values of? according to Eq.(3) with = 13
obtained with the assumptiagh< 2 for all modes. We carried for nearly 40000 models interpolating model parameters and
out also calculation allowing one of the mode to h@ve 3. frequencies from the three—dimensional basic grid described

5.2. Tabulation of model frequencies

5. A search for best parameters and mode identification

tg.s. Properties of?(M, Viot.0, Teft)
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Fig. 3. Values ofy? evaluated for frequencies in 7000 models inthe 11
rangesM = 1.75 — 2.05 Mg, Viot,0 = 50 — 110 km/s,log Teg =
3.905 — 3.925. The patterns are the same (but less dense) as in the ¢

of ~ 40000 models used to choose best identifications.

above. At this stage we confined the upper limit of the equat
rial rotational velocity still more, to the value of 110 km/s. In
Fig. 3 we plot the values of? against mean density, which is
the most important parameter determining p—-mode spectra.® ol o« v« | v v 1w e SN0y
see several dips ip? which allows us to isolate potential mode % 3.93 3.92 3.91 38 3.89
identification. One of the dips occurs closeite: 0.246, which 108 Ten

was the preferred value from the observational frequency Spggy. 4. Position (symbols) of the best models in the H-R diagram. The
ing. The present analysis shows that there are few alternatigeerisks show the models used in Fig. 5. The evolutionary tracks for
"good” values. We stress that a good fit may occur even if ther@dels with indicated mass ah@l,, = 0 are shown with dashed lines.

is no preferred spacing. The coincidence however speaks inThe line denoted with BE shows the absolute blue edge; there are no
vor of identfications corresponding to this particular dip. Thenstable modes in models to the left ofthis Iine..The lines denoted WiFh
dips become shallower with the increasjpgrhich merely re- p. arethe t_)lue edge_s forthe corresponding radlal_overtones andthe_llne
flects the fact that in less evolved models there are fewer mo{§20ted with 27 ¢/d is the blue edge for modes with the corresponding

. . requency.

in the specified frequency range.

At this stage we have to consider the identifications asso-
ciated with the dips located near the following eight values of Nt all models listed in Table 3 are consistent with the re-
p:0.17,0.19, 0.22, 0.25, 0.30, 0.36, 0.41 and 0.49. It should Bgirement that the identified modes are pulsationally unstable.
noted, however, that all the minimum valuesdfare still far 15 far we made a limited use of the constraint following from
larger than the measurement errors. the stability considerations.

Next important parameter is the equatorial velocity of ro- |n fact, the stability argument may be used to eliminate some
tation which determines the:—dependence. The plot of  of the models listed in Tables 2 and 3 as candidates for the seis-
against/.o¢ o, which we do not reproduce here, shows two shahjic model of XX Pyx. A comparison of the model positions with
low minima around the values 60 and 100 km/s. the blue edges in the H-R diagram, shown in Fig. 4, facilitates
the elimination. We see that all the models with < 1.9M
and hotter than sonleg T = 3.91 lie rather far from the blue
edge for modes witlf < 27 c/d, which is the lowest frequency
There is no doubt that if all (or almost all) 13 modes detectedbserved in XX Pyx. Athigher masses the upper limivgf7 .«
in XX Pyx are of¢ < 2 degree then the mode identification anghould be moved to 3.914. In this way we may eliminate models
model must correspond to one of the dips At each dip we D2B, D2C, D3B, D3C and D8A.
chose a number of identifications with nearly the same lowest Perhaps model D1A may be eliminated with the opposite
values ofy2. All such identifications are listed in Table 2. Theyargument because it lies far to the red of the 27 c/d blue edge.
are grouped according to the dips. For each specified identifiddis means that there are unstable modes in the model with
tion the three model parameterss Viq 0, log Ter —are deter- lower frequencies that are not seen in the star. This is, however, a
mined through the:2 minimalization. These and other modemuch weaker argument because it is not an uncommon situation
characteristics are listed in Table 3. that unstable modes are not excited with detectable amplitudes.

5.4. Possible models and identifications
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Table 2. Possible identifications of the 13 modes detected in XX Pyx. Horizontal lines separate groups of the identifications associated with
the consecutive dips of? seen in Fig. 3. Note that within the group most of the identifications are identical. Models corresponding to each
identification are determined by minimalizationgf.

fe fo fiz f5 Jio fis Ja fia f3 fi1 fr fe fi
27.003 27.264 28.698 28.995 29.620 31.203 31.392 31.906 33.435 33.637 34.666 36.012 38.110

Model Inm Inm Inm Inm Inm Inm Inm Inm Inm Inm Inm Inm Inm

D1A 231 23-2 151 24-1 15-1 250 25-1 25-2 160 16-1 261 26-2 272
D1B 23-1 23-2 151 24-2 15-1 250 060 252 160 16-1 261 26-2 272
D1C 231 242 151 24-2 15-1 250 25-1 25-2 160 16-1 261 26-2 272
D1D 23-2 242 151 24-2 15-1 250 25-1 25-2 160 16-1 261 26-2 272
D1E 23-1 242 151 24-2 15-1 250 060 25-2 160 16-1 261 26-2 272
D1F 23-2 242 151 24-2 15-1 250 060 25-2 160 16-1 261 26-2 272
D2A 14-1 231 240 050 151 150 15-1 251 25-1 161 262 261 26-2
D2B 14-1 23-2 240 050 24-2 150 15-1 251 25-1 161 262 261 26-2
D2C 14-1 23-2 240 24-1 24-2 150 15-1 252 060 25-1 161 262 26-2
D3A 230 141 242 14-1 241 050 24-1 151 150 15-1 251 25-1 160
D3B 231 141 140 14-1 241 050 24-1 151 150 15-1 251 25-1 160
D3C 23-1 141 242 14-1 241 050 24-1 151 150 15-1 251 25-1 160
D4A 232 231 040 23-2 141 14-1 242 241 050 24-2 151 15-1 060
D4B 232 231 231 2 3-2 141 14-1 242 241 050 24-2 151 15-1 060
D5A 131 22-2 13-1 232 231 231 040 23-2 140 242 241 240 151
D6A 222 221 22-1 22-2 131 130 13-1 232 230 231 23-2 141 242
D7A 21-2 12-1 222 221 220 030 22-2 131 130 13-1 231 230 141
D7B 21-2 12-1 222 221 220 030 22-2 131 13-1 232 231 230 141
D8A 210 020 21-2 120 12-1 222 221 220 22-2 030 131 130 231

Table 3. Parameters of models determined by ffeminimalization.N,, is the total number of modes with< 2 within the frequency range
of modes detected in XX Pyx. The number decreases with mean density which explains increas€ ofithiena. Note that the difference in
mean radial mode degree between consecutive groups is close to 0.5. Models used in Fig. 5 are marked with asterisks in the last column.

Model M/Mo Vit(ZAMS)  Vier  logTer  logL  p/po >  Nnm S(n+1/2)/13

D1A 1.9869 57.50 51.92 3.90533 1.2906 .16692 .006876 30 5.92
DiB 2.0181 61.82 55,92 3.91101 1.3175 .16717 .006217 29 5.92
DiC 2.0160 60.18 54.43 3.91063 1.3158 .16710 .006224 29 6.00
D1D 2.0266 59.38 53.69 3.91247 1.3249 .16708 .007508 29 6.00
D1E 2.0165 61.55 55.69 3.91072 1.3161 .16715 .006108 29 6.00 =
D1F 2.0260 60.59 54.79 3.91235 1.3243 .16711 .007646 29 6.00
D2A 1.9953 108.01 99.30 3.91241 1.2876 .18680 .008070 27 573 =«
D2B 2.0477 110.35 101.56 3.92169 1.3320 .18681 .007450 26 5.62
D2C 2.0333 66.67 61.20 3.92056 1.3233 .18842 .007387 26 5.62
D3A 1.9122 95.00 88.65 3.90567 1.2064 .21608 .007856 24 523 «
D3B 1.9986 97.64 91.16 3.92154 1.2819 .21614 .007181 23 5.23
D3C 1.9972 95.40 89.09 3.92132 1.2809 .21605 .007530 23 5.23
D4A 1.8722 66.67 63.00 3.90611 1.1635 .24711 .019895 20 4.77
D4B 1.8782 67.27 63.60 3.90723 1.1688 .24732 .020005 20 4.77
D5A 1.8367 81.32 78.62 3.90907 1.1149 .29872 .036899 19 4.23
D6A 1.8527 60.28 50.07 3.92234 1.1148 .36149 .045757 18 3.69
D7A 1.7556 75.00 74.63 3.90944 1.0074 .41550 .050614 17 3.27
D7B 1.7562 74.13 73.72 3.90933 1.0086 .41368 .048300 17 3.31
D8A 1.7500 61.11 61.17 3.91500 0.9819 .48689 .061828 18 2.85

In Fig. 5 the frequencies determined for XX Pyx are con®Gne may see that with the increasing radial order the triplet be-
pared with frequencies of low degree modes in selected modelsmes more and more asymmetric, so that the prograde mode
These are not all acceptable but they cover the whole range. The- —1 almost overlap the centroid mode = 0 at the high
common pattern of the model frequency spectra is the large lequency end. There is a near equidistant separation between
parture from the equidistant pattern of the rotational splittinthe consecutive centroid modes at edéh most of the cases.
This is particularly well seen in the case of the- 1 triplets. The exception is the low frequency part of the- 2 spectrum
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M= 2016, <p/po> = 0.167, log Ty = 3911, log L = 1.316, Vy,, = 56 km/s very much like those in Fig. 3. In particular, the dips occured at
0_' T '_' gt '®’ R ' L L_ the same locations. For the same set of models the absolute min-
imum of y? (0.00254) was reached at dip 3/p- = 0.216).
1 : : T 71 The minimum value was nearly three times smaller than the
Rps s s@p e s o9 s P g > o= absolute minimum in the previous 13-mode case. The implied
A b b b b b b mean frequency mismatch of 0.05 c/d is close to the estimated
M = 1.995, <p/pe> = 0.187, log Ty = 3.912, log L = 1.288, V,o = 99 km/s uncertainty in calculated frequencies. It is, thus, clear that im-
L L B L (LB ) L provement on the side of theory is needed before we will be
o g : -1 able to produce a credible seismic model for this star. In the
1} -q ® & 9 . . -{  next section we discuss two most needed improvements.
2Fe o . »o ols o . @ ® . o@ c —
!III!IIIIIIII[I!IIIII Ii!llll 6_Pr0b|ems

M= 1.912, <p/po> = 0.218, log Ty = 3.906, log L = 1.208, V,, = 89 km/s

One important effect in the treatment of rotational frequency
T | T T T ! T T T i T T T | T T T I T T T T T T I T T T . . ) . )
ok . . | perturbation which we did not include so far in our calcula-
tion was the near—degeneracy of certain modes which may be

tr 11 I ! ’ " coupled by rotation. The effect is discussed in details by Soufi
It (R E R A 1 R * 71 etal. (1997). Here we will present selected results for our model
L I 11 1 l 11 1 | {11 I 11 1 I Lol i | | ld )
D3A.
M = 1.878, <p/po> = 0.247, log Tuy = 3.907, log L = 1.169, V,, = 64 km/s Uniform (more generally, spherical) rotation couples modes
A L L L B L if their azimuthal numbersni() are the same and their degrees
0 1 (¢) are the same or differ by 2. If the frequency difference be-
Lo e -8 -1 tween the two (or more) coupled modes is of the order of the
2l o co|le » ® » -« . . .|-- - rotation frequency one has to use the version of the peturbation

T T Y T TN T formalism appropriate for the case of degeneracy i.e. to consider
as a zeroth order basis a linear combination of the nearly degen-
erate modes. The relative contributions of the components are

M = 1.837, <p/po> = 0.299, log Ty = 3.9089, log L = 1.115, V,p = 79 km/s

0 | . | | | . | —{  determined from the second order(lhperturbation equations.
e 3 . ol .o In application to XX Pyx a systematic hear—degeneracy oc-
ol . o lo o .. .| curs between thé = 0 and 2 modes and bet_ween the= 1
TR and 3 modes. In the latter case, for each multiplet we have three
28 28 30 32 34 36 38 40 coupled modes correspondingto = —1, 0, 1. These near—
Frequency [¢/d] degeneracies follow from rather high valuesroéind, hence,

) ) _ L _approximate validity of the p—mode asymptotics. We also con-
Fig. 5. Comparison of the XX Pyx frequencies (vertical lines) Wltl'éidered coupling involving three modes, efg= 0, 2, 4 or

model frequencies (symbols) fdr = 0 (top row), ¢ = 1 (middle _ . . .
row), ¢ = 2 (bottom row). The encircled symbols denote the modegs* 0, 2,2, inthe case of avoided crossing. In none of the cases

identified with those excited in the star. Small open circles denote tﬁ%ns'dered the 'nduls'on of.the. third mode V_Vas essem'al'.
stable modes (always very close to instability~ 0. Positions of Model D3A and its oscillation frequencies were obtained

the selected models in the H-R diagram are denoted with asterisk§¥hmeans of interpolation described in the previous section. In
Fig. 4. In Tables 2 and 3 these models (from top to bottom) are denof@@er to evaluate the effect of the degeneracy we had to recal-
as D1E, D2A, D3A, D4B, and D5A. culate the model and its frequencies. A comparison of the two
upper panels of Fig. 6 clearly shows that the grid of models was
not sufficiently dense. The differences between interpolated and
in all, but the lowest mass models. Here we see the effectaaficulated frequencies are easily seen, especially fof the
avoided crossindgpetween two multiplets. Modes in this rangenodes near the avoided crossing. This inadequacy of our grid
have mixed (p— and g-) character. Their frequencies are sgnnot essential at this stage but must be kept in mind in more
sitive to the structure of the deep interior and therefore thesevanced efforts. In the top panel one may see how the fit is im-
modes are of special interest for seismic sounding. proved if thel/ = 2 identification forf; = 34.7 c/d is replaced
with the ¢ = 3. The value ofy? is then lowered by some 30
%. No fit improvement is achieved by allowing the- 3 iden-
tification for another poorly fit frequencfio = 29.6 c/d. One
Naturally, if we demand fitting for only 12 of the measurethay see, however, in the mid panel that the situation changes if
frequencies we may attain significantly lower valueg®fTo instead of the interpolated frequencies one uses the calculated
estimate the effect we looked for the minimum@fconsidering ones.
all possible choices of 12 modes for each model. As expected, A comparison of the mid and bottom panels shows the effect
the general patterns of thé dependence op/ ., were found of the coupling between nearly degenerate modes. The effect is

5.5. Fitting 12 modes
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ol z ‘ ‘ ‘ | Table 4.Effects of coupling between nearly degenerate modes
e 7 r ) r n fobs L n m fO 5f Alow Ahigh
Y I & . . o - b . .o fo 0 4 0 26.832 0.139 0.923 -0.385
o I A S A A A A AR B 2 3 0 26.686 -0.139 0.761 0.649
‘ ‘ ‘ ‘ ‘ ‘ ‘ fo 1 4 1 27239 0112 00935 -0.356
— ‘ ‘ ‘ : : : 3 3 1 26.720 -0.112 0.422 0.906
oLt , . | fs 1 4 -1 28932 0.096 0.951 -0.308
i 3 3 -1 28293 -0.096 0.374 0.927
il ’ 7 "fis 0 5 0 31153 0226 0881 -0.474
2 * ) ° T ® , m 2 4 0 30.678 -0.226 0.513 0.858
afe o AL e s e e e TRy 151 31923 0153 0.915  -0.403
| | | | | \ \ 3 4 1 31443 -0.153 0481 0.877
T \ \ I I \ \ f3 1 5 0 33374 0.122 0.962 -0.275
ob?t - 3 4 0 32302 -0.122 0.337 0.942
1 b Al le e . - fu 1 5 -1 33613 0.137 0931 -0.365
oL J ] ' 2 ( y ’ B 3 4 -1 33038 -0.137 0.441 0.897
K / R P f 1 6 0 38.064 0.174 0.944 -0.329
e ’ U ‘ 7 3 5 0 3698 -0174 0.370 0.929
‘2‘6‘ ‘2‘8‘ ‘3‘0‘ ‘3‘2‘ ‘3‘4‘ ‘3‘6‘ ‘3‘8‘ ‘40

Frequency [c/d]

Fig. 6. Effects of inadequate grid density and near degeneracy sholi#s knowledge should be shared with other groups undertaking
for one of the best models (D3A). The upper panel shows interpolag@iihnilar efforts.
frequencies which are the same (except that 3 modes are added)  Undoubtedly, an improvement of the fits could be accom-
as in the mid panel in Fig. 5. The mid panel here shows frequenciespfihed by allowing adjustment of the chemical composition
the same modes for the recalculated model. Frequencies of the mqsiggameters. The overshooting distance and parameters in the
coupled _by rotation are connected with dashed lines. The resultiagig) dependence of rotation rate should also be regarded as
frequencies of these modes are shown in the lower panel. adjustable quantities. These degrees of freedom affect primar-
ily the positions of the mixed modes relative to pure p—-modes.
In this application the mixed modes exist foe= 2 at the low
best seen in the case OF 2 and 0 modes. The frequency disfrequency end. Such modes extend to higher frequencies for
tance between the modes increases when the coupling is ta@fier ¢'s. However, the freedom allows also a fine tuning of
into account. In Table 4 we give the values of the frequency shiftg gistances between pure p-modes. One could hope that there
(0f) caused by the mode coupling as well as the amplitudesi@fjyst one mode identification and one corresponding model
the spherical harmonic componentt, is corresponding 0 of the star for which the frequency fit within the measurement
¢ =0or1andAygy is corresponding t6 = 2 or 3). One may errors is possible.
see that the mutual contamination of the= 0 and 2 COMPO-  Thge reason why we cannot yet proceed this way is that our
nents is quite strong. This is bad news for prospects of moglgaiment of rotation is not adequate. We used here a perturba-
discrimination by means of two—color photometry because sughy, theory which is accurate up to some 0.05 c/d, much worse
contaminated modes may appear inaheplitude ratio —phase i, the measurement accuracy. We are not yet sure that the

differencediagrams (Watson 1988, Garrido et al. 1990) in the,cently developed cubic theory (Soufi et al. 1997) would yield
¢ =0, 1 or 2 domains depending on the inclination of the roy ¢ fricient accuracy.

tation axis. Fortunately, modes with # 0 are not affected.
The mutual contamination is also significant for the- 1 and
3 pairs. In all the cases the nomirfa= 3 modes will be most
likely observable through thetr= 1 contaminations.

Observational determination of tliealues for some of the
excited modes could significantly change the situation. Imag-
ine, for instance, that we find that the photometric data place the
f1 mode into the/ = 0 domain of anamplitude ratio — phase
differencediagram (see Watson 1988, Garrido et al. 1990). We
may see in Table 1 that this mode has far the highest ampli-
tude and certainly it will be the first for which we will have
Clearly, we have not succeeded in constructing the seisrttie required data. As we have discussed in Sect. 6, the possi-
model of XX Pyx. Models regarded as plausible, such as thdséty that this is not & = 0 mode but rather 4 = 2,m = 0
in Fig. 5, do not reproduce the frequencies within the observaode must be considered. Fortunately, we do not see such an
tional errors. In fact, we are quite far from tié—3 — 10~2 identification forf; in Table 2. Thus, we are left with only two
c/d error range seen in Table 1. The departures from the fit foodels, D4A and D4B, with very similar parameters and the
some of the identifications are in fact easily visible in Fig. Same identification for almost all modes excited in XX Pyx. We
The problem proved more difficult than we have anticipatedould discriminate between the two if we knévor f,, which
We believe that we learned something in the process and tisathe only mode with different identification. If, however, the

7. Discussion
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f1 position in the diagram corresponds tofas 1 domain, we

are less lucky. The possible models are not only six models with
¢ = 1for f; but also models D4A and D4B with= 0 because
radial modes contaminated witlf & 2 component may appear

in the/ = 1 domain. The ambiguity implies a wide range of
admissible model parameters.
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ABSTRACT

We report multisite observations devoted to the main-sequence & Scuti star XX Pyx,
conducted as the 17th run of the Delta Scuti Network. Over 125 nights a total of 550 h of
usable time-series photometric B- and V-filter data were acquired involving both photo-
electric and CCD measurements at eight observatories spread around the world, which
represents the most extensive single time-series for any pulsating star other than the Sun
obtained so far.

We describe our observations and reduction methods, and present the frequency analysis
of our new data. First, we detect six new pulsation and five new combination frequencies in
the star’s light curves. We also discover evidence for amplitude and/or frequency variations
of some of the modes during the observations. These can occur on time-scales as short as
20d and show quite diverse behaviour. To take them into account in the frequency analysis, a
so-called non-linear frequency analysis method was developed, allowing us to quantify the
temporal variability of the modes and to compensate for it. Following that we continue the
frequency search and we also incorporate published multisite observations. In this way, we
reveal three more pulsation and two more combination frequencies. In the end, we report a
total of 30 significant frequencies — 22 of which correspond to independent pulsation modes.
This is the largest number of independent modes ever detected in the light curves of a 6 Scuti
star.

1 Guest observer, McDonald Observatory, University of Texas at Austin,

USA.

§ Guest observer, Laboratorio Nacional de Astrofisica/CNPq, Brazil.
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The frequencies of the modes show preferred separations as already suggested by previous
work on this star; they are also arranged in clear patterns. These results lead to a refinement
of the stellar mean density (p = 0.241 = 0.008 po) and to a new constraint on the rotation
rate of XX Pyx (v = 1.1 £ 0.3d™"). However, our attempts to identify the modes by
pattern recognition failed. Moreover, mode identification from multicolour photometry
failed as well because the high pulsation frequencies make this method unfavourable. The
diverse behaviour of the amplitude and frequency variations of some of the modes leaves
resonances as the only presently known possibility for their explanation.

Key words: techniques: photometric — stars: individual: CD-24 7599 — stars: individual:
XX Pyx — stars: oscillations — & Scuti.

1 INTRODUCTION

Asteroseismology is the study of the interior structure of
multiperiodically pulsating variable stars by identifying all the
observed pulsation modes and by reproducing the observed
frequency spectra via model calculations. With this method a good
understanding of the interior structure of the Sun and of pulsating
white dwarfs has been obtained. However, the application of
asteroseismological techniques to main-sequence pulsators other
than the Sun has proven to be difficult.

The most promising candidates for exploring the deep interior
of main sequence stars through asteroseismology are the 8 Scuti
stars. These are spectroscopically (mostly) normal A—F stars of
luminosity classes III-V; most of them are multiperiodic non-
radial pulsators. Regrettably, seismological studies of these
objects are not straightforward. The main problems are:

(i) Most of the excited pulsation modes have low photometric
amplitude; a large amount of data is required to detect them (e.g.
see Breger et al. 1999).

(ii) & Scuti stars are low radial order p- and g-mode pulsators;
asymptotic theory in general cannot be applied to decipher the
pulsation spectra.

(iii) Many well-observed & Scuti stars are in the phase of shell
hydrogen burning; theoretical frequency spectra of such evolved &
Scuti stars are very dense. It is therefore difficult to identify the
pulsation modes correctly as only a small percentage of unstable
modes is actually observed (Dziembowski & Krolikowska 1990).

(iv) Most multiperiodic & Scuti stars are fast rotators:
rotationally split multiplets may overlap in frequency and
second-order effects destroy equal frequency splittings (see
Templeton, Bradley & Guzik 2000 for an illustration). Differential
rotation would result in a further complication of the frequency
spectrum.

(v) Mode identification methods usually have different
sensitivities for different types of mode; they are therefore hard
to cross-calibrate. Their reliability is often questionable and
depends on the physical parameters of the target star (e.g. Balona
& Dziembowski, private communication).

One possible way to overcome all these difficulties is to select
stars with the simplest interior structure, slow rotation, and a large
number of excited and detectable pulsation modes for in-depth
studies. This idea is based on an examination of models of & Scuti
stars in the beginning of main-sequence evolution: the unstable
mode spectrum of such models only comprises p-modes and is
therefore relatively simple. If a sufficient number of these modes

is detected in a real star, and if several consecutive radial
overtones are excited, obvious patterns within the mode
frequencies should appear, even if rotationally split multiplets of
modes of different degree, £, overlap. These patterns will allow an
assignment of the pulsational quantum numbers £ and m to the
modes (if the star obeys the same physics as the models). This
method has been tested successfully (Handler 1998). Furthermore,
photometric colour information could be used to check these
mode identifications.

An ideal target for the application of this strategy is XX Pyx.
Using 220 h of measurement during two Whole Earth Telescope
(WET, Nather et al. 1990) campaigns, Handler et al. (1996, 1997)
detected 13 pulsation frequencies in the light curves; this
corresponds to approximately 40per cent of the theoretically
predicted number of modes with £ = 2. For this low ovsini
(52kms™ ') & Scuti star, Handler et al. (1997, hereafter HPO)
managed to obtain some initial seismological results despite the
lack of definite mode identifications: XX Pyx is a 1.85-Mg star in
the first half of its main-sequence evolution. A first seismological
distance to a & Scuti star of 650 = 70 pc has been derived for this
object. Pamyatnykh et al. (1998) attempted to obtain a ‘best
seismic model’ for the star, but they could not find even one model
that matched all the observed frequencies acceptably well. The
reason for this result was suspected to be due to deficiencies in the
model physics; the detection of more pulsation modes is hoped to
point towards the cause of the problem.

XX Pyx is just sufficiently evolved that it may have one (and
only one!) mode with g-mode properties in the interior excited.
This particular mode can be used to determine the star’s interior
rotation rate and to measure the amount of convective core
overshooting (Dziembowski & Pamyatnykh 1991), because a
large fraction of this mode’s kinetic energy originates from the
outer part of the convective core. The size of the overshooting
parameter is one of the most ill-determined quantities in stellar
model calculations: it is ‘found small if supposed small, large if
supposed large’ (Renzini 1987). A determination of this parameter
is of crucial importance for the understanding of stellar structure
and evolution, in particular for modelling open cluster HR
diagrams (some people need convective overshooting to explain
them), solar and stellar activity (the underlying dynamo mechan-
ism) and, of course, stellar interiors.

Finally, XX Pyx has been reported to exhibit amplitude
variations on time scales as short as one month, as well as
frequency variability detectable over a few years (Handler et al.
1998, hereafter HPZ). This behaviour can make different sets of
normal modes detectable at different times. Then the combined
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ensemble of modes can be used for an asteroseismological
investigation. Such a strategy has been applied successfully
already (Bond et al. 1996, Kleinman et al. 1998).

For all the reasons stated above, we deemed it worthwhile to
devote a large observational effort to XX Pyx. A major multisite
campaign has therefore been organized by the Delta Scuti
Network (see Zima 1997); the initial results of that campaign
are the subject of this paper.

2 OBSERVATIONS

Our multisite photometry was carried out between 1998 January
15 and April 5; the total time-base of our data set is therefore 81 d.
We used 13 different telescope/detector combinations at nine
observatories suitably spread in geographic longitude, and we
obtained data during 125 clear nights at the different sites. We
utilized both charge-coupled devices (CCDs) and photomultipliers
(PMTs) as detectors, taking advantage of their different wave-
length sensitivities: CCD measurements were taken through the
Johnson (or Bessell) V filter whereas the PMT observations were
acquired through the Johnson B filter. A brief synopsis of our
measurements is given in Table 1, where PMT1 denotes a single-
channel photometer, PMT2 a two-channel photometer and PMT3
a three-channel photometer.

The photoelectric observations were taken as high-speed
photometric measurements, i.e. continuous 10-s integrations on
the target star were performed. Because of the faintness of XX
Pyx (V = 11.50mag) and its short periods, this is the observing
technique which promises the best results (see Handler 1995 for a
more detailed discussion) in the case of photoelectric observa-
tions. The integrations on the target star were only interrupted to
acquire measurements of sky background. If single-channel
photometers were employed, additional observations of a close
comparison star (SAO 176755) were obtained at hourly intervals.
For multi-channel photometers, the latter object served as a sky-
transparency monitor in Channel 2.

Our CCD measurements were obtained with a number of 512 X
512 and 1024 X 1024 chips, resulting in fields of view between
3 x3and 11 x 11 arcmin® The telescopes were pointed to acquire
the maximum number of possible comparison stars on the frames,
and care was taken to minimize drifts of the images over the chip.
Integration times were chosen to yield one image every 60—120s.

Delta Scuti Network observations of XX Pyx 513

Bias and dark frames as well as sky or dome flat fields were also
taken every night (whenever possible).

3 REDUCTIONS
3.1 [Initial CCD reductions; variable stars in the field

The reduction of the CCD frames was started by correcting for
bias and flat field using standard routines. For the SARA
observations, a correction for dark current was also useful. The
extraction of the stellar time series was mainly accomplished
using the MOMF package (Kjeldsen & Frandsen 1992), which
combines point spread function (PSF)-fitting and aperture
photometric techniques and gives excellent results. Under some
circumstances (e.g. slow image rotation during a run) this needed
to be supplemented by IRAF aperture photometry. The MOMF
routines allow an easy choice of optimal aperture sizes, whereas
we followed Handler, Kanaan & Montgomery (1997) for
determining the best aperture radii for the IRAF results. The
SAAO CCD measurements were analyzed using a modified
version of DoPhot; the results were compared to those obtained by
MOMF and found to be of similar quality.

We took special care in checking the constancy of the CCD
comparison stars; we found two new variable stars in the field. A
finding chart for those stars is given in Fig. 1. Variability of Star A
(V=15.1, no identification found in the literature) was
discovered on the SAAO CCD frames. It varied sinusoidally
with a time-scale of about 20 d and an amplitude of about 0.1 mag.
The new variable B (GSC 6589-0555, V = 14.5) showed slow
drifts of a few hundredths of a magnitude during the two nights of
observation from Wise Observatory. These light variations were
subsequently confirmed with the SARA data; the star was not
present on any of the other observatories’ frames. We note that it
has a close companion which might affect the photometry, but this
is unlikely owing to the applied MOMF photometry algorithm and
because the magnitude changes were not correlated with seeing
variations. The light variations of GSC 6589-0555 are rather
complicated with a time-scale of about 20h; no satisfactory
multifrequency solution could be found.

To pinpoint the nature of these two variables, classification
spectra were taken at the 1.9-m telescope of SAAO. Star A is of
mid-to-late K spectral type. This spectral classification is
corroborated by CCD colour photometry obtained at the SAAO

Table 1. Observing log of the 17th run of the Delta Scuti Network

Telescope Instrument Observer(s) Hours of measurement
McDonald 0.9-m PMT2 G. Handler, J. A. Guzik, T. E. Beach 104.7
McDonald 2.1-m PMT2 G. Handler 54.0
ESO 0.9-m Dutch CCD T. Arentoft, C. Sterken 102.2
SAAO 0.75-m PMT1 P. Martinez, F. Podmore, A. Habanyama, P. Meintjes, J. Brink 70.5
Siding Spring 0.6-m PMT1 R. R. Shobbrook 40.9
Siding Spring 1.0-m PMT1 R. R. Shobbrook 20.1
Perth 0.6-m PMT1 P. V. Birch, P. Crake, G. Lowe, T. Smith 57.2
SARA 0.9-m CCD M. A. Wood, T. Oswalt, C. F. Claver 54.9
SAAO 1.0-m CCD L. A. Crause, D. W. Kurtz 22.1
Wise 1.0-m CCD E. M. Leibowitz, P. A. Ibbetson 10.4
SAAO 1.0-m PMT1 R. Medupe 9.6
Kavalur 1.0-m PMT3 B. N. Ashoka, N. E. Raj 32
Itajuba 0.6-m CCD J. E. S. Costa 0
Total 549.8
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Figure 1. Finding chart for the new variables in the field of XX Pyx.
Coordinates (Epoch 2000.0) are: Star A: «: 08"58™34%2, §: —24"33™m525:
Star B: a: 08"58™43%7, §: —24"40™28°. The coordinates for star B are
from the Guide Star Catalogue and should therefore be accurate, whereas

the coordinates of star A were only roughly determined by us. North is on

top and east to the left, the field of view is approximately 8 X 8 arcmin?.

1.0-m telescope, which yielded V =15.12+0.02, (B—V) =
1.31+0.02, (V—R:)=072%x0.04, and (V—-1.)=140=%
0.05. In accordance with the observed variability we think this
is most likely a spotted star. Star B has a spectral type of late A/
early F. It is therefore probably a variable star of the -y Doradus
type. Needless to say, neither object was used as a comparison for
XX Pyx.

3.2 Initial PMT reductions; constancy of the comparison star

The photoelectric measurements were reduced in a very similar
way to that described by HPO (differences will be stated in what
follows), i.e. we made use of the time-series of SAO 176755 to
compensate for transparency variations or thin clouds (the latter
naturally only in the case of multichannel observations) whenever
necessary. This, of course, requires that this star be constant within
the detection limit of oscillations of XX Pyx.

Non-variability of SAO 176755 had already been demonstrated
for the new WET observations presented by HPO. However, the
present study is based on a considerably larger amount of data.
Therefore the expected noise level is much lower than previously,
and the constancy of SAO 176755 has to be evaluated again.
Another reason for doing so is that some variable stars can change
their amplitude of variability with time; as a result some stars may
appear constant at certain times, but variable at others.

We first considered the CCD photometry. Usable measurements
of SAO 176755 were obtained during the first 11 nights (50.4 h) of
SARA observation. On all the other frames the fields were either
too small to acquire the star or its images were partly saturated
(for obvious reasons the integration times were optimized for XX
Pyx and not for one of its potential comparison stars). We
computed an amplitude spectrum of these reduced data and found

0.5

0.4

0.3

0.2

rall ETR RS A A R

0.1

LI L L L B L

Amplitude (mmag)

| IR 1 L

00 2000 3000

Frequency (uHz)

0 10

Figure 2. Amplitude spectrum of the time series of the comparison star
SAO 176755 out to the Nyquist frequency. No variability with an
amplitude larger than 0.4 mmag can be discerned; the distribution of the
peaks is compatible with noise. The sharp decrease in amplitude at
frequencies below =~200pHz is due to low-frequency filtering. The
frequency ranges of interest for XX Pyx are indicated.

no variations with an amplitude larger than 1 mmag. Despite our
attempts to suppress image motion on the frames, we found a clear
1/f component in the amplitude spectrum. As this is also true for
the other comparison stars, we do not consider it to be intrinsic to
SAO 176755.

Our next step was to select the photoelectric multichannel data
which were taken under photometric conditions (25 nights from
McDonald Observatory) and to reduce the comparison star data.
We subtracted a polynomial or spline fit to the sky background,
removed bad points and corrected for extinction. We also
performed some low-frequency filtering of the data (as we will
do later for the programme star observations as well; we will
discuss this procedure further below) as we wanted to eliminate
possible PMT drifts and because we were only interested in
variability occurring on the same time-scale as the target star’s
pulsations. We then filtered out the slow variations in the CCD
time-series, multiplied the resulting magnitudes by 1.32 (the
average theoretical B/V amplitude ratio for 8 Scuti-type pulsations
following Watson 1988), and merged it with the photoelectric light
curves after converting the times of measurement into Helio-
centric Julian Date (HJD). Then we calculated the amplitude
spectrum of the combined time-series comprising 143.1h of
measurement, which is shown in Fig. 2.

There is no evidence for variability of SAO 176755 in Fig. 2
within the accuracy of our observations. We therefore conclude
that it can be used safely to correct the programme star time-series
if taken under non-perfect photometric conditions. Thus we were
able to proceed to the reduction of the variable star time series
obtained with PMTs. As before, we first corrected for sky
background, bad points and extinction. Whenever necessary, a
differential time series relative to SAO 176755 was constructed.
For multichannel photometers, this was done on a point-by-point
basis. However, boxcar smoothing of the Channel 2 data was
applied whenever possible so that as little additional noise as
possible was introduced in the light curves of XX Pyx; the width
of the smoothing function was chosen depending on the time-scale
on which transparency variations occurred. In the case of single-
channel photoelectric observations, low-order polynomials or
splines were fitted through the comparison star measurements and
the fits were subtracted from the target star observations.

© 2000 RAS, MNRAS 318, 511-525
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Figure 3. Some light curves obtained during the campaign. Diamonds: photoelectric SAAO data, plus signs: photoelectric McDonald observations, crosses:

CCD measurements from ESO, open circles: SARA CCD light curve

3.3 Final reductions; low-frequency filtering

Because our primary goal is to detect as many pulsation
frequencies of XX Pyx as possible, we are interested in obtaining
the lowest possible noise level in the frequency range of interest.
However, low-frequency noise generated for example by residual
sky transparency variations, tube drift or image motion on the
CCD detector can increase the noise at higher frequencies due to
spectral leakage. Therefore, we decided to subject our time series
to low-frequency filtering. We are aware that this destroys
possible long-period stellar signals, but our combined data set is
so inhomogeneous that such signals are hardly to be trusted. This
had actually been a severe problem in the analysis of the first
multisite data on the star (Handler 1994). We must further note
that low-frequency filtering can be a dangerous procedure and has
therefore to be applied with great care. By no means do we want to
compromise the information supplied by the intrinsic variability of
the star.

We proceeded as follows: we calculated the HJD for the
preliminarily reduced light curves and combined the data for the
different filters. Then we performed a frequency analysis of these
data sets and removed a synthetic light curve consisting of all the
detected signals due to pulsation from the time-series. This gave
us a good indication of the frequency range excited in the star; we
found that pulsational variability of XX Pyx only occurs at
frequencies larger than 300 wHz. Based on this result we decided
to filter out variations with frequencies less than 230 wHz
(20d7 M.

To accomplish this, we split the original and residual light
curves into those of the individual runs. We visually inspected
them and we calculated amplitude spectra of all these different
residual time series. Then we calculated synthetic light curve fits
to the residual data, by fitting straight lines and/or sinusoids with
all detected frequencies below 230 wHz to these residuals and we
subtracted these synthesized low-frequency signals from the
corresponding original light curves.

As the last step, we summed the final PMT and CCD light
curves into 120-s bins to give all the observations equal weight
and to decrease the number of data points to a reasonable amount.
This time-series will be frequency-analysed in the next section.

We show some examples of our reduced light curves in Fig. 3.
These were obtained during the part of the campaign with the
highest duty cycle of the observations, but they are typical

© 2000 RAS, MNRAS 318, 511-525

concerning data quality; they are not our best light curves. We
refrain from showing all our data, as this would fill five journal
pages at a reasonable scale. We will do that, however, in a
publication to be submitted to the Journal of Astronomical Data,
where we will also make our reduced data (9139 B and 5415 V
measurements after binning) publicly available.

4 FREQUENCY ANALYSIS
4.1 Linear frequency analysis

Our frequency analysis was performed with an updated version of
the program PERIOD (Breger 1990). This package applies single-
frequency Fourier analysis and simultaneous multifrequency sine-
wave fitting. We extended it to be able to handle large data sets
with a rich frequency content.

We calculated the spectral window and amplitude spectra of our
data as well as amplitude spectra of residual light curves where the
previously identified periodicities were removed by means of a fit
consisting of simultaneously optimized frequencies, amplitudes
and phases. The frequencies were derived from the B filter data
(which have a better spectral window and span a larger time base)
and were kept fixed for the V filter observations to minimize
effects on the amplitudes and phases due to mutual influence of
the different signals.

All the parameters of our multifrequency fits are here assumed
to be constant over the duration of the data set. Therefore we call
this part of our frequency analysis linear. Results for the different
filters are plotted in Fig. 4.

After the detection of 13 frequencies we decided to combine the
residual B and V light curves; aliasing in the V filter data does not
allow a convincing representation of the results in this filter after
that point. We made use of these 13 frequencies to determine a
scale factor required to merge the B and V residuals. It must be
pointed out that different pulsation modes ought to have different
amplitude ratios in the two filters; this is a known tool for mode
discrimination. Therefore one should only merge such data as late
as possible during a frequency analysis, i.e. the error of the
determination of the amplitude ratio must considerably exceed its
intrinsic scatter to avoid the introduction of artefacts.

Consequently, we determined the amplitude ratios for all the 13
modes and we adopted the median of these ratios (which
amounted to 1.29) as the multiplication factor for the V filter
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Figure 4. Spectral window and amplitude spectra of our B (left-hand side) and V (right-hand side) light curves and the results of removing three, seven and
ten simultaneously optimized frequencies. The signals taken out from one panel to the next are labeled; the numbering is consistent with that used by HPO.
Frequencies already known are f;—f}4, all peaks with higher indices correspond to new modes which are now at higher amplitude due to the star’s well-known
amplitude variations. For reasons of presentation we stop this analysis after the detection of 13 frequencies.

residual light curves. We prefer the median over the mean to
minimize the effects of ‘outliers’. We then searched the combined
data for further periodicities and display the result in Fig. 5. The
frequencies derived at this step were determined from optimizing
the fit for the combined residual data set, but they were kept fixed
for the following determination of the amplitudes in the different
filters for the same reason as explained before.

We need to clarify the steps of the frequency analysis presented
in Fig. 5. In the combined residual data set (after removal of the
contribution of 13 periodicities) we first tried to identify
frequencies which were already detected by HPO, but not yet
found in the present data set. These frequencies are labeled with
arrows together with their identification in the upper half of the
second panel of Fig. 5. All of them are present, however with
small amplitude.

In the lower half of the second panel of Fig. 5 we show the
residual amplitude spectrum after removing 17 periodicities. We
can detect two more pulsation frequencies (again denoted with
arrows and their identifications), and we indicate two further
peaks with arrows close to them.

These two peaks and the peak labelled fig in Fig. 4 have
something in common: they are very close (within 0.5 wHz) to the
pulsation frequencies fj, f> and f;. They are, however, fully
resolved. The two unlabelled arrows in Fig. 5 actually denote the
exact frequencies of f> and f;. These close peaks are reason for
concern as will be explained below; we stop the search for
pulsation frequencies by means of linear frequency analysis at this
point. We just add that the highest peaks believed to be noise in
this frequency range have an amplitude of about 0.5 mmag.

However, we can still search for the presence of combination

frequencies in our data.' Some have already been detected by
Handler et al. (1996), but only one 2f-harmonic was significant.
Because of our large new data set we can hope to increase the
number of confirmed combination frequencies. Of course, the data
reduction techniques applied only allow us to look for frequency
sums; the frequency differences lie in the low-frequency range
where we have previously filtered the data.

The lowest panel of Fig. 5 presents the frequency spectrum of
XX Pyx in the range where combination frequencies are to be
expected. In the upper half of this panel three peaks stand out; they
all correspond to combination frequencies. After including the
signals due to these frequencies in the light curve solution, the
three next highest peaks can also be identified with combination
frequencies (lower half of the lowest panel of Fig. 5). We note that
a residual amplitude spectrum after adopting these three further
signals exhibits more peaks whose frequencies coincide with
combinations of pulsation frequencies but their amplitudes are
comparable to those of the highest noise peaks (=0.18 mmag) in
the corresponding frequency domain. We therefore refrain from
taking them into account.

At this point we find it useful to summarize our preliminary
results from the linear frequency analysis and we do so in Table 2.
To give an impression of the accuracy of these values, we also quote
formal linear least-squares error sizes on our frequencies and
amplitudes using the formulae of Montgomery & O’Donoghue
(1999). These error bars should only be taken as a rough guide and
are certainly underestimates, as will become clear in Section 4.3.

" This will provide us with an important clue used in the following
analysis and in the interpretation of our results.
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Figure 5. Spectral window and amplitude spectra of our combined B and V
data for both pulsation as well as combination frequencies. The train of
thought in this part of the analysis and the meaning of the indicated peaks
are explained in the text.

4.2 Why go non-linear?

The main goal of our frequency analysis is to detect as many
intrinsic pulsation frequencies of XX Pyx as possible. However,
based on a simple numerical simulation we suspect that we have
not yet exploited the full frequency content of our data: we
calculated amplitude spectra of data consisting of white noise
only, with the same standard deviation, number of data points and
time distribution as the real data and ‘reduced’ them in the same
way as the original measurements; the resulting noise level was
about a third of that of the observations, suggesting that further
signals could be present in the data.

As has been pointed out in the Introduction, XX Pyx is known
to exhibit detectable amplitude variations on time-scales as short
as a month (HPZ). Our data set spans almost three months.
Therefore it can be suspected that these peaks close to several of
the stronger modes could be caused by intrinsic amplitude (and
possibly frequency) variations during the observations.? Prelimin-
ary tests showed that this is indeed the case and we must conclude

2 Another reason for the appearance of such close peaks would be
mismatches in the filter passbands between the different
observatories, generating apparent amplitude modulations. Esti-
mates of the size of such effects (Handler 1998) showed however
that they would not be noticeable in the amplitude spectra.
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Table 2. Results of the linear multifrequency solution for XX Pyx derived
from the Delta Scuti Network measurements acquired in 1998. Formal
frequency error estimates range from #*0.0004 wHz for the strongest
modes to =0.02 wHz for the weakest combination frequencies; the formal
errors in amplitude are £0.055 mmag for B and +0.054 mmag for V.

ID Freq. Freq. B ampl. Vampl
(WHz) (@)  (mmag) (mmag)
fi 441.085 38.1098  7.80 6.53
b 416.813  36.0126  7.69 6.49
f 387.009 334376  5.88 4.56
£ 363.424  31.3998 1.94 1.9
fs 335621 289977 027 0.45
fo 312.624  27.0107  2.08 1.22
f 401.188  34.6626  2.43 1.9
fs = 2f1 882.171 762196  0.30 0.20
fo 315.494 272587  0.55 0.35
fio 342779 29.6161 1.53 1.00
fii 389271  33.6330 044 0.49
fiz 332.178 287002  2.06 1.32
fis 361.143 312028 091 0.72
fia 369.207  31.8995  0.64 0.17
fis 398.166  34.4016  2.15 1.83
fie 418248  36.1366 1.54 0.75
fiz 420446 36.3265 1.15 0.77
fis 440.571  38.0653 1.01 0.72
fio 313.678  27.1018  0.58 0.51
fro 422322 364887  0.77 0.35
far =f1+f 857.898  74.1224 0.6 0.22
far =f1 +15 828.095 71.5474 0.6 0.20
f=f1+fis 881.656  76.1751 0.21 0.23
fos =f2+13 803.822  69.4502  0.20 0.18
fos=fu +fisorfia+fis 787437  68.0345 022 0.18

that classical frequency analysis methods such as applied in
Section 4.1 are not adequate for the present data set. To reach
our goal of detecting the maximum number of intrinsic pulsation
frequencies and to examine the suspected amplitude and/or
frequency variations during the observations, the latter have to
be quantified; we need to perform a non-linear frequency
analysis.

Before starting with this procedure, we turn to the discussion of
those close peaks appearing in the vicinity of the pulsation
frequencies fi, f> and f;. We have labelled one of them as fig and
included it in our linear frequency solution, but we have not yet
explained why.

We have reason to believe that this is an independent pulsation
mode. fig is very close to the mode f;; the latter is the only
independent pulsation mode for which a 2f harmonic is reliably
detected (we called it fg). This harmonic is just the mathematical
result of the non-sinusoidal pulse shape of fi. Yet we also found a
peak very close to this harmonic — f,3 — which is the sum
frequency of fi and fig (see Table 2). If f13 were an artefact which
describes an amplitude and/or frequency variation of fj, the
harmonic of f; would be modulated in exactly the same way;
therefore the presence of f,; would be expected. However, in this
case the amplitude ratio of fi/fis and fg/f>3 must then be the same.
These amplitude ratios and their error sizes amount to 7.72 = 0.39
for fi/f1s and 1.36 = 0.38 for fg/f>; and are therefore significantly
different from each other. We note, however, that this argument is
only valid under the assumption that the pulse shape of f; does not
vary when this mode changes its amplitude. HPZ have shown that
this assumption is justified.

Regrettably, we cannot use similar arguments for all the other
peaks appearing close to those corresponding to the dominating
pulsation modes, because f; is the only mode with a detectable
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Figure 6. Amplitude and frequency variations of the three most unsteady modes. The adopted fit to compensate for them is superposed.
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Figure 7. Temporal behaviour of all the other modes which were classified as having variable amplitudes. For comparison, the result for one mode with
constant amplitude (fig) is also displayed; the correspondingly adopted fits are shown as well.

harmonic. To be conservative, we will therefore not consider these
close peaks to be caused by possible pulsation modes.

Having set the stage this way, we can now start with our non-
linear frequency analysis. This is of course a very delicate
procedure and has, to our knowledge, never been attempted before
in a similar way. Consequently, we will proceed as carefully as
possible, describing our analysis as comprehensively as possible.
We will also provide discussions or justifications of our decisions
whenever deemed necessary.

4.3 Non-linear frequency analysis

To start our analysis, we first needed to isolate the light variations
of the mode whose amplitude and/or phase variations were to be
characterized. Therefore, we fitted the complete linear frequency
solution to all the data, determined all the frequencies, amplitudes
and phases and stored them. For each frequency under considera-
tion, we then calculated a synthetic light curve from this solution,
leaving out the parameters of the signal in question. This serves to
minimize the effects of mutual influence of the frequencies as
opposed to calculating an optimized (n — 1)-frequency fit to the
data. Our fit was subtracted from the data, leaving them with only
the light variation due to this single mode plus noise (plus possible
further periodic signals). This was done for all the 19 pulsation

modes detected so far and we will call the resulting data sets
‘single-mode data sets’ in what follows.

We note that this fit was calculated for the combined B plus
scaled V data set (again a median amplitude ratio of 1.29 was
adopted). In this way we gained a better time-distribution of the
data at the expense of increasing the uncertainty in amplitude
determination; the latter is easier to take into account and we will
attempt to do so later.

We then had to split the data sets into suitable subsets for
examining amplitude and phase stability. The optimal solution
would be to have as many subsets as possible, and all of these
should have good spectral window functions in order to suppress
the influence of other modes on the one under scrutiny. With real
data this cannot always be achieved. Consequently, we attempted
to partition the data as optimally as possible; for sections of data
where we could not obtain a very clean spectral window we
increased the time-base. We ended up with 19 non-overlapping
subsets of data containing between 367 and 1152 points and
spanning between 1.28 and 4.85 d. In other words, we had at least
13 cycles of any mode in each subset of data available.

Continuing the analysis, we took all the single-mode data sets,
fitted the corresponding frequencies again and optimized them.
Then we fixed the frequency and determined the corresponding
amplitude and phase, as well as the error estimates for those
quantities (following Montgomery & O’Donoghue 1999; actual
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values will be shown in Figs. 6 and 7), in all the 19 subsets. The
temporal behaviour of the amplitudes and phases of the different
modes was investigated for variability.

We noticed that several modes seemed to show amplitude and
phase variations, which prompted us to seek criteria to distinguish
modes which were variable in time. However, this could not be
done in a generally applicable way. First of all, we noticed that our
errors were not random. Comparing the rms scatter of the ampli-
tudes and phases determined for all the modes in all the subsets
with the mean of the standard errors we derived before, we found
that the real scatter was a factor of 2 or more higher than the mean
of the formal error estimates.® The latter has also been recognized
by Koen (1999) in his analysis of high-speed photometry.

Furthermore, the behaviour of the amplitudes in time was quite
different from mode to mode: some seemed to be linearly
increasing or decreasing, some exhibited apparent cyclical
variations, and some showed combinations of the features
described above. Finally, the error in phase does, of course,
depend on the amplitude itself. Because of all this, distinguishing
between variability and constancy is not straightforward; we
decided to rely upon common sense and experience. In other
words: our results will reflect personal bias.

After having classified the amplitude or phase behaviour of the
modes initially as:

(i) variable in amplitude and phase;
(ii) variable in amplitude only;
(iii) constant;

we modified the fitting procedure. We first note that we did not
find a mode which was variable in phase only, but this could be
serendipity. Another result of this first examination was that
allowing for phase variability of low-amplitude (<1.5mmag)
modes is not useful; the phases of such modes are too weakly
constrained. Therefore any apparent variability is doubtful.

The modification of the fitting procedure consisted of leaving
phase as a free parameter only for those modes where definite
phase variations were detected. For all the other modes we fixed
the phase and, if the mode was found to be constant in amplitude
as well, also the amplitude. This decreases the number of free
parameters in the fitting procedure and was intended to avoid
generating artefacts. For example, the calculated amplitudes of
weak modes tend to become systematically too large when
allowing their phases to be free parameters, exposing the analysis
to the danger of overcompensating for their contributions.

The resulting diagrams of amplitude and phase versus time

This is probably partly due to mutual influence of the different
modes; we performed simulations by generating multiperiodic
synthetic light curves sampled the same way as the observations,
using the frequencies from the linear solution, constant amplitudes
and phases of the component signals, convolved with Gaussian
noise and analysing them just as the real data. We found some
small systematic trends in the reconstructed amplitude and phase
behaviour over time. Another source of systematic error would be
the presence of further pulsation modes or of residual transparency
variations in our data. To examine the contribution of the latter, we
compared the rms scatter of amplitude determinations of subsets
of our comparison star data with the mean of the formal errors
thereof. We found that the ‘real’ errors were about 50 per cent
larger than the formal values. All these effects together can
therefore explain at least a large fraction of the discrepancy
between the observed and formal errors.
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Table 3. Amplitude and phase variations of some
pulsation modes of XX Pyx during the 1998
observations; in case of cyclical variability an
approximate time scale is given. Only variable
modes are listed.

ID Amplitude variability Phase variability

f» Linear and cyclical 25d)  Cyclical (25d)

£ Cyclical (25d) Cyclical (25d)
fa Cyclical (70d) Cyclical (25d)
fs Cyclical (22d) -
fr Cyclical (20d) -
fiz Cyclical (35d) -
fis Linear -
fiz Linear -

were then fitted according to which kind of variability these
parameters exhibited. Besides the diverse behaviour of the
amplitudes described above, cyclical phase variations were also
detected for some of the stronger modes. Consequently, we
constructed synthetic light curves for all the different modes
according to their behaviour, i.e. we generated sinusoids whose
amplitudes and phases varied in time correspondingly.

This is, of course, not yet the best solution. We already
mentioned the potential danger of mutual influence of the
pulsation modes. Hence we decided to apply our non-linear
frequency analysis iteratively. Therefore, we again calculated
synthetic light curves, including the preliminary results from the
nonlinear frequency analysis for the construction of the single-
mode data sets. We then repeated the procedure of searching for
and classifying the temporal variability, fitting these data with as
few free parameters as possible and finally constructing synthetic
light curves for the individual modes. After this iteration, the
scatter in the amplitudes and phases for the different subsets of
data decreased, indicating convergence and thereby justifying the
iteration.

At this point we can finally display the results of our analysis.
Our final classifications of the amplitude and phase variability of
the modes are summarized in Table 3; the determined amplitude
and phase variations are displayed in Figs 6 and 7. We point out
that the terms we use to describe the amplitude and frequency
variations correspond to the functions we fitted to compensate for
them; their intrinsic shape might well be different. We stress again
that our main aim in constructing the fits was to suppress spurious
peaks in the amplitude spectrum due to the temporal variability of
some modes. We seek no physical justification for the types of the
fits; some might be more suggestive, some less.

Still, we found it useful to derive some formal assessment for
our choices of the fits. We evaluated our solutions by means of the
Bayes Information Criterion (BIC)

BIC = +log s?,

plogN

N
where p is the number of free parameters of a model fitted to data,
N the number of data points and s the standard deviation of the
residuals. The BIC means that for every free parameter introduced
into the fitted model the standard deviation of the residuals should
be decreased by a certain amount; the goal of testing models with
the BIC is to minimize the latter. In the present case (N = 19) the
rms residuals must decrease by 8per cent for each new free
parameter to be accepted.

We tested several models with the BIC for each mode: constant
amplitude/phase (p = 1), linearly changing amplitude (p =2; a



520 G. Handler et al.

LI s S B B B B B

f26 fi

L N L S B B B B B

1992: ]
Data — 14f -

©
o

—~
Qp
©
g
)
O PR S T SO ST SR S NN N SR | P I S SR R NS RN
()
'-U _l LN L N B N B L B B L B B Y I L B B L L B |_
E 1r 17 1994 N
= : 4 Data — 14f ]
Q r 1
§05 7
<
|| “J:
0 v by b b e e b e by

250 300 350 400 450 500 550
Frequency (uHz)

Figure 8. Amplitude spectra of the residuals of the 1992 and 1994 WET
observations after prewhitening the frequency solution determined by
HPO. In the 1992 data, the new mode f;5 found in this study is present, and
a completely new mode (f56) is also revealed. In the 1994 data, our new
mode fi; can be detected. No other new modes could be found in these
smaller data sets.

linearly changing phase would of course mean the chosen
frequency is incorrect) and sinusoidal amplitude/phase modulation
(p = 4). The results of these tests supported our selections of the
employed fits in every case; we were actually more conservative
than the BIC would be. We note that the amplitude variations of f,
were fitted with a higher-order model (sinusoid plus two straight
lines, p = 6). The BIC also confirmed this choice.

Having quantified the amplitude and phase variations of the
modes this way, we can now apply our non-linear multifrequency
fit to the data. However, this again requires caution. The scale
factor we applied to the V filter data is, as mentioned previously,
not expected to be the same for all the modes. In addition to the
dependence of the amplitude ratio on the type of the pulsation
mode, the amplitude variations also have an effect, as our B and V
filter data are mostly not simultaneous and therefore sample
different phases of the amplitude variations of different modes.
Before our nonlinear frequency analysis this was an unknown
factor and could not possibly have been taken into account; at this
point it can (at least to first order). On the other hand, deviations
of the originally adopted scale factor from its ‘real’ value would
only generate noticeable results for the three strongest modes: our
previous detection level was around 0.5 mmag. Therefore, even a
large difference (say, 10 per cent) from the real amplitude ratio
would only generate noise peaks much smaller than this detection
level for the weaker modes.

Consequently, we split the full non-linear synthetic light curve
into two subsets corresponding to the original B and V data. Then
we performed a linear frequency analysis on these data as
described in Section 4.1, adopting the exact frequencies
determined there. We stopped at the point where the B and V
residuals were originally merged. Then we compared the
amplitude ratios between the results in Table 2 and those for the
non-linear solution in each filter for each mode and determined
scale factors for each of the three strongest modes separately.
These were applied to the fits for the corresponding mode, and
the resulting synthetic light curves were added together and
adopted as our final non-linear multifrequency fits. These were
subtracted from the observed light curves in each filter. The
residuals were again combined with a scale factor of 1.29 for the V
filter data and subjected to additional linear frequency analysis.

Before presenting these results, we will however reconsider the
published observations of XX Pyx.

4.4 Reanalysis of the 1992 and 1994 data

As already mentioned in the Introduction, amplitude variations of
pulsating stars can serve to detect more modes over time than
would be possible with one data set obtained in a short period of
time only. XX Pyx was initially observed during two WET runs.
The analysis of these observations (HPO) resulted in 13 pulsation
frequencies, but also suggested that more modes are likely to be
excited in the star. Obviously, some of these suspected further
modes might already have been detected in the present data set,
and one can hope that by including the corresponding frequencies
in a reanalysis of the older data, some more modes which have
amplitudes too low to be detected in the new data can be revealed
in the WET observations because of the consequently decreased
noise level.

Therefore we re-reduced the WET observations in accordance
with the procedure outlined in Section 3.3, subtracted the
multifrequency solution by HPO from these data and searched
the residual amplitude spectra for new modes. We display the
result in Fig. 8.

Indeed, in the 1992 data, the new mode f;s clearly detected in
this study is obviously present. After removing this signal from the
data, a completely new mode f>¢, dominates the residual amplitude
spectrum. This peak has already been discussed by HPO and it
barely escaped detection then. Now we have no doubt it is
intrinsic to XX Pyx as it is also present (but not detected) in the
1998 data. We note that the combination frequencies f>; and f>,
are also present in this data set (see Handler et al. 1996 for a
graphical representation) and can now be included as well.

The lower panel of Fig. 8 shows the residual amplitude
spectrum of the WET measurements in 1994. Here we can only
detect fi; in addition, but no further peaks can seriously be
claimed as being due to pulsation modes in this data set alone. It
should be noted that the 1994 WET data do not have a very good
spectral window. Therefore some modes may have artificially
decreased amplitudes there because of spectral leakage of
prominent neighbours which were prewhitened. Finally, we
would like to comment that the time bases of individual WET
runs on XX Pyx are smaller than any time scale of amplitude or
frequency variations we discovered in the new DSN data. Hence
they should hardly affect the frequency analysis of the 1992 and
1994 measurements.

4.5 Frequency analysis of the combined residuals

As the last step of our frequency search, we put all the residual
data together and we looked for possible further frequencies in the
combined data set. Of course, it would perhaps be more correct to
merge all the original data, then perform a frequency analysis on
this data set with fixed-frequency solutions allowing for variable
amplitudes and phases and to examine the resulting residuals.
However, because of the nature of the amplitude and frequency
variations already discovered and because of the large gaps in the
combined data set, this would lead to severe complications in the
analysis. In addition, we would need to combine the B and scaled
V data beforehand, which have different amplitude ratios and
which could also show phase shifts relative to each other. We are
therefore afraid that such an approach would generate more
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Figure 9. Upper panel: amplitude spectra of the residuals of all three
multisite campaigns. Two further pulsation modes can be detected. Lower
panel: two more combination frequencies manifest themselves.

artefacts than everything else and refrain from it. Instead, we just
examine the combined residuals consisting of the data from each
campaign pre-whitened separately. This could suppress possible
intrinsic peaks, which can then not be detected, but it is definitely
the safer modus operandi.

Fig. 9 shows the results of the analysis of the combined
residuals. In its upper panel, the detection of two more frequencies
of pulsation is presented. We note that peaks at these frequencies
are present (often prominently) in the residuals of each of the
1992, 1994 and 1998 data sets. In the lower panel of Fig. 9, the
two highest peaks in the domain of combination frequencies occur
at sums of known mode frequencies; the frequency of peak f>9 can
be identified with f| + fs, whereas f3o is consistent with three
frequency combinations: f3 + fog or f3 + f ¢ or 2f;;. We cannot
judge which of the identifications is correct.

4.6 Frequency content of the light curves of XX Pyx and
significance of mode detection

Until now, we did not attempt to prove that the frequencies
claimed by us represent significant detections. This was inten-
tional, because different modes were found in different data sets,
for which different circumstances apply and separate discussions
might hence have generated confusion. We now consider this
altogether.

The most widespread (and in our view most useful) criterion to
assess the significance of detections in frequency analyses was
proposed by Breger et al. (1993), which adopts an amplitude
signal-to-noise ratio of 4 as the limit for a reliable detection. We
refer to the aforementioned paper and to Handler et al. (1996) for
discussions of this criterion and for prescriptions for its use. Later,
Breger et al. (1999) suggested that a somewhat lower signal-to-
noise ratio of 3.5 would serve as a good gauge for the reality of
combination peaks as these must occur at predictable frequencies.
So far, these criteria have never led to spurious answers and we
will therefore adopt them for our analysis as well.

We calculated the amplitudes of all the modes and combination
signals for the data sets in which the detections were reported in
this paper. Then we determined the noise level following Handler
et al. (1996) and calculated the resulting signal-to-noise ratios for
all the peaks. The outcome is summarized in Table 4.

As one can see from this table, all the new frequencies
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Table 4. The frequency content of XX Pyx from the
combined analysis of the 1992—-1998 multisite obser-
vations. The quoted amplitudes and signal-to-noise
ratios correspond to different data sets, namely those
where the amplitudes of the modes were determined for
the S/N calculation: 98B means the B amplitude of the
1998 data, 98C denotes amplitudes in the combined
1998 B and V data set, 92 labels the 1992 WET data
(mode detection in hindsight) and 929498 is the data
set consisting of the combined residuals of all the
multisite observations. Entries in the columns for
amplitude and S/N labelled with colons correspond to
modes which are variable in amplitude. The modes f5
and fi4 are not significant here, but they were clear
detections by HPO.

ID Freq. Freq. Ampl. S/N  Data set
(WHz) (@) (mmag)
fi 441.09  38.110 7.80 65.3 98B
b 416.81  36.013 7.7: 61: 98B
/5 387.01  33.438 5.9: 46: 98B
fa 363.42  31.400 1.9: 15: 98B
fs 335.63  28.998 0.35 29 98C
fe 312.63  27.011 2.1: 18: 98B
fr 401.18  34.662 2.4: 19: 98B
I3 882.16  76.219 0.27 4.9 98C
fo 31550  27.259 0.51 43 98C

Ffio 34278 29616 153 122 98B
fu 38928 33634 052 40  98C

fi. 33218  28.700 2.1: 17: 98B
fis 36114  31.203 0.91 7.1 98B
fia  369.21  31.900 0.45 33 98C
fis  398.17  34.402 2.2: 17: 98B
fie 41825  36.137 1.54 12.4 98B
fiz 42045 36.327 1.2: 10: 98B
fis 44057  38.065 1.01 8.7 98B
fio 313.67 27.101 0.59 47 98C

foo 42232 36.489 0.63 5.1 98C
for 85791  74.123 0.27 47 98C
fro  828.12 71549 0.26 4.4 98C
f3 88152 76.163 0.24 43 98C
foa  803.83  69.451 0.21 3.6 98C
fos 78737  68.029 0.21 3.5 98C
oo 341.07  29.468 0.87 4.1 92
fr7 41950  36.245 0.47 45 929498
frs 39120  33.799 0.44 42 929498
fro 75332 65.087 0.19 37 929498
fro  779.03 67308 0.19 3.6 929498

correspond to certain detections according to the criterion used,
although we caution that the combination peak with S/N = 3.5
only reached this value after rounding.

We find it useful to comment on the problem of mode detection
a little further. Because we are investigating a very large data set,
one could suspect that noise peaks can rather easily exceed our
adopted S/N threshold. Scargle (1982) inferred a so-called false
alarm probability criterion on which the reliability of frequency
detection can be judged. It has however been pointed out by
various authors (e.g. Martinez 1989) that this criterion gives
overoptimistic results. The results are also quite dependent on the
time-distribution of the data (Horne & Baliunas 1986). Because of
all this, a comparison using the formal methods developed in the
original papers does not seem useful.

We decided to do the following: we considered a hypothetical
signal which is present in the 1998 data set with a S/N of exactly
4.0. To derive the false alarm probability of such a detection, we
generated 300 data sets consisting of our residual data, but
shuffled in time (investigating the combined data set of all
campaigns would require an impracticably large amount of
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computing time), and performed frequency searches on them.
About 1.5 million peaks in the amplitude spectra were considered
and their S/N was calculated in exactly the same way as for our
observations. We found 12 peaks that exceeded the empirical
criterion of S/N = 4.0, corresponding to a false alarm probability
of 8.0 1079 for a peak with this S/N. A similar experiment by
generating data sets of random noise with the same temporal
distribution as our real data gave a similar result (false alarm
probability 7.1 X107 for §/N = 4.0). The residuals of the
observations are of course not random, but we use a determination
of the local noise in our calculations. We therefore take the effects
of non-random noise into account in first order. In any case, we
add that we do not use such formal criteria alone to judge the
reliability of peaks in the amplitude spectra. Other tests, such as
investigating subsets of data are always performed in addition.

Finally, we carried out some experiments to find other possible
frequencies, for example by dividing the data into carefully
chosen subsets, e.g. the data of highest quality. We also invoked
some frequency analysis techniques which employ weighting
(Arentoft et al. 1998) but in no case could we discover further
credible pulsation frequencies. We note however that the residual
light curves often show features which clearly indicate periodic
variability with the time scale of the detected pulsations, but these
do not seem to be coherent. Amplitude spectra of subsets of such
residual data often show strong peaks, but they never quite reach
S/N = 4.0, which can be taken as further support for the use of
this criterion. This apparent incoherence could be intrinsic (short
mode life-times, amplitude variations of yet undetected modes) or
be a result of multiperiodicity.

5 MODE TYPING
5.1 Frequency spacing

HPO reported the discovery of a preferred separation within the
frequencies of pulsation modes they revealed in the light curves of
XX Pyx. These authors suggested this was due to the presence of
modes with alternating even and odd values of the pulsational
quantum number £ for the following reasons:

(i) The number and frequency distribution of the detected
modes required that more than a one £-family be present.

(i1) Pulsational models show such sets of modes should occur
alternatively in the excited range of radial overtones.

(iii) The evolutionary state of XX Pyx is consistent with this
hypothesis only.

(iv) The characteristic frequency spacing is too large to be
interpreted in terms of rotational splitting.

Making use of this result, HPO could infer the frequency
spacing due to consecutive radial overtones and hence derive the
mean density of XX Pyx; the latter is possible because this
characteristic spacing is simply a measure of the sound crossing
time through the star. Because this preferred separation is not the
asymptotic one, HPO had to invoke model calculations to
determine the mean density of XX Pyx.

For obvious reasons it is very interesting to check whether this
mean frequency spacing is still present as we have now almost
twice as many modes available. Therefore, we repeated the
analysis described by HPO and we display the result in Fig. 10,
which contains the Fourier power spectrum of the frequency
values with amplitudes normalized to unity.

Comparing our result to that of HPO, we find practically no

difference. In fact, the characteristic frequency spacing became
even more significant. We follow the method described by HPO to
refine the mean frequency spacing of consecutive radial overtones
of XX Pyx to 53.6 = 0.5 wHz. With this value we can also refine
the star’s mean density to p = 0.241 = 0.008pc.

As mentioned in the Introduction, the discovery of more
pulsation modes of XX Pyx should lead to obvious patterns within
the frequency values of the modes. To examine this idea, we show
a schematic frequency spectrum with all the pulsation modes in
Fig. 11.

Our prediction turned out to be correct. The modes of XX Pyx
are grouped within narrow frequency intervals with some gaps in
between. This is a clear indication of the expected essentially pure
p-mode spectrum split by rotation.

As a matter of fact, the appearance of this schematic frequency
spectrum can be used to estimate the stellar rotational velocity. If
one considers a series of model frequency spectra of & Scuti stars
in the evolutionary state of XX Pyx and studies the development
of their patterns depending on rotational velocity, the following
features become apparent: for a slowly rotating model, the
multiplet patterns form non-overlapping close groups. The faster
the model rotates, the more the multiplets begin to overlap in
frequency; gaps between the groups disappear. In a certain range
of rotational rates, the modes seem to form regular groupings
again, but the different subgroups are mixed in £. The reason for
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Figure 11. Schematic frequency spectrum of XX Pyx. Clear groupings of
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this ‘clumping’ of modes is that the second-order effects of
rotation are of similar size as the first-order effects, causing the
modes with m = 0 of the same k and £ to be very closely spaced
in frequency, whereas the modes with m > 0 are mixed into the
next groups of closely spaced modes at lower frequency.
Increasing rotation even more, these groups again disappear,
because the second-order effects begin to dominate. As we know
that XX Pyx has a projected rotational velocity vsini =52 =
2kms~!' (HPO), we can immediately rule out that the groupings
seen in Fig. 11 consist of members of the same £; rotational
splitting would be too large even if i = 90°. Consequently, the
rotational velocity of the star must be in the correct range for
modes closely spaced in frequency, separated by gaps, to appear
again. Hence we can predict that the rotation frequency of XX Pyx
must be around 1.1d™ " or its v,y = 110 + 30kms™'.

As pointed out by the referee, one would expect to see evidence
for rotational splitting within the pulsation frequencies of XX Pyx.
Considering the large number of theoretically expected modes we
detected, the presence of several pairs of modes of m = 41 and
m = —1 of the same k and £ is very likely. Such mode pairs
should have very similar frequency differences (=2v,,,), as first-
order rotational effects are small, second-order effects cancel for
frequency differences of modes of the same Iml and third- and
higher-order effects are negligible. We actually performed a
search for such frequency differences, but our results were
inconclusive. The reason for this could either be unfavourable
mode excitation or differential rotation.

Adopting the ranges of mean density and rotational frequency
inferred above and assuming that most observed modes must be
p-modes of radial order 4—-6 (HPO) with £ = 2, we attempted to
perform an identification of all the modes by examining the mode
patterns. Regrettably, our initial attempts failed, although parts of
some solutions appeared quite promising. For example, the mode
groups (fo, f12, f5)> (fi4, f3, f11) and (f17, fis, fi) would be consistent
with € = 1 triplets of k =4, 5, 6 for a rotational frequency (2=
0.9d7!, but several of the remaining modes can then not be fitted
reasonably with the remaining possibilities of £ =0 and 2. A
definite mode identification therefore probably has to await
detailed model calculations.

5.2 Phase shifts and amplitude ratios

To aid in identifying the excited modes with their pulsational
quantum number £, time-series colour photometry can be
employed. Pulsation modes with different £ behave slightly
differently when observed at different wavelengths, which can in
principle be used as a mode discrimination tool (Balona & Stobie
1979; Watson 1988; Garrido, Garcia-Lobo & Rodriguez 1990;
Balona & Evers 1999). The most widespread method utilizes
amplitude ratios and phase shifts of the pulsations in two different
filters for determining £.

These values are in principle easy to determine from the
observed light curves. However, as we have shown in Section 4.3,
the amplitudes and frequencies of several modes are variable,
which complicates the analysis. As a matter of fact, for these
modes it only appears safe to use those parts of the data where
simultaneous B and V filter photometry has been obtained to
determine amplitude ratios and phase shifts: the intrinsic shape of
the star’s amplitude and frequency variations is not known. Thus,
correcting for these to allow use of the whole data set is not
justified. There are, however, only about 60 h of overlapping B and
V measurements available.
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Still, we calculated the amplitude ratios and phase shifts for
each of the 11 strongest modes; the results are listed in Table 5.
For modes which appear to be constant in amplitude and phase,
the values in Table 5 were calculated from a linear multifrequency
fit with fixed frequencies for the B and V data. For all the other
modes, we examined the overlapping data pre-whitened by the
other frequencies. These overlapping data were subdivided into
parts which were significantly smaller than the time scales of the
amplitude and frequency variations, and amplitude ratios and
phase differences were calculated for each subset by fixing the
frequencies. We adopted the mean value of the individual
determinations as our result and the mean error of this mean for
our error estimate. The error sizes for the modes constant in
amplitude and phase in Table 5 are based on the formulae by
Montgomery & O’Donoghue (1999), but the results were multi-
plied by a factor of two because of the correlated noise (see
Section 4.3) to yield approximately realistic estimates.

As one can see from Table 5, the error estimates for the
amplitude ratios and phase shifts for the modes fi—f; are the
lowest, which makes these modes the best candidates for a
determination of £. However, a comparison between the observed
amplitude ratios and phase shifts for these modes and the
theoretical ‘areas of interest’ (kindly calculated and provided by
M.H. Montgomery) in an amplitude ratio/phase shift diagram for a

Table 5. Amplitude ratios and phase shifts for
11 modes of XX Pyx. See text for information
on the determination of the quantities listed.

ID Freq. AplAy b — by
(nHz) (degrees)
fi  441.09  1.194+0.027 +1.0+13
£ 41681  1.245+0.056 +23=*1.1
fs 38701 1272+0.056  —-23*19
fi 36342 11250016 —12.1%77
fo 312,63 1449+0.183 +212+165
£, 401.18 1.204+0.070 —3.6+39
fio 342778 1.530+0.207 -13+78
fio 33218 1.758 +0.319 -1.0+25
fis 39817 1.175+0.196  +85+6.2
fiz 42045 1.063+0306 +31.2*16.4
fis  440.57  1.402+0.272 +1.0=11.1
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Figure 12. Amplitude ratios and phase shifts for the three strongest modes
of XX Pyx compared with theoretically predicted values. Boundaries for
the £ = 0 area of interest are shown with full lines, those for the £ = 1 area
with dotted lines and those for £ =2 with dash-dotted lines. No
meaningful result can be obtained from this diagram.
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Terr = 8414 K, log g = 4.20, model for a pulsation constant Q =
0.016d (Fig. 12) shows obvious disagreement between the
theoretically predicted values and the observations.* We therefore
advise against the use of the information in Table 5 for mode
identification at face value. We cannot say whether the disagree-
ment is due to systematic errors in the determination of the
amplitude ratios and phase shifts or due to a problem of the
method itself.

Assuming the latter to be true, we can gain some understanding
when recalling the principles of this mode identification
technique. As mentioned above, it relies on the fact that the
amplitude and phase at a given passband depends on the spherical
harmonic degree, £ (see, for example, Balona & Evers 1999). The
dependence is due to the geometric variation and the integral of
the limb darkening. The limb darkening term is, however, of little
importance in determining the amplitude and phases. The gravity
and temperature variations do not depend on £ (Balona &
Dziembowski, private communication). Furthermore, the tem-
perature term is always larger than the geometric term and rapidly
dominates as the period decreases, since it is proportional to the
square of the pulsational frequency. This means that the depen-
dence of the amplitudes and phases on £ diminishes very rapidly
for higher-order p modes. For XX Pyx which is on the main
sequence and has such p modes excited, the amplitudes and phases
are practically independent of £. The photometric method of mode
identification therefore fails in this case.

6 DISCUSSION OF THE AMPLITUDE AND
FREQUENCY VARIATIONS

One of the results of Section 4.3 was that three modes were
variable in amplitude and phase during the observations; five more
modes appeared to show amplitude variations only. In the
following, we would like to comment on this result and its
implications.

First of all, it must be pointed out that some of the five modes
for which only amplitude variations were reported may be variable
in frequency as well, but our data set is not sufficient to prove this.
Some of these modes have low amplitude; phase determinations
are therefore not well constrained. Second, it is now clear that the
analysis of the amplitude and frequency variations of XX Pyx by
HPZ can only be taken as a guide towards the long-term behaviour
of this star’s modes. The variability we found in the present paper
is generally smaller in amplitude, but the time scales are shorter;
the data set of HPZ is insufficient to sample these variations
adequately. In any case, it appears pointless to attempt assigning
one certain time scale to the observed variations, although
approximate time-scales should be discussed.

Starting with the three modes that are variable both in amplitude
and phase, we need to say that the time scales of both variations
are the same (within the errors of determination) for two modes (f>
and f3), but they are vastly different for f;. The latter mode also
shows the largest relative amount of variability, both in amplitude
and phase. On the other hand, the amplitude variability of f, seems
to be the most complicated of all modes.

Concerning the modes examined in Fig. 7, it is also evident that
not all amplitude variations necessarily contain a short-term cyclic
component with a time scale shorter than the length of our data
set. Some amplitudes just seem to change slowly in time. For

“It could be suspected that the signs of the observed phase shifts
are wrong. This is not the case.

some modes with cyclically variable amplitudes it appears that the
amplitude of these variations is not necessarily constant (e.g. fs).

Finishing our description of the observed behaviour, we
consider the variability time-scales of all modes with cyclic
amplitude variations. It seems that they are all about the same
(except for f, and maybe fi,). How does all that relate to the
results of HPZ?

The diverse behaviour of the different modes rules out any
presently known explanations for the cause of the amplitude and
frequency variability, except resonances between the modes (see
HPZ for more detailed arguments). In this case one would expect
amplitude modulations with a time-scale of the order of the
inverse growth rates of the modes. HPZ examined that possibility
and suggested it is consistent with the observations, within the
uncertainties of the observations and of the growth rates (there is
no unique model for XX Pyx yet). One quantitative statement can,
however, be added now: the growth rates of the pulsation modes of
the models depend on frequency (e.g. see fig. 5 of HPZ). For
models of XX Pyx, this means that the growth rates for modes
near 320 wHz are much smaller than those for modes around
420 pHz (0.3 versus 8 yr ! for the specific model used by HPZ).
However, the time scales of the amplitude variations of the star are
not consistent with this picture; they do not show a frequency
dependence. The hypothesis of resonances being responsible for
the amplitude and frequency variations is however not invalidated:
a suitable choice of parameters for model calculations might be
able to reproduce the observed behaviour. The major drawback of
this hypothesis therefore manifests itself: it is extremely difficult
to verify observationally. Finally, we should add that theoretical
growth rates for mixed modes are quite different from those of
pure p-modes, which could also at least partly be responsible for
the apparent disagreement between observations and theory.

XX Pyx is not the only & Scuti star with well-documented
temporal variability of its pulsation spectrum: the star 4 CVn has
been observed for more than 30 yr. The amplitude variations of 4
CVn have most recently been described by Breger (2000).
Regrettably, possible frequency variability could not be examined
reliably because of large gaps in the data. We can therefore only
compare the amplitude variations of the two stars. Those of 4 CVn
seem to occur on much longer time scales (we caution again that
the data set for this star contains large gaps, as did that of HPZ;
therefore some variations could be undersampled) than those of
XX Pyx. Therefore, no repeated cycles can yet be seen in the
amplitude variations of 4 CVn. Still, some features are similar in
principle: there is no obvious correspondence between the
behaviour of the different modes, and it is also hard to define a
single characteristic time scale on which the variations of the
individual modes occur.

In addition, 4 CVn also shows one mode whose variations are
more dramatic than all the others, similar to our f;. This mode of 4
CVn also showed an apparent phase jump by 180°. We note for
completeness that we also observed this for some weak modes of
XX Pyx, but because these phase jumps occurred at very low
amplitude, the corresponding errors in phase determination are
large and this led us to doubt the reality of such features.

We finally mention that Breger (2000) noticed that the most
unstable mode of 4 CVn also generates the largest number of
combination frequencies, which he took as support for the idea
that the amplitude variations are caused by transfer of energy
between the modes. This is not the case for XX Pyx, where the
presence of combination terms rather seems to be dependent on
the amplitude of the parent modes. As a matter of fact, no
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(possible) identification of the combination frequencies of XX
Pyx involves the most variable mode, f;. We do not wish to
comment further on this topic as the exact physical nature of the
combination frequencies is far from being understood, which will
make any statement relying on these features highly speculative.

7 SUMMARY AND CONCLUSIONS

The 17th run of the Delta Scuti Network, devoted to the unevolved
pulsator XX Pyx, resulted in the largest single data set ever
reported for a pulsating star other than the Sun: 550 h of multisite
measurements obtained in 125 clear observing nights at eight
different sites. Both photomultiplier and CCD detectors were
employed; filters were selected to take advantage of their different
wavelength sensitivities.

As a first result, our data analysis revealed two new variable
stars in the fields of some of the CCDs used. Turning to the
programme star, we found the frequency analysis of its time-series
photometric measurements disturbed by amplitude and frequency
variations occurring during our observations. We developed a non-
linear frequency analysis method which was employed to take the
temporal variability of the pulsation spectrum into account. We
also found that noise correlation leads to error estimates in
frequency, amplitude and phase that are approximately a factor of
two higher than their formal values. Finally, we were able to detect
22 independent mode frequencies for XX Pyx, which is the most
ever found for a & Scuti star. In addition, eight combination
frequencies were revealed. Compared to previous work on the star,
we therefore increased the number of pulsation frequencies by
nine and the number of combination frequencies by eight.

We found a preferred frequency separation within the pulsation
modes, confirming the result originally published by HPO. Having
now almost twice as many mode frequencies available, we find
that their values show clear patterns as well: they consist of
distinct groups of closely spaced modes. These results lead to a
refinement of the mean density (p = 0.241 = 0.008 po) and to a
new constraint on the rotation rate of XX Pyx (yo = 1.1 =
0.3d™"). Attempts to identify the modes by pattern recognition
failed. In addition, potential mode diagnostics obtained by the
analysis of our colour photometry failed as well. Consequently,
asteroseismology of the star requires detailed model calculations.

The diverse behaviour of the amplitude and frequency varia-
tions of some of the modes leaves resonances as the only plausible
possibility for their explanation. We attempted to point out
possible inconsistencies of the observations with the predictions of
this theory, although we are aware that it is difficult to conflict
with observations as it has little predictive power.
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ABSTRACT

We analyse 147h of single-site CCD time series photometry of the multiperiodic low-
amplitude 6 Scuti star XX Pyx with the aim of investigating variability at low frequencies.
Part of the data were obtained in the context of the 1998 multisite campaign on XX Pyx, the
results of which were described by Handler et al. We find that periodic low-frequency
variations are present in the XX Pyx light curves, and we detect two frequencies at 4 =
0.8695cycled™! and fp = 1.7352cycled™!, respectively, with amplitudes of 4.5 and
5.4 mmag. The low-frequency variability is intrinsic to XX Pyx, and cannot be attributed to
instrumental or atmospheric effects. The near 2:1 ratio of the frequencies leads us to suggest
that XX Pyx is a & Scuti star in a binary system, with a possible binary period of 27.6 h. This is
strongly supported by the detection of radial velocity variations from the re-analysis of
echelle spectra obtained by Handler et al. However, in the absence of a spectroscopic period,
alternative explanations of the photometric variability involving pulsation are also possible;
the variations occur close to possible combination frequencies of the short-period (& Scuti)
variations, but high Q values of 0.57 and 0.28 d suggest that the variations are not a result of
normal (p-)modes. They could possibly be due to g-modes excited to observable amplitudes
as a result of resonance effects. Surface features (spots) are unlikely to be the cause of the

variations.

We searched for combination frequencies (f; — f}), f being the normal & Scuti frequencies
detected by Handler et al., but failed to detect any.

Key words: methods: data analysis — techniques: photometric — stars: individual: XX Pyx —
stars: individual: CD—24 7599 — & Scuti.

1 INTRODUCTION

XX Pyx is one of the best studied low-amplitude multiperiodic &
Scuti stars, with close to 1000 h of photometric data collected since
its discovery as a variable star in 1992. In 1998 it was the target of a
large multisite campaign, organized in the framework of The Delta
Scuti Network (DSN). From this and earlier efforts, 22 independent
pulsation frequencies and eight combination frequencies (one
harmonic and seven at frequency sums of f; + f;) were detected in
the light curves of the star (Handler et al. 2000a, hereafter HAS).
Apart from detecting a number of previously unknown frequencies
and linear combinations, HAS also detected frequency and
amplitude variations on time-scales as short as 20 d. They did not,
however, consider light variations with frequencies below
20cycled !, since their data set was not sufficiently homogeneous
to trust low-frequency peaks in the amplitude spectrum. The
history of the study of XX Pyx is briefly reviewed by HAS, and an
overview is also given by Arentoft & Handler (2000).

*E-mail: tarentof @vub.ac.be

In this paper we investigate the low-frequency part of the
amplitude spectrum of XX Pyx, below 7cycled ™', the lower
frequency limit in the paper of Handler et al. (1996). No study has
so far looked at this extreme low-frequency part of the amplitude
spectrum, because the major part of the existing data had been
obtained using non-differential high-speed photoelectric photom-
etry, which is not suitable for investigating low-frequency
variability.

We are here exploring a region of the frequency spectrum often
not considered in multisite campaigns on & Scuti stars, mainly
arising from problems with instrumental instability and with
merging of data sets from different observatories, as discussed by
Breger (1994). However, recent campaigns have investigated the
low-frequency region of the amplitude spectrum also; examples are
the 6 Scuti stars 4 CVn (Breger et al. 1999), where combination
frequencies were found at values of f; — f;, and © Tuc (Paparé et al.
1996; Sterken 1997), where two peaks at low frequencies in a 2:1
resonance were explained with the variable being a component of
an ellipsoidal binary system. This explanation was later confirmed
spectroscopically by De Mey, Daems & Sterken (1998).
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Among possible explanations for low-frequency variations are:
binarity, frequency differences as a result of mode coupling, actual
modes excited at frequencies favoured by resonant pulsation
energy transfer (Dziembowski 1982) or surface features, like spots.
Other possibilities include g-modes as in the y Dor stars.

As discussed by Breger (1994), and also by Sterken (2000), it is
indeed necessary in a multisite campaign to investigate light
variations at all time-scales, and not just those where pulsation
frequencies are expected to be found a priori. This is necessary for
obtaining a full asteroseismological picture of the star and for
searching for variability caused by effects other than pulsation.
Breger (1994) discusses the extension of multisite campaigns to
frequency ranges outside the ones normally considered (below 5
and above 50 cycled™'). He suggests that slow variations can be
searched for by obtaining a large amount of data from one site,
using the same instrumental set up, therefore avoiding merging
problems, e.g. as was mentioned above for XX Pyx. The data
presented in this paper meet this requirement; we have collected a
large amount (147h) of homogeneous photometric time series
CCD data on XX Pyx using the Dutch 91-cm telescope at European
Southern Observatory (ESO), La Silla, Chile. The major part of the
data was obtained during the 1998 multisite campaign, but
additional data have been obtained before and up to one year after
the campaign. The part of the data set obtained during the 1998
campaign is discussed and published by Arentoft & Sterken
(2000).

In the present paper we search for low-frequency variations
in these data. In Section 2 we briefly discuss the observations
and reductions; in Section 3 we analyse the data and discuss
the results in Section 4. Finally, conclusions are drawn in
Section 5.

2 THE DATA

The CCD observations were carried out in 1997—1999 using the
Dutch 91-cm telescope at ESO, La Silla, Chile. Details of the
observations can be seen in Table 1.

The photometric reduction procedure was described by HAS and
in detail by Arentoft & Sterken (2000). The only difference from
the procedures described there is that the reduction parameters
have now been optimized and applied to all data together, thus not
on a night-to-night basis.

We have furthermore obtained BV magnitudes of the stars in the
observed field from CCD observations taken during a photometric
night on 1998 May at SAAO, South Africa. The frames were taken
in a sequence (within 10 min); no correction for extinction was
therefore applied. The colours have been roughly transformed to
the standard system, using the known colours of XX Pyx and GSC
6589-0348, another catalogued star in the (larger) SAAO field.
The resulting colour—magnitude diagram is shown in Fig. 1 and the
colours of XX Pyx and the brightest of the comparison stars are
listed in Table 2. XX Pyx is not only the brightest, but also the
bluest star in the field. We will return to this point later in
the discussion.

3 LOW-FREQUENCY VARIATIONS

In this section we search the photometric data for long-term
changes and variability. The data obtained at ESO during the 1998
DSN campaign suggested the presence of slow variations, as can be
seen from the light curves in Fig. 2 and from the amplitude
spectrum shown in Fig. 3. The light curves indicate low-amplitude
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Table 1. Log of CCD observations of XX Pyx with the Dutch 91-cm
telescope at ESO, La Silla.

Run Number of  Number of Length  Observer
nights frames (h)
1997 October 4 221 5.5 CS
1998 January(a) 9 1025 16.2 CS
1998 January(b) 17 4688 89.4 TA
1998 February 5 336 6.1 CS
1998 March 4 386 7.0 CS
1998 April 2 157 4.7 TA
1999 January(a) 7 124 2.4 TA
1999 January(b) 9 477 8.9 CS
1999 March 4 356 6.9 CS
Total 61 7770 147.1
. @
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150 o
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17E
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Figure 1. Colour—magnitude diagram of the stars in the field observed at
ESO. The colours have been obtained from CCD frames at SAAO by
Handler. The position of XX Pyx is marked with a diamond.

Table 2. Colours of the brightest comparison stars, based on observations
obtained at SAAO. The identification of the comparison stars is given as the
extension to GSC 6589. GSC 6589-0504 was not in the field of view of the
SAAO images.

Star: XX Pyx 0504 0180 1726 0441 0756 0654

14 11.50 13.88 1446 12.83 1297 1449 14.17
B—-V 0.34 - 0.64 1.29 0.67  0.79 0.84

variations on a longer time-scale superimposed on the main & Scuti
pulsations, which have periods of about 35-60 min. The amplitude
spectra in Fig. 3, which were produced with the computer program
PERIOD98 (Sperl 1998), show that some 1/f noise is present in the
data (in both the comparison stars and XX Pyx), but they also
clearly indicate that variability on a 5—6 mmag level is present in
XX Pyx at frequencies below 5cycled ™.

Owing to these slow variations, we decided to continue the
monitoring of XX Pyx during the observing runs in early 1999.
These observations were conducted in a manner different from the
campaign observations; instead of continuous time series
observations we typically obtained groups of 4-5 CCD frames
taken 1-2h apart, mostly complemented with a long continuous
stretch of 1-2h. Such observations sample low-frequency
variations and night-to-night changes but are, of course, also
affected by the multiperiodic behaviour of XX Pyx.
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Figure 2. Differential light curves of XX Pyx, obtained at ESO, from several nights during the multisite campaign in 1998 January, before (left) and after (right)
pre-whitening with the frequencies detected in the campaign by HAS. Parts of the residuals still show signs of short-period variability, because of the fact that
the frequency solution found by HAS does not describe the observed light curves completely, as is also discussed by Handler et al. (2000b). Furthermore, the
subtracted solution does not take into account frequency and amplitude variability detected by HAS. The right panel also plots the light curves of one of the

constant stars (diamonds).
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Figure 3. Spectral window (top) and amplitude spectra up to 60 cycled '
for XX Pyx (a) and two constant stars (b, c) from the data obtained during
the DSN campaign in 1998.

3.1 Long-term behaviour

To investigate the behaviour of XX Pyx on time-scales from days
to months, we proceeded as follows: for each night we determined
the mean differential magnitude of XX Pyx and subtracted this
from the light curve of that night, which leads to a data set
corrected for night-to-night variations. This was done to remove
the 28 frequencies (20-80cycled™!) — found to be present in the
complete 1998 campaign data obtained by HAS — in the most
optimal way. The purpose was to obtain precise values of the
nightly averages, not affected by the pulsations (which might
especially affect the smaller 1999 data set), and to check whether
the normal & Scuti variations have any effect on the signal at low
frequencies. In this procedure we also checked for bad data points.
As the reductions were done semi-automatically we did not inspect
each CCD frame visually. We therefore searched the light curves
for data points that deviate by 30 (rms) or more from the nightly
averages, and for these points we checked the corresponding CCD
frames. If a frame was found to be bad (because of clouds,
overexposure, bad centring etc.), the data point was removed. In
this way we discarded a total of only 25 points out of 7770. From
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Figure 4. The XX Pyx light curve pre-whitened with 28 frequencies (top)
and that of a comparison star (bottom), showing the data from the whole
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Figure 5. The XX Pyx amplitude spectrum before (top) and after (middle)
pre-whitening the data with the 28 frequencies detected by HAS, based on
data obtained just before and during the 1998 multisite campaign. The
lowest panel shows the amplitude spectrum of one of the comparison stars.
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Figure 6. The amplitude spectrum of XX Pyx before pre-whitening (a),
after pre-whitening with the 1.733cycled”' frequency (b), and after
simultaneous pre-whitening with both the 1.733 and the 0.869 cycled ™’
frequencies (c). The lower panel (d) plots the spectrum of one of the
constant stars for comparison.
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the resulting cleaned data set we subtracted the frequency solution
found by HAS, using simultaneous fitting. We then added the
previous estimates of the nightly averages to the residuals, and re-
determined the averages.

In Fig. 4 we show in the upper panel the long-term behaviour of
the XX Pyx residuals, and in the lower panel the same for a
comparison star. Although the scatter seems higher for XX Pyx, it
is fairly constant on long time-scales (months). Below we will
discuss variability on time-scales of days.

3.2 Fourier analysis at low frequencies

For analysing the low-frequency part of the periodogram we use the
residual data with the 28 frequencies subtracted, and the initially
removed nightly averages added. The data obtained in 1999 are too
sparse (950 points over 3 months) to allow simultaneous fitting of 28
frequencies, and amplitude and frequency variations detected by
HAS may imply that the frequency solution found in 1998 was not
valid in 1999. Thus the analysis presented below will focus on the
data obtained in 1998. The 1999 data will be used mainly for
confirmation and will be discussed separately.

We adopt the criterion that a peak should have a signal-to-noise
(S/N) ratio in amplitude of at least four to be significant, as discussed
by Breger et al. (1993). For peaks at combination frequencies, the
criterion can be lowered to 3.5 (Breger et al. 1999). In Fig. 5 we
show the 1998 amplitude spectrum at low frequencies before and
after fitting the 28 frequencies significant in the complete HAS data
set. This figure shows that subtracting the pulsations at higher
frequencies has only marginal influence on the low-frequency part of
the spectrum. This is expected because the data set is extensive and
the frequency regions are well separated. It is thus not important
whether we analyse the original data, or the data pre-whitened with
the 28 frequencies. Fig. 5 also shows clear peaks present at low
frequencies in the XX Pyx data, and that the same peaks are not
present in the amplitude spectra of the comparison stars. This proves
that the variation is not an instrumental effect; the other stars in the
field (two shown in Fig. 3) have some low-level 1/f noise in their
amplitude spectra, but no significant peaks.

Furthermore, Fig. 5 shows that the window function is poor, i.e.
peaks arising from periodic variations have prominent 1cycled ™'
aliases.

Two peaks (with sidelobes) stand out in the XX Pyx amplitude
spectrum (Fig. 5). The highest peak has an amplitude of about
5.7mmag, and is positioned around 1.7cycled”'. The second
highest peak, disregarding the sidelobes of the first, is at
0.87 cycled ™" with an amplitude of about 4.7 mmag. The highest
peak in the comparison star amplitude spectrum reaches 1.6 mmag
and appears to be a result of the 1/f noise.

Determining the frequencies and amplitudes of these two peaks
using simultaneous fitting gives the frequency values of 0.869 and
1.733 cycled ™', with amplitudes of 4.5 and 5.9 mmag, respect-
ively. In Fig. 6 we show how the spectrum looks after pre-
whitening with one (Fig. 6b) and two (Fig. 6¢) frequencies. The
pre-whitened spectrum shows a group of peaks centred around
3cycled ™!, with an amplitude of 2.4 mmag. The noise level in the
pre-whitened spectrum is 0.7 mmag; this peak is thus not
significant on a 40 level (even pre-whitening with this frequency
as well does not lower the noise level sufficiently for it to become
significant). Furthermore, 3 cycle d’! roughly corresponds to the
length of the night. This peak remains present when nights with
many data points only are used, but in this case it is no longer the
highest low-frequency peak (no peaks are in this case outstanding),
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Table 3. Signal-to-noise (S/N) ratios of the detected low-frequency
variations in different sections of the data. The noise is calculated as
the mean value between 0 and 5cycled ™! in the residual spectrum
after pre-whitening with 30 frequencies. The error in the frequency,
following Montgomery & O’Donoghue (1999), is, on the frequencies
found from the complete data set, about 0.000 05 cycled ™ '. This may
however be an underestimate, as was discussed by HAS and Arentoft
& Sterken (2000).

Data set Label  Frequency  Amplitude Noise S/N
(cycle d™h (mmag) (mmag)
All data fa 0.8695 4.50 0.77 5.82
/s 1.7352 5.39 0.77 6.97
1998 data fa 0.869 4.50 0.71 6.32
fs 1.733 5.86 0.71 8.23
1999 data Ja 0.868 4.20 0.76 5.55
/s 1.734 6.35 0.76 8.39

AV (mmag)

AV (mmag)

20 ER f=087¢c/d ‘ ‘ . _F

00 0.2 04 06 0.8 1.0
Phase

Figure 7. The XX Pyx light curves folded with the low-frequency at 1.73
(top) and 0.87 cycled ™" (bottom). The other frequency has in both cases
been subtracted before the phase diagram was calculated. This plot is based
on data from 1998 January—February binned in 4-minbins, and pre-
whitened for the 28 6 Scuti frequencies.
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Figure 8. Amplitude spectra of XX Pyx, based on all data (top), the 1998
data alone (middle), and the 1999 data alone (bottom). In the lower panel
are the positions of the two detected frequencies indicated with arrows.

and its amplitude is lower (about 2 mmag). The two frequencies at
0.869 and 1.733cycle d! are, with the above-mentioned
amplitudes and noise level, clearly significant (S/N > 4), and are
thus detected. We label them as f» and fp to distinguish these slow
variations from the frequencies detected by HAS (f}-30). The
motivation for doing so is that, as will become clear below, the
cause of the variations is not unambiguously determined. The
phased light curves are shown in Fig. 7 where the variations are
visible, but with amplitudes only slightly higher than the scatter in
the individual light curves. The results are tabulated in the 1998
entry of Table 3. The two other entries in this table will be
discussed below.

3.2.1 Including the 1997 and 1999 data

As a result of the limitations of the 1999 data set, we decided to
treat it separately. In Fig. 8 we show the amplitude spectrum at low
frequencies based on the 1999 data alone (lowest panel). The
central panel shows the spectrum of the 1998 data (discussed
above, for comparison), and the upper panel shows the amplitude
spectrum based on all obtained data. The latter displays the same
peaks as are present in the 1998 amplitude spectrum, with similar
amplitudes. The complete data set is used for determining the
frequencies, since it has the longest time-base (about 1.5 yr) and
therefore the highest frequency resolution. The 1997 data set only
consists of a few hundred data points and cannot be analysed
separately.

The amplitude spectrum of the 1999 data indicates that this data
set is not extensive enough to allow a detailed analysis. However,
as the highest peak at low frequencies occurs at 1.73 cycled ', and
a peak is present at frequency 0.87 cycled ™', the data support the
results found from the 1998 data set. Furthermore, fitting a
synthetic curve using the nine frequencies of highest amplitude
detected by HAS to the 1999 light curves works better if the two
low frequencies detected here are included. Residuals without the
latter have a scatter of 7.6 mmag, while including them brings the
scatter down to 5.7 mmag. We will also show below that the two-
frequency solution fits the light curves well.

We have collected the frequencies and amplitudes determined
from the complete data set and from the 1998, 1999 data sets alone
in Table 3. In all cases, fitting the two frequencies and calculating
the noise from the pre-whitened spectrum leads to significant
detections. However, in the 1999 data set, f5 is not the strongest
signal after pre-whitening with fg, and would not be found from
this data set alone. After pre-whitening the 1999 data with f and
[, the noise level in the amplitude spectrum decreases quite
drastically, as compared with the lower panel of Fig. 8. The two
frequencies have maintained constant phase during the observing
period, i.e. the 1999 data are in phase with the 1998 data. This will
be discussed further below.

3.2.2 Fit to the light curves

In Figs 9 and 10 we show the fit of the two-frequency solution to
the XX Pyx residuals, where the data have been summed into
3-hbins. This fit follows the residual data well, except for a couple
of points, e.g. from the night 50824, 32 and 34 (HJD, Fig. 9). In the
first case, the zero-point of the original light curve is shifted by
several mmag upwards as compared with the synthetic
30-frequency fit, which otherwise agrees well with the shape of
the light curve from that night. This is also the case on HID 50834,
whereas the light curve from HJD 50832 is of rather poor quality
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Figure 10. As Fig. 9, but for part of the data obtained in 1999.

(as a result of the Moon being very close to the field). Except for
the latter night, we have no explanations for these deviations. Fig.
10 shows that the same low-frequency variations as in 1998 are
present in the 1999 light curves. Data from a couple of nights were
of very low quality, and have been omitted.

3.3 Variability and amplitudes of the main é Scuti
frequencies

HAS found eight frequencies to be variable in amplitude, three of
them also variable in phase. The time-scale of the variability is
20-70d for the amplitudes, and 25 d for the phases. Such variations
are not expected to influence the amplitude spectrum at low
frequencies, as we have already shown the modes themselves have
no effect. We did, however, perform tests which confirm this
expectation.

As the low-frequency variation is directly visible in the light
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Table 4. Amplitudes (in mmag) of the three
main frequencies of XX Pyx in the 1998 and
1999 data sets. The formal errors on the ampli-
tudes are, calculated following Montgomery &
O’Donoghue (1999), 0.06 mmag for the 1998
data, and 0.16 mmag for the 1999 data. The
actual errors are certainly larger than the
formal ones because of the high number of
frequencies and the poor window function.

ID  Frequency  Amplitude  Amplitude
(cycled™ ) 1998 1999

fi 38.110 6.6 12.8

b 36.013 6.4 2.8

f 33.438 4.8 5.3

curves, we can immediately rule out the possibility of a spurious
signal from the Fourier analysis. We constructed synthetic data
from the fits used by HAS, which include the frequency and
amplitude variations, using the times of observations of our data
obtained during the 1998 multisite campaign. Calculating the
amplitude spectrum from these data did not result in any signal at
low frequencies. Also, subtracting the fit with the amplitude and
frequency variations included instead of simultaneously fitting the
28 frequencies alone proved to have no effect on the shape of the
amplitude spectrum at low frequencies; the same low-frequency
variations are present in the residual data, with the same
amplitudes.

Although the amplitudes from the fit to the 1999 data are
uncertain as a result of an extremely poor spectral window function
— especially in the region of 25-40 cycle d ™! where a large number
of frequencies is present — it seems that f; (at 38.110cycled ™',
labelling as in HAS) had a much higher amplitude in 1999 than in
1998, more than 12 mmag as compared with the 6.53 mmag (V)
found by HAS. f, seems to have only half the amplitude it had in
1998, whereas the amplitudes of f; and f; seem to have remained
constant. fg has seemingly more than doubled its amplitude,
whereas f; and fj have a slightly higher amplitude. fi5 also seems
to have increased its amplitude. Fitting only the three frequencies
of highest amplitude (f}, f>, f3) to the 1998 and 1999 data
separately (thus minimizing the risk of overfitting the 1999 data)
results in the amplitude values collected in Table 4. Such rather
large variations in amplitude have been observed before for XX
Pyx (Handler et al. 1998).

3.4 Correlation with observational parameters

It is well known that instrumental and atmospheric effects can
cause higher noise levels at low frequencies and also produce
spurious peaks. However, as the low-frequency variations are not
present in the differential light curves of the constant stars, we
believe that they are not a result of instrumental effects. Still the
fact that XX Pyx is the bluest star in the field may lead to the
suspicion that the variations are due to a high-order extinction
effect. This is not the case as the maxima of the slow variations do
not coincide with meridian passage, although in many cases we
observed during the full night starting and ending at large airmass.
The slow variability, by nature, causes the light curve to coincide
with the trend in airmass only for some nights.

A way to test the influence of parameters like airmass, seeing,
sky-background and position on the CCD (x,y offset) is to
investigate the correlation between the light curves and those
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Figure 11. The effect of decorrelating on a night-to-night basis with observational parameters like seeing, sky-background, x, y offset and airmass. The left
panel plots the results for one of the constant stars, (a) before decorrelation and (b) after; the right panel plots the results for XX Pyx, (c) before decorrelation
and (d) after. In panels (c) and (d) we also show the expected positions of the combination frequencies as a result of differences between the & Scuti frequencies.

parameters. However, correlating the XX Pyx light curves with
these quantities is difficult, as the time-scale of the variations in the
light curves is of the same order as e.g. the changes in sky-
background in the case of a rising or setting Moon, or the changes
in airmass. Thus for some nights one would expect large
correlations with certain parameters, while not so for others. This
is exactly what we find when we calculate correlation coefficients
within each night; for some nights the correlation with e.g. the
airmass is high, for other nights it is not, and blind decorrelation
with the mentioned parameters will surely lead to an erroneous
result. For several nights, however, there is no correlation with any
of the parameters, whereas the slow variation is directly visible in
the light curve. This is, e.g., the case for the nights of
HID = 50835, 50836, 50840 and 50843 (see Figs 2 and 9).
After pre-whitening the XX Pyx light curves with the detected
frequencies, there appears to be nothing but noise left in the
amplitude spectrum (Fig. 6). We can then try to decorrelate the
residuals with the observational parameters to search for very low-
amplitude peaks (e.g. combination frequencies). As described
above, we risk destroying the signal at low frequencies, but
although it is difficult to estimate the amplitudes of the
combination frequencies (see e.g. Breger et al. 1998) we expect
them to be very low. The sum frequencies detected by HAS all have
amplitudes below 0.3 mmag, and if the frequency differences had
similar amplitudes, they would, without decorrelation, be
completely hidden in the noise (see Fig. 11c). We therefore tried
decorrelation by fitting one overall multiple linear regression fit of
the five parameters to all the data, and by fitting the same function

on a night-to-night basis, i.e.
V=ag+ aF + as+ aX + ax + asy, (@))]

where, on a given CCD frame, F is the full width at half-maximum
(FWHM) of the stellar profile (seeing), s is the sky-background, X
is the airmass, and x,y the x,y offsets relative to a fiducial frame.
These methods were also applied by Frandsen et al. (1996) in a
search for & Scuti stars in NGC 6134. The overall fit to all data did
not show any correlation with the observational parameters, and
decorrelation did not improve the noise level. Fitting within the
individual nights, however, there is occasionally some correlation
with one or two of the parameters. As shown in Fig. 11, the
decorrelation on a night-to-night basis has a dramatic effect on
the 1/f noise, which is almost completely removed. The left panels
show the effects of the decorrelation on one of the constant stars
suffering from 1/f noise which is very efficiently removed. The
same is the case for XX Pyx, which is shown in the right-hand
panels of Fig. 11. However, one of the effects of this decorrelation
is to remove differences in nightly zero-points, and applying only
this simple correction to the data leads to improvements almost as
significant as the ones seen in Fig. 11 — although the general noise
levels are somewhat higher, and the peak at 3 cycled ™' is not as
suppressed as in the decorrelated case. An effect of the zero-point
correction is that the amplitudes of possible signals decrease
(Breger 1994), making the combination frequencies even harder to
detect.

The fact that applying zero-point corrections, e.g. with the
purpose of removing 1/fnoise, does alter the amplitude spectrum at
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low frequencies is clearly demonstrated if the correction is applied
to XX Pyx before searching for low-frequency signals. The
resulting amplitude spectrum exhibits only one signal at low
frequencies, and not two as detected in the present paper, and the
highest peak occurs at a 1 cycled ™' alias to 1.73 cycled ™, with an
amplitude of only about 60 per cent of the real amplitude. As
Breger (1994) puts it, the temptation to shift the zero-points of
individual nights of data should be resisted.

In Figs 11(c) and (d) we show the expected position of frequency
differences, involving the strongest modes detected by HAS, in the
amplitude spectrum before and after decorrelation. The highest
peaks do not correspond to these values, and we do not detect any
combination frequencies in this part of the spectrum.

4 DISCUSSION

We find no instrumental or atmospheric explanation for the slow
variations in XX Pyx; the low-frequency variations reported in the
present paper are intrinsic to the star. Below we discuss possible
explanations for these variations.

4.1 Binarity

The two detected frequencies are close to a 2:1 ratio, the difference
of 2f, from f; is only 0.0038 cycled '. This is still considerably
larger than the formal error quoted in Table 3, but there may be
other effects present which affect the frequency determination, as
discussed by Arentoft & Sterken (2000), and the formal errors are
certainly underestimates. In fact, the noise level in the amplitude
spectrum at high frequencies (90cycled ') is about 0.1 mmag,
which is what is expected for the number of data points and the
noise per point. However, the noise at low frequencies is about
seven times higher, and if we scale the error estimate with the noise
ratio we get an error of 0.00035cycled™!, still one order of
magnitude smaller than the deviation quoted above.

Still the near 2:1 ratio of the frequencies and the shape of the
light curves suggest that XX Pyx may be an ellipsoidal variable. If
binarity is indeed the cause of the low-frequency variations, the 2:1
ratio should be exact. Subtracting a forced fo + 2fa fit from the
data removes the low-frequency variation, but leaves, as one would
expect, higher residual noise when compared with subtracting a fit
where both frequencies are left as free parameters. To assess
formally if the deviation from the 2:1 ratio is real, we apply the
Bayes Information Criterion (BIC)

log N
BIC=p(/)5 +logs?, @)

where p is the number of free parameters included in the fit, N is the
number of data points, and s is the standard deviation of the
residuals. Since equation (2) should be minimized, introducing an
additional free parameter should reduce the standard deviation of
the residuals sufficiently for the extra free parameter to be
accepted. We have compared the fitting of two frequencies as free
parameters (p = 7; two frequencies, amplitudes and phases and
one zero-point) with a forced fo + 2f 4 fit (p = 6) to the 1998 and
1999 data sets, and we find that the BIC is smaller using seven free
parameters (with s = 5.274 mmag for p = 7 and s = 5.939 mmag
for p = 6). 7527 data points were used in the fits. The BIC thus
argues against a binary explanation for the low-frequency
variations. Calculating forced fits with varying frequency ratios
(between 1.9 and 2.1) indicates by how much the optimal solution
differs from the 2:1 ratio. This is illustrated in Fig. 12, lower panel,
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where the optimal choice of the frequency ratio appears to be closer
to 1.99 — with even a local maximum at a ratio of 2. This plot is
based on the extensive 1998 data set.

The question is if this deviation from 2 is significant or not. It
should be noted that in the very similar case of 6 Tuc (Papar? et al.
1996), the two low-frequency peaks below 1 cycled™ " were found
to deviate from a 2:1 ratio by a comparable amount as we find for
XX Pyx, but were later shown to be caused by binarity (De Mey
et al. 1998). However, Papar¢ et al. (1996) do not discuss a forced
f + 2f fit to their data. We therefore re-analysed their ESO data
set along the same lines as above, to check whether our approach
would point towards the correct solution, i.e. binarity. Data were
obtained in uvby, with residual scatter ranging from about 4 mmag
in y to 5.5 mmag in u. Although the sampling rate was lower, the
data set is very similar to our data set on XX Pyx from 1998
January and February, in both quality and extent. Calculating the
BIC for a free fit of two frequencies and for a forced f + 2f fit
showed that the y, b and v data support a forced fit, and thus the
binary solution, but the u data set supports a free fit. For the y data,
the BIC as a function of frequency ratio is shown in Fig. 12, upper
panel. The optimal frequency ratio is very close to 2. For the u data,
curiously, the optimal ratio is closer to 1.95. Binning our 1998
January—February XX Pyx data to a similar sampling rate as the 6
Tuc data, and calculating the BIC from these data actually supports
the forced fit. This is not the case when we consider the equivalent
unbinned data. We conclude that in this case, the BIC cannot be
used to distinguish between different solutions.

We then re-considered the spectroscopic data acquired by
Handler et al. (1997, see this paper for a more complete description
of the observations). We re-reduced the spectra, but did not co-add
them all as did Handler et al. (1997), whose main aim was to
determine the rotational velocity of the star. Instead, we only
combined the spectra of the two individual nights. Because of
varying observing conditions (cloud and bad seeing in the first
night, clear and good seeing in the second night), the combined
spectrum from 1996 March 28 had an average continuum S/N =
12 whereas the spectrum from 1996 March 30 had S/N = 33.

The radial velocities from these two spectra were then calculated
by L. A. Balona by cross-correlating a synthetic spectrum with the
observed one. Individual measurements from eight echelle orders
where suitable spectral lines could be detected were averaged,
which also provides a good error estimate. We find average helio-
centric radial velocities of +48 = 7kms™! from the combined
spectrum of the first night, and +88 = Skms™! for the second
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Figure 12. BIC, calculated from (2), as a function of the ratio of the fitted
frequencies. See text for details.
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night. This radial velocity variation is significant, showing that XX
Pyx is in fact a binary star. It remained undetected by Handler et al.
(1997), as their available methods let them doubt any result from
the poor-quality spectrum of the first night.

We note for completeness that the rotational velocity of
52kms ', as quoted by Handler et al. (1997) is still the best
estimate available; this result does not change when we analyse the
spectrum of the second night alone. The mean radial velocity
(+72kms~") quoted in that paper is however obsolete, as it
basically represents a weighted average of our two nightly
measurements.

The radial velocity shift of about 40kms™ ' gives us a lower
limit of the radial velocity amplitude of 20 + 8.6kms™!. If the
period is 1.15d (27.6h), i.e. the photometric period (indicating a
close system), we can obtain an estimate of the mass function of the
possible binary system assuming circular orbits:

(my sin i)’

1 2

and of the projected orbital radius:
asini = 0.45 = 0.2Re. )

The companion must be a low-mass or compact object, as the
spectrum is not double-lined, and the inclination must be low given
that the system is not eclipsing. For the sum of the two masses to
exceed the mass of XX Pyx, we obtain from Kepler’s laws of
motion that the separation must be at least 5.6 Re, given a mass of
XX Pyx equal to 1.85 Mg as found by Pamyatnykh et al. (1998),
who also found a radius for XX Pyx of 1.95Re. This indicates a
low value of i, but, of course, the radial velocity amplitude is likely
to be higher than 20kms ™',

We can estimate the radial velocity amplitude for different
values of i as a function of the companion mass, as illustrated in
Fig. 13. This figure shows that it is possible to find a configuration
of a low-mass companion in an orbit with low inclination giving
rise to the lower limit of the radial velocity amplitude of
20 + 8.6kms~!. Also, if we assume the companion is a normal
star, i is probably higher than 10°, otherwise the companion would
be massive enough to be seen in the spectra.

If the mass ratio is around 2 we obtain, following e.g. the
approximation by Eggleton (1983), an effective Roche lobe radius
of rRoche ~ 0.44. With a radius of XX Pyx equal to 1.95Re, the
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Figure 13. Predicted radial velocity amplitude as a function of the
companion mass (in M) for different values of i. The solid horizontal line
shows the lower limit on the radial velocity amplitude as found from
spectroscopy, the dotted lines delineate the 1o uncertainty (see text).

required separation between the components is at least 4.4 R for
XX Pyx to be within the Roche lobe, compatible with the required
distance following Kepler. With this required distance (5.6 Rp),
XX Pyx would still be within its Roche limit even for a mass ratio
of 1.

We note that the frequency and amplitude variations found by
HAS occur at a longer time-scale than the binary period, should the
latter be the photometric period of 27.6 h; the two phenomena do
not appear to be directly related.

The referee suggested that orbital motion of XX Pyx could cause
observable frequency variations as a result of the light-time effect.
This effect would be most easily detectable by the appearance of
peaks in the amplitude spectrum that are symmetrically separated
by the orbital frequency and its harmonics from the dominating
pulsation frequencies.

We have therefore determined the amplitudes of such peaks which
are a function of the size of the light-time effect and of the amplitude
of the stellar pulsation frequencies. The detection level for signals in
the highest S/N ratio data available, the 1998 data set, is 0.466 mmag,
whereas the amplitude of the strongest mode of XX Pyx in that data
setis 8.1 mmag. For sidelobes caused by orbital motion to exceed this
detection level, a light-time effect larger than 40 s would be required.
This corresponds to a projected orbital radius of XX Pyx equal to
17.5Re. With an orbital period of 1.15 d, the projected radial velocity
amplitude of XX Pyx would be approximately 800km s~ ', which is
highly unlikely. Hence we conclude that the pulsational frequency
variations induced by a hypothetical companion in a 1.15-d orbit can
by no means be detected in the available photometric data. If XX Pyx
was a binary with an orbital period longer than 10 d, orbital variations
could manifest themselves more easily, but we have no evidence for
the pairs of sidelobes predicted in such a case.

We have, however, used BINARY MAKER 2.0 (Bradstreet 1993) to
estimate the effect of low-mass or compact binary companions on the
photometric light curves of XX Pyx. We found that binarity could
account for the low-frequency variations reported in the present
paper: variations as those seen in Figs 9 and 10 can be generated by
different combinations of companion mass and inclination.

We also investigated the stability of the phases of the low-
frequency variations over the observing period. If we determine the
frequencies from the complete data set, and fit those frequencies to
the 1998 and 1999 data sets individually, we obtain stable phases for
the combined and individual data sets if we leave both frequencies
free. If we use a forced fa + 2fa fit instead, there seem to be
inconsistencies in the phases from the two different years for fa, but
this is highly sensitive to the exact choice of frequency, and may not
be real — the overall solution is dominated by the 1998 data, and the
phases and frequencies may not be determined to a sufficiently high
precision. The actual errors may, as discussed above, be severely
underestimated in a formal assessment, and the differences could be
because of the uncertainties in the treatment of the observational
errors in this low-frequency part of the amplitude spectrum.

With the detected radial velocity variations, it would be
advantageous to obtain high-resolution high S/N ratio spectra of
XX Pyx. Owing to the faintness of the star this will require a large
telescope with a sensitive spectrograph, and should be carried out
to search for the faint companion and to obtain a spectroscopic
binary period.

4.2 Other possibilities

Since we do not know the spectroscopic period of XX Pyx, there is
a possibility that the low-frequency variations detected in the
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present paper are not a result of binarity — and could be because of
pulsation instead. One g-mode is expected to be excited in XX Pyx,
but at higher frequency (around 30 cycled ', Handler et al. 1997).
The low-frequency variations could be due to g-modes, as is seen
in the vy Dor stars. However, g-modes are normally not expected to
reach observable amplitudes at the surface of 0 Scuti stars, but the
2:1 ratio may give rise to resonance effects.

The vy Dor instability strip does overlap the 6 Scuti instability strip,
near the cool border of the latter, and pulsations connected with both
the & Scuti and the y Dor phenomenon may be excited in some stars
(Handler 1999). However, XX Pyx is situated near the hot border of
the & Scuti instability strip, and y Dor variations are thus not expected.
Of course, this does not rule out that g-modes could be present, but the
detection of radial velocity variations in the spectra, and thus binarity,
makes g modes less likely to be the cause of the variations. However,
g-modes cannot be ruled out even if a spectroscopic investigation
finds a binary period that agrees with the photometric frequency (/)
found in the present paper, as they may become tidally excited.
Extensive and homogenous single-site two-colour photometry will be
useful for examining the possibility of the presence of g-modes.

fa and fg fall in the region of the frequency spectrum where
combination frequencies, arising from differences between the main
8 Scuti pulsations (at 25-40cycled™!), are expected to be found.
However, the amplitudes of the slow variations are of the same order
as the highest of the rapid pulsations, making simple combination
frequencies an unlikely explanation. This is especially the case for
the frequency at 0.8695cycled ', as the only possible close-by
combination is between frequencies with B amplitudes of 2.4 and
0.44 mmag, respectively. Furthermore, the difference between these
two modes (f7 and f3o in HAS) is 0.863 cycle d™!, and the match is
thus not exact. Three possible difference values fall near the
frequency at 1.7352 cycled ™", but here also the match is not perfect.
A possible explanation could be normal modes excited near the
combination frequencies by resonant mode coupling (Dziembowski
1982). However, this was found not to be the case for the sum
frequencies: Handler et al. (1996) found that the amplitudes of those
peaks were larger in a subset of data with larger light modulation
than in the one with smaller light modulations. If the peaks at sum
frequencies were normal modes excited by the resonant mode
coupling, then the amplitudes were expected to remain constant. In
the present data the amplitudes of fy and fg do remain roughly
constant from 1998 to 1999, although the overall amplitude of the 6
Scuti variations appears to have increased. However, with a mean
stellar density of XX Pyx, p = 0.241pp, the Q values are too high
(0.565 and 0.283 d for the two frequencies) for acoustic modes to be
a likely explanation, as the Q values expected for 6 Scuti p-modes
are much lower.

The low-frequency variations could be connected with the
rotation of the star, as was suggested for FG Vir (surface feature,
Viskum et al. 1998). The rotation rate of XX Pyx is 1.1 £
0.3 cycled™! (HAS), consistent within the uncertainty with f,. The
variations could be caused by spots, possibly in connection with
differential rotation. At least one spot should remain visible on the
surface most of the time, as seen from the Earth, otherwise part of
the light curve would be flat, which does not seem to be the case.
The surface features should have remained on the surface over a
period of more than one year, which is very well possible (e.g. FK
Com, Korhonen et al. 1999, who found the same group of spots to
be present on the surface over 11 months, but drifting in phase by
0.2 because of the differential rotation). However, the high
temperature of XX Pyx (over 8000 K) argues against a starspot
model, unless the starspots are caused by magnetic effects, i.e. if
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XX Pyx is an oblique rotator. Photometric and spectroscopic data
(e.g. Handler et al. 1997) do not suggest that XX Pyx is a
chemically peculiar star, which makes starspots less likely to be the
cause of the low-frequency variations.

5 CONCLUSION

We have detected two low-frequency signals in the photometric light
curves of XX Pyx. The two frequencies, fa at 0.8695 and fg at
1.7352cycled ™", are close to having a 2:1 ratio. We also report the
detection of a significant radial velocity variation from a re-analysis
of the spectra obtained by Handler et al. (1997), showing that XX
Pyx is a member of a binary system. The companion must be a low-
mass or compact object. We find it most likely that the photometric
variations are caused by the binarity, but the possibility of the
presence of g-modes is intriguing. Further spectroscopic investi-
gation is needed to search for the companion of this relatively faint
star, and to determine the spectroscopic binary period.
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ABSTRACT

We present spectroscopic and multicolour photometric evidence supporting the binary nature
of the & Scuti star XX Pyx (CD-247599). Applying a cross-correlation technique to the
spectra, we find clear radial-velocity variations with a large amplitude. We derive the orbital
parameters and confirm an orbital period of 1.15d, as suggested previously on the basis of
photometric variations. The amplitude of the slow variations present in our new multicolour
data is wavelength independent, pointing also to a geometric effect as origin of the variability.
They are thus fully consistent with the spectral variations and are interpreted as ellipsoidal
variations. XX Pyx has a circular orbit of which the radial-velocity variations have a semi-
amplitude of 17.8 = 0.4kms™ .

The single-lined binary nature of the star, together with the mass function, lead us to
conclude that the orbital inclination must be larger than 10°. The orbital solution is
compatible with a synchronized M3V companion. The deformation of the primary due to
tidal forces is very probably the reason for the failure of detailed seismic modelling efforts

done recently.

Key words: binaries: spectroscopic — stars: individual: XX Pyx — stars: oscillations.

1 INTRODUCTION

Observations of & Scuti stars gathered with networks of small
telescopes around the globe have given a new and strong impetus to
the study of their variability. Such multisite campaigns have indeed
revealed a wealth of frequencies for some selected targets, the best-
known being FG Vir (A5V) with 19 modes (Breger et al. 1998),
4 CVn (F31I-1V) with 18 modes (Breger et al. 1999) and XX Pyx
(A4V) with 22 pulsational frequencies (Handler et al. 2000). With
such a large number of detected modes, one can hope to recognize
patterns in the periodograms to eliminate the difficult problem of
mode identification for all the excited modes individually (Handler
1998). Indeed, by producing pulsation models for appropriate
stellar parameters, and by confronting the theoretically excited
frequencies with the observed ones, one can iteratively build the
most appropriate model for the target star.

The most in-depth attempt for such a seismic analysis came from
Pamyatnykh et al. (1998), who considered the frequencies of the 13
oscillation modes detected for XX Pyx by Handler et al. (1997).
The goal of Pamyatnykh et al. (1998) was to construct a seismic
model whose low-£ mode frequencies reproduce the observed
ones. Unfortunately, this goal was not reached for several reasons.

*E-mail: conny @ster.kuleuven.ac.be
FResearch Director, Belgian Fund for Scientific Research (FWO).
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First, several distinct mode identifications and stellar models
which lead to frequency fits of similar quality were found.
Secondly, and more importantly, none of the fits could be regarded
as acceptable according to the observational standard errors of the
frequencies. This is very unsatisfactory, as it prevents an in-depth
seismic analysis of the internal structure of the star.

Handler et al. (2000) were able to disentangle 22 independent
and six combination frequencies in the light variability of XX Pyx
from an analysis of a combination of multisite data gathered
between 1992—1998. The independent frequencies range between
27.0107 and 38.0653 cd™~". The discovery of additional modes in
XX Pyx did not resolve the difficulties in modelling the star,
however. In the present paper we provide at least one explanation
for the problem by showing that XX Pyx is an ellipsoidal variable,
and hence is a deformed star.

Arentoft, Sterken & Handler (2001) shed new light on the nature
of XX Pyx by suggesting the presence of a close companion. This
hypothesis was based on two facts:

(i) the detection of two low frequencies, fp = 1.7352 =
0.0001cd™! and its probable subharmonic f4 = fp/2, in the
extensive photometric data set they gathered for the star,

(ii) a shift of some 40 km s~ !in the radial velocity of the star,

derived from two spectra taken by Handler et al. (1997).

Arentoft et al. (2001) concluded that XX Pyx may have a low-mass
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companion and gave some preliminary constraints on its mass and
the orbital inclination based on the velocity shift in the spectra
published by Handler et al. (1997).

The goal of the present paper is to investigate the validity of the
binary scenario for XX Pyx by means of a new spectroscopic and
multicolour photometric study. The paper is organized as follows.
The data are described in Section 2 and clearly point out the binary
nature. The orbital parameters and photometric variations are
derived in Section 3 and we end the paper with a short discussion in
Section 4.

2 THE NEW DATA
2.1 Spectroscopic data

We have observed XX Pyx with the CORALIE spectrograph
attached to the 1.2-m Swiss Euler telescope from La Silla in Chile
from 2001 December 28 until 2002 January 10. CORALIE is a
high-resolution echelle spectrograph with a resolution of 50 000.
The total wavelength range covered by the 68 orders is
3900-6800 A. The reduction of the spectra involved standard
reduction techniques, including flat-fielding, blaze correction and
wavelength calibration by means of Th-Ar spectra.

We have gathered 22 spectra with a total time-base of 2 weeks.
Typically, two spectra per night were taken, one at the beginning
and one at the end of the night, with the goal to cover as well as
possible the probable orbital period of 1.15 d suggested by Arentoft
et al. (2001). The exposure time for each spectrum was 45 min.
This integration time was chosen as it is slightly longer than the
periods of the three main modes of XX Pyx, so one hopes to have
averaged the largest pulsational velocity in a fairly efficient way.
At the same time, it results in a good temporal resolution of less
than 3 per cent of the suggested period of 1.15 d. The total length of
the run was chosen to resolve the beating between the possible
1.15-d period and the 1-d sampling caused by daytime gaps. The
integration time resulted in a signal-to-noise ratio of about 25 for
each spectrum.

2.2 Photometric data

These measurements mostly consist of differential CCD photo-
metry through the Johnson—Cousins BVI, filters, and are to be
separated into four subsets. The first was acquired with the 1.0-m
telescope at the Sutherland station of the South African
Astronomical Observatory (SAAO), and the University of Cape
Town CCD camera (O’Donoghue 1995) operated in frame-transfer
mode. XX Pyx was observed in 11 clear nights between 2001
December 11-23 for about 0.8—2.0 h each, resulting in an average
spacing of 76s between consecutive data points in the different
filters.

The second subset also came from the 1.0-m telescope at the
South African Astronomical Observatory (SAAO), but a normal
CCD was used, yielding a mean sampling interval of 5.7 min in
each filter. Runs with lengths of 1.2—3.3h in seven clear nights
between 2001 December 25 and 2002 January 7 were acquired.
Both the first and second subset are sufficient to resolve the
individual ellipsoidal and multiperiodic pulsational variations of
the star and their alias structures.

Thirdly, photometric data were acquired at the European
Southern Observatory (ESO), La Silla, using the Danish 1.54-m
telescope and the Danish Faint Object Spectrograph and Camera
(DFOSC) detector. The data were obtained on the nights of 2002

January 10 and 12 as well as February 1 and 3. Instead of the 1.
filter, a Gunn i-filter was used, which did not affect our results. A
mean sampling rate of 2.6 min per data point in each filter was
reached during the individual 1-3h runs.

The last data set again originated from the 1.0-m telescope at
SAAO with the standard CCD. Observations were carried out on
the seven consecutive, mostly clear, nights of 2002 April 2—8; runs
between 1.8 and 7.4 h duration with a mean sampling interval of
5.1 min in each filter could be acquired. The individual pulsations
of XX Pyx are not resolved in this last data set, but an orbital phase
coverage of 95 per cent was achieved. The total amount of useful
photometric data from all four observing runs is 72 h.

We started data reduction with the corrections for bias and
flatfield. No correction for dark counts was found to be necessary
and mean flatfields were used for each data subset. Photometric
measurements on the reduced frames were made with the
programme MOMF (Kjeldsen & Frandsen 1992), which applies a
combination of point spread function (PSF) and aperture
photometry relative to a user-specified ensemble of comparison
stars. No variability of any star other than the target in the different
CCD fields was found, and the comparison star ensemble and
photometric aperture resulting in the lowest scatter in the target star
light-curves were chosen for each data subset.

The photometric zero-points for the subsets were determined by
means of the brightest comparison star contained in all fields, but
they were not quite consistent, probably due to the different
wavelength responses of the individual detector/filter combi-
nations. Therefore, some small additional zero-point shifts
between the three subsets were applied and it was checked that
they did not affect our results. Our measurements will be made
publicly available in a forthcoming publication (Arentoft et al., in
preparation).

3 ANALYSIS
3.1 Determination of the spectroscopic orbit

As the spectra are of low signal-to-noise ratios, and because
individual spectral lines are difficult to treat, we have used a cross-
correlation technique to derive the radial velocities of the star. We
constructed a mask with the spectral lines expected for an A4V star
with Ter = 8300K and logg =4.25, which are the stellar
parameters of XX Pyx derived from photometry (Handler et al.
1997). We have derived all the predicted spectral lines for such a
star between 3900 and 6800 A from the Vienna Atomic Line
Database (VALD; Piskunov et al. 1995). We have subsequently
used this line list to construct a mask, taking into account that the
average line broadening amounts to some 50 km s~ ' (Handler et al.
1997). In general, we excluded from the mask all lines for which
Stark broadening is important. We used this procedure for the
creation of a number of masks, taking into account a range of
1000K for Ty

The cross-correlation function C(v) is then calculated according
to the formulation by Baranne et al. (1996):

C@ =D Prrofro e)
]

X0

for each velocity point . In this expression, f;, is the value of the
2-dimensional spectrum for order o at pixel position x and p; ., is
the fraction of the /th line of the mask which falls into the pixel
(x, 0) at velocity 2. Subsequently, the cross-correlation function is
normalized and shifted to the heliocentric reference frame.
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For each of the masks and for each spectrum, we determined the
cross-correlation profile. The latter contains complex patterns
which can be ascribed to the multiperiodic pulsation of the star. As
an example, we show two cross-correlation profiles in Fig. 1, from
which it is clear that the radial velocity is variable with a large
amplitude. Such a large velocity change cannot be due to pulsation
of an A star exhibiting a total light amplitude of typically 0.05 mag
(see Section 4.2). It is also evident from Fig. 1 that the star exhibits

1.02
=4

1.01
T
1

0.99

100 150

velocity (km/s)

Figure 1. Two cross-correlation profiles derived from spectra taken on two
different nights. The integration limits for the determination of the value of
the centroid are indicated as full line. The centroid values of the lower and
upper profiles are 71 and 50kms ', respectively; they are indicated by the
dashed lines.

XX Pyx is an ellipsoidal variable — 1.37
line-profile variations induced by its pulsation, as the profiles are
clearly asymmetric and show sub-features. This indicates that
some modes probably have £ > 2. As a result of the substructures
we decided not to fit the correlation profile with a Gaussian (as is
usually done) but to determine its centroid for all points with a
value below 0.996. The integration limits for the calculation of the
centroid are also marked on Fig. 1. This approach is similar to the
calculation of the first moment of a line profile (see e.g. Aerts, De
Pauw & Waelkens 1992). The uncertainty of the radial velocity
was derived from the centroid values computed from the different
masks and by taking into account different integration limits. This
results in standard errors between 0.1 and 4.6kms™' for each
individual radial velocity measurement and an average standard
error of 1.1kms™'. We continued the analysis with the radial-
velocity values derived from the mask for T = 8300K and
log g = 4.25, which are best estimates for XX Pyx.

A frequency analysis immediately leads to a frequency of
0.87cd ™" dominating the radial velocities. This is precisely the
subharmonic frequency f; found by Arentoft et al. (2001) in the
photometry of the star, as expected for an ellipsoidal variable. As
our time-base is limited, we imposed fo1, = f4 as now adoptable
from Arentoft et al. (2001).

We subsequently determined the orbital parameters of XX Pyx
with the method of Lehmann-Filhés (see e.g. Green 1985), both by
keeping the orbital frequency fixed to f,,;, and by taking it as a free

Table 1. Orbital parameters of XX Pyx.

Parameter Value

Period 1.1500d (fixed)
eccentricity 0.0
Amplitude 17.8 = 0.4kms ™"
y-velocity 59.2 = 0.3kms !
apsini 0.404 £ 0.009Rp
fM) 0.00067 = 0.00004 M

1 T T T 1 T 1 1 T
I
S
£
<
E
+ 1 : 1 + | : 1 : ] + 1 + | + | + 1 :

| 1 - 1 I 1 . I 1 1 1 1 ]
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orbital phase

Figure 2. A phase diagram of the orbital velocity of XX Pyx (upper panel) and of the residuals after prewhitening with the fit constructed using the orbital

parameters listed in Table 1 (lower panel).
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parameter. This leads to the same overall result. The orbital
elements are listed in Table 1 and the orbital solution is compared
with the data in Fig. 2. The orbit is circular. The radial-velocity
variations have an amplitude of 17.8 = 0.4km s~! which is
somewhat smaller than — but not significantly different from — the
20 = 9kms~! estimated by Arentoft et al. (2001). The fit is very
satisfactory, particularly if one takes into account the fact that the
pulsational broadening is not completely cancelled out in a time
span of 45 min.

From the mass function and the mass estimate M| =
1.85 = 0.05Me (Pamyatnykh et al. 1998) for XX Pyx we have
determined all possible combinations (i, M,). For i < 10° we
would have found a double-lined binary, a solution already
excluded by Handler et al. (1997). All other solutions lead to a low-
mass companion and a separation of some 6 Ro. We note that the
orbital inclination cannot be large, as no eclipses are seen in the
photometry.

3.2 Multicolour photometry

Before performing a frequency analysis of our data, we re-binned
all measurements to the lowest sampling rate obtained at the four
telescope/instrument combinations to avoid artifacts due to
implicit weighting. We then applied the program PERIOD98 (Sperl
1998), which uses both Fourier and sinusoidal light-curve fitting
algorithms. We calculated amplitude spectra of our data (Fig. 3)
and concentrated on the pulsational variations first.

As XX Pyx is well known to exhibit short-term amplitude
variations, we checked their possible occurrence in our four data
subsets, and found (somewhat surprisingly) that none were present
at a significant level. Consequently, we analysed all the
measurements together. We detected seven of the known pulsation
modes of XX Pyx in our data. We determined their frequencies,
amplitudes and phases simultaneously, and prewhitened these
signals.

We then searched for the low-frequency variations in the
residuals; 2f;,, was immediately obvious in the data of all the three
bands. The orbital frequency itself was detectable in the Vand I,
filter data, but not in B. We determined the amplitudes and phases
of these variations as well, starting with the frequencies given by
Arentoft et al. (2001) and fixing their relative values to exactly 2:1
within PERIOD98. We list the final results of the frequency analysis
of our photometric data in Table 2, using the same identifications of
the detected frequencies as in previous works.

We note that the relative amplitudes of the orbital modulation
and its harmonic are different in our V data compared to those
determined by Arentoft et al. (2001). In addition, the orbital light
curves become more asymmetric towards longer wavelengths. It is
beyond the scope of the present paper to discuss these findings in
detail, so we refer the reader to Arentoft et al. (in preparation).

4 DISCUSSION

Handler et al. (1997) derived a rotational frequency of 1.1 *
0.3cd™! for XX Pyx, by arguing that the observed p-mode
frequency groupings are only consistent with values in this range.
As XX Pyx is moving in a short-period circular orbit and as the
synchronization time-scale for the surface layers is two orders of
magnitude shorter than the circularization time-scale (Zahn 1992),
we propose here that the outer layers of the star are synchronized
with the orbit: fiy = fow, Which is fully consistent with the
asteroseismological value derived by Handler et al. (1997). Hence

10 - B Filter

—-
o O

V Filter

Amplitude (mmag)
) o

10 I Filter

0 10 20 30 40 50
Frequency (c/d)

Figure 3. Amplitude spectra of our BVI photometric data of XX Pyx. The
pulsational variations around 35cd ™" decline in amplitude towards longer
wavelengths, whereas the low-frequency variability has roughly the same
amplitude in each filter.

Table 2. Photometric multifrequency solution for XX Pyx
from our new measurements. Formal error estimates (lower
limits to the real errors) of the amplitudes are = 0.3 mmag in all

filters.
ID Frequency B Ampl. V Ampl. I Ampl.
(cd™ (mmag)  (mmag)  (mmag)
hf 38.110 10.1 9.2 6.2
f 36.013 6.7 5.4 2.6
f 33.438 7.7 6.2 33
fa 31.401 3.7 2.9 22
fr 34.672 1.8 1.7 1.1
Sz 28.700 1.6 1.8 1.1
fia 31.902 1.7 1.4 0.8
fa=Fow 0.8687 <15 26 5.7
3= 2fm 1.7374 6.2 6.1 5.6

the assumption iop, = iy seems justified. Moreover, iy, cannot
reach high values, as no eclipses are seen in the light curve of XX
Pyx.

From the radius estimate of 1.95 = 0.05Rs we hence find an
equatorial rotation velocity of 86 kms™'. An estimate of vsini of
52 +2kms™!' was already provided by Handler et al. (1997,
unaware of the orbital motion) on the basis of the addition of
several lines in some high-resolution spectra taken during two
nights. We estimated vsini from our 22 correlation profiles by
determining their full width at half maximum (FWHM). The
average broadening we find in this way is 42 + 4kms~'. However,
the FWHM leads to only an upper limit of v sini as the profiles are
also broadened intrinsically and by the pulsation of the star. From
the bottom panel of Fig. 2 we estimate the pulsational broadening
to be about 2—3 kms~!, which is also the range we find from the
photometric amplitude. The intrinsic broadening for an A4V star is
typically also a few kms™'. Taking this into account leads to
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i = 25°-30° and subsequently M, = 0.3 M, which corresponds
to an M3V star. Note that this result is not sensitive to moderate
deviations from iy, = igor-

It is clear that the ellipsoidal variations found for XX Pyx point
out that the star deviates significantly from spherical symmetry.
This deformation was not taken into account in the modelling
efforts done by Pamyatnykh et al. (1998). Both the tides and the
rotation of the star can cause departure from spherical symmetry.
The tidal deformation of a star is determined by the tide-generating
potential, which is proportional to the small dimensionless parameter
er = (Ri/a)’ (MaIM)) (see e.g. Willems & Aerts 2002). For XX Pyx
we find e = 6 X 1073. On the other hand, the effect of rotational
deformation on the pulsations due to the centrifugal forces is
dependent on the square of the ratio of the rotation and pulsation
frequencies, which equals 5 X 10™# for the main mode of XX Pyx.
Hence, the effect of the deformation due to the tide-generating
potential is clearly more important for the pulsational behaviour
than the one due to rotation in XX Pyx. This tidal deformation may
well cause the discrepancy between the frequencies of the theoreti-
cal models calculated by Pamyatnykh et al. (1998) and the
observed frequencies.

Assessment studies of the power of seismic modelling with the
goal to derive the internal structure parameters of stars are,
although still scarce, very important. As far as main-sequence stars
with k-driven modes are concerned, such studies have at present
mainly concentrated on a few selected 6 Scuti stars, as the number
of detected frequencies in these objects is by far superior to any
other type of pulsating star near the main sequence. For a recent
modelling effort with regards to FG Vir, for example, we refer to
Templeton, Basu & Demarque (2001), who stress that unambigu-
ous mode identification of only a few of the excited modes allows
one to choose among the competing seismic models. Our study
clearly points out that XX Pyx is not the optimum target to evaluate
the method of detailed seismic modelling and that spectral
validation of photometric results is extremely important. This
should be taken into account for the target selection of the future
asteroseismic space missions MOST, MONS and COROT.
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Abstract. A coordinated photometric campaign of FG Vir at
nine observatories covering 170 hours was undertaken by DSN
(Delta Scuti Network) and WET (Whole Earth Telescope). Two
different observing techniques were adopted for the two tele-
scope networks in order to optimize different frequency ranges.

Ten pulsation frequencies between 9.19 and 34.12 ¢/d (112
and 395 pHz) were detected with amplitudes ranging from 0.8
to 22 mmag. Pulsational instability is observed only in specific
frequency regions. Additional frequencies of pulsation within
these regions probably exist, but do not reach the significance
criterion of amplitude signal/noise adopted by us. Comparisons
with previously obtained data show that the amplitudes of the
main frequencies are stable over a year or longer.

A preliminary identification of the ten dominant frequen-
cies is proposed in a stellar model with 1.8M in advanced
main-sequence phase of evolution. The frequencies correspond
to low order p and g modes with £ < 2 and radial order 1 to
6. According to the linear nonadiabatic calculations, the iden-
tified modes are driven by the opacity mechanism along with
many other modes. For asteroseismology of § Scuti stars, FG
Vir is an extremely important candidate, especially because of
the probable presence of g modes.
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106384=FG Vir — techniques: photometric
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1. Introduction

The 6 Scuti stars are pulsating variables situated inside the clas-
sical Instability Strip on and above the main sequence. A number
of extensive observing campaigns covering individual § Scuti
stars have shown that the majority pulsates with a large number
of simultaneously excited modes. While the variables with small
rotational velocities tend to be radial pulsators with large ampli-
tudes, the vast majority of the § Scuti stars pulsate nonradially
with a multitude of small-amplitude p modes. Photometrically,
low-degree (¢ < 3) and low-order (n = 0 to 4) modes are com-
monly seen. A good example is the star > Tau (Breger et al.
1989). On the other hand, studies of line-profile variations favor
the detection of high-degree sectorial modes with £= |m|. For k2
Bootis, the available spectroscopic data have been matched by
a low-degree mode (£ = 0 to 2) and a high-degree £ = |m| ~ 12
mode (Kennelly et al. 1991).

The observed short-period limit of the § Scuti stars is consis-
tent with the low-order p mode identification. For the star V624
Tau (Breger 1972; Seeds & Stephens 1977) a period around 34
minutes has been found. Even this period is much longer than
those found for the roAp stars (Kurtz 1990), for which peri-
ods between about 6 and 15 minutes are detected. As a group,
the roAp stars have similar temperatures and luminosities as
the 6 Scuti stars. Because of the different range of periods, for
each of the two groups of variable stars two different observ-
ing techniques (viz. the three-star and high-speed techniques,
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see below), have been adopted, each designed for maximum
precision in the respective period domain. It is not surprising
that outside these domains the precision of each technique is
lower, so that small-amplitude pulsations with unfavorable fre-
quencies could have been missed in previous investigations.
It is, therefore, important to examine the question whether §
Scuti stars have photometrically detectable high-order pulsa-
tion modes with periods shorter than 30 minutes. A promising
approach appears to be to concentrate on a single ¢ Scuti star
for the presence of both long and short periods of pulsation by
multisite campaigns using both techniques.

With the three-star technique adopted by the Delta Scuti
Network, the required high photometric accuracy is achieved
by alternating measurements of the variable star with those of
two carefully chosen comparison stars. The same photometric

channel is used for all three measurements. The procedure can

produce the required long-term stability of 2 mmag or better
(also within different observatories), but yields a variable-star
measurement only every five minutes. The technique is working
well for periods between 30 minutes and several days and has
been described by Breger (1993).

The high-speed measurements adopted by WET (Whole
Earth Telescope) are obtained with two-channel and three-
channel photometers. Measurements of the intensities of the
target and a nearby comparison star are made simultaneously,
and in the case of three-channel photometers, the sky bright-
ness is also measured continuously. The technique works well
for periods under about 30 minutes. At longer time-scales, in-
strumental drifts (and residual transparency variations) rapidly
dominate. The operation of WET has been described by Nather
et al. (1990).

The two multisite networks and their techniques comple-
ment each other in allowing the investigation of periods be-
tween a few minutes up to several days. The § Scuti star FG
Vir was selected for the present study for two reasons: the pres-
ence of a large number of pulsation modes with photometrically
visible amplitudes is suspected, and the position of the star in
the Herzsprung-Russell Diagram is similar to those of the the
known roAp pulsators (Kurtz & Martinez 1993).

The variability of FG Vir = HD 106384 was discovered by
Eggen (1971), who deduced a period of 0.07 d and a semi-
amplitude of 0.025 mag from one night of observation. In 1982,
Lopez de Coca et al. (1984) observed the star for three nights
through specially chosen narrowband filters, while one night of
V data was collected in 1986 (Gonzalez-Bedolla & Rodriguez
1990). More extensive photometric data covering 26 nights were
obtained by Dawson (1990) during 1985 and 1986. These data,
however, are of somewhat lower photometric precision. They
show a dominant variation with a period of about 0.08 d and will
be the subject of a later paper in this series. Colombaetal. (1991)
reported a presently unpublished observational program of FG
Vir. During 1992, Mantegazza et al. (1994, hereafter referred
to as MPB) measured FG Vir photometrically for 8 nights and
spectroscopically for one night. MPB were confident about the
correct identification of six frequencies, while a seventh mode
of pulsation was also suggested.

The present paper reports a multisite campaign of FG Vir
using both the three-star and high-speed techniques and the pul-
sational properties of the star at the frequencies typical for a 6
Scuti star. Aninvestigation at higher frequencies will be reported
in Paper II.

2. New photoelectric measurements

In order to eliminate the serious aliasing caused by regular ob-
serving gaps, a multisite campaign was organized utilizing the
WET (Whole Earth Telescope) Network for high-speed mea-
surements and the Delta Scuti Network for low frequencies.
During 1993 March and April, 170.4 h of usable data were ob-
tained at nine different observatories. The V filter was used. On
six nights, additional measurements with the B filter were ob-
tained in order to estimate the phase shifts and amplitude ratios
between the different wavelength regions for the primary pul-
sation mode. These nights are indicated with “BV” under the
“Technique” column of Table 1, which presents a journal of all
observations. Since two different techniques were used, we will
discuss the acquisition and reductions of the two data groups
separately.

2.1. Measurements made with the three-star technique

During 17 nights between 1993 March 12 through April 5, pho-
toelectric measurements of FG Vir were obtained at two obser-
vatories with the three-star technique.

For the measurements at McDonald Observatory the follow-
ing two comparison stars were used: HD 106952 (F8V) and HD
105912 (F5V). No variability of the comparison stars could be
detected and the two comparison stars indicated a precision of
between + 3 and 4 mmag per single measurement. This can also
be taken as an estimate of the accuracy of the FG Vir measure-
ments. No serious problems were experienced during either the
observations or data reductions. The resulting measurements of
the variability of FG Vir is denoted in this paper as data set A.

During four nights of observations at McDonald Observa-
tory, the standard three-star technique was modified in order to
examine the accuracy of a hybrid technique in which the tele-
scope was moved to the two comparison stars only once every
hour. In principle, this hybrid technique could combine the ad-
vantage of the photometric stability of the three-star technique
with the high duty cycle of the high-speed technique. The re-
sulting measurements were indeed of very high quality and the
comparison of the different techniques will be discussed else-
where. We only note here that the application of the hybrid
technique requires very high atmospheric and instrumental sta-
bility and cannot be recommended for general use. The 30.1
hours of data (data set B) obtained with the hybrid technique
can be used for both high and low-frequency analyses.

Additional data (data set C) with the three-star technique
were also obtained at the Xing-Long observatory located in
China. These data are important since the longitude of these
observatories complements the longitude of the major other ob-
serving site, McDonald Observatory. These data contain sev-
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Table 1. Journal of the observations of FG Vir

Observatory Observer(s) Date Length  Technique Data set

(uT) (hrs)

Xing Long 0.6m Jiang shi-yang 12 Mar 93 4.2 Three star C
Xing Long 0.6m Jiang shi-yang 14 Mar 93 4.9 Three star C
McDonald 2.1m T.K. Watson & R.E. Nather 16 Mar 93 3.9 High speed D
Siding Spring 0.6m  S.J. Kleinman 16 Mar 93 1.8 High speed D
SAAO 0.75m J.E. Solheim 16 Mar 93 3.9 High speed D
McDonald 0.8m E. Serkowitsch & G. Handler 17 Mar 93 7.5 Three star, BV A
McDonald 2.1m T.K. Watson & R.E. Nather 17 Mar 93 6.8 High speed D
Siding Spring 0.6m  S.J. Kleinman 17 Mar 93 32 High speed D
Xing Long 0.6m Liu zong-li 17 Mar 93 3.7 Three star C
SAAO 0.75m J.E. Solheim 17 Mar 93 6.8 High speed D
Siding Spring 0.6m  S.J. Kleinman 18 Mar 93 9.8 High speed D
Xing Long 0.6m Liu zong-li 18 Mar 93 4.1 Three star C
Siding Spring 0.6m  S.J. Kleinman 19 Mar 93 22 High speed D
Mauna Kea 0.6m M.A. Wood 20 Mar 93 2.9 High speed D
Mt. John 1.0m D.J. Sullivan 22 Mar 93 6.9 High speed D
Wise 1.0m H. Mendelson 25 Mar 93 3.7 High speed D
McDonald 0.9m J.C. Clemens 26 Mar 93 3.6 High speed D
Mauna Kea 0.6m M.A. Wood 26 Mar 93 4.1 High speed D
McDonald 0.8m G. Handler 27 Mar 93 6.1 Three star, BV A
Xing Long 0.6m Li zhi-ping 27 Mar 93 5.1 Three star C
Xing Long 0.6m Li zhi-ping 28 Mar 93 5.0 Three star C
McDonald 0.8m G. Handler 29 Mar 93 4.2 Three star, BV A
McDonald 0.8m G. Handler 30 Mar 93 6.6 Three star, BV A
McDonald 0.8m G. Handler 31 Mar 93 7.5 Hybrid B
Xing Long 0.6m Li zhi-ping 31 Mar 93 3.7 Three star C
Mt. Suhora 0.6m J. Krzesinsksi & G. Pajdosz 1 Apr 93 1.2 High speed D
McDonald 0.8m G. Handler 1 Apr93 7.8 Hybrid B
Mt. John 0.6m D.J. Sullivan 1 Apr93 7.0 High speed D
Mt. Suhora 0.6m J. Krzesinsksi & G. Pajdosz 2 Apr 93 4.0 High speed D
McDonald 0.8m G. Handler 2 Apr 93 7.2 Hybrid B
McDonald 0.8m G. Handler 3 Apr93 7.6 Hybrid B
McDonald 0.8m G. Handler 4 Apr 93 6.0 Three star, BV A
McDonald 0.8m G. Handler 5 Apr 93 74 Three star, BV A

eral individual data points which deviate by large amounts from
both their neighboring data points as well as the overall solu-
tion. Since the problem is present in this data set only, it should
be interpreted as observational errors. Consequently, we have
applied a conservative 3.5 ¢ criterion and eliminated those data
points which deviated from the overall solution by more than
3.5 standard deviations.

2.2. Measurements made with the high-speed technique

In order to adapt the WET data for searching at low frequencies,
the standard procedure to reduce WET photometry needed to
be extended. For data obtained with multichannel photometers,
sky subtraction was performed on a point-by-point basis after an
adjustment of the sensitivity ratios of the different photometer
channels. For two-channel photometers the background mea-
surements were interpolated. After the background corrections
were applied, the data were edited and incorrect data points elim-

inated. With the high-speed technique such editing is necessary,
since the measurements are made continuously and include even
those times when the telescope is moving away from the star.

Since FG Vir varies with a relatively high amplitude and
the possibility of tube sensitivity drift could not always be ruled
out, extinction corrections are not straightforward. A synthetic
light curve predicted from the three-star data was subtracted
from the variable star data substantially decreasing the vari-
ance of the data. Bouguer diagrams of these residuals and the
comparison star data were examined for variable extinction or
tube drift, and an appropriate extinction coefficient was deter-
mined for each night. In cases where trends in the residuals
due to atmospheric or equipment problems remained, an addi-
tional polynomial fit was subtracted from the data. The two data
sets from Poland showed substantial transparency variations and
scintillation noise (caused by the high air masses at which the
measurements were obtained), so that the polynomial fit was
replaced by a spline fit determined from the channel 2 data. We
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Fig. 1a and b. Multisite photometry of FG Vir obtained during the 1993 campaign. AV is defined to be the magnitude difference (variable -
comparison stars) normalized to zero. The open circles refer to measurements obtained with the three-star technique, while the filled circles are
averages of continuous (high-speed) measurements. The fit of the ten-frequency solution derived in this paper is shown as a solid curve. Note
the excellent agreement between the measurements and the fit
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found that the Polish data reduced in this manner could be used
for low-frequency analyses (but not for high frequencies).

The final data were converted to Heliocentric Julian date
(HID) and summed into 5 minute bins for the low-frequency
analysis.

The observed variability of FG Vir obtained during the 1993
campaign with both the three-star (open circles) and high-speed
techniques (filled circles) is shown in Fig. 1 together with the

. predicted ten-frequency fit derived below. The color variations

are presented in Fig. 2.

3. Pulsation frequencies up to 30 ¢/d

The pulsation frequency analyses were performed with a pack-
age of computer programs with single-frequency and multiple-
frequency techniques (program PERIOD, Breger 1990a), which
utilize Fourier as well as multiple-least-squares algorithms. The
latter technique fits a number of simultaneous sinusoidal varia-
tions in the magnitude domain and does not rely on prewhiten-
ing. For the purposes of presentation, however, prewhitening
is required if the low-amplitude modes are to be seen. There-
fore, the various power spectra are shown as a series of panels,
each with one or two additional frequencies removed relative to
the panel above. The analyses were performed using the tradi-
tional units of magnitude. We note that for the small amplitudes
present in FG Vir any differences between using intensity and
magnitude variations are negligible.

Frequency (cycles per day)

Fig. 3. Power spectrum of FG Vir in the 0 to 30 ¢/d range using the new
multisite measurements obtained with the three-star technique (data
sets ABC). This technique alternates measurements of FG Vir with
those of two comparison stars. The spectra are shown before and after
applying multiple frequency solutions

One of the most important questions in the examination of
multiperiodicity concerns the decision of which of the detected
peaks in the power spectrum can be regarded as variability in-
trinsic to the star. Due to the presence of nonrandom errors in
photometric observations and because of observing gaps the
predictions of standard statistical false-alarm tests give answers
which are considered by us to be overly optimistic. In a previous
paper (Breger et al. 1993) we have argued that a ratio of ampli-
tude signal/noise = 4.0 provides a useful criterion for judging
the reality of a peak. Subsequent comparisons have confirmed
that this restrictive limit of 4.0 cannot be lowered significantly
for typical photometric data. This means that peaks below sig-
nal/noise values of 3.5 should be regarded with suspicion, al-
though some of them may be infrinsic to the star.

In the present study the noise was calculated by averaging
the amplitudes (oversampled by a factor of 20) over 10 c/d re-
gions centered around the frequency under consideration. The
rather large range of 10 ¢/d was chosen in order to deempha-
size the effects of a single additional pulsation mode on the
computed noise level. The curves shown in the diagrams of the
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Fig. 4. Power spectrum of FG Vir in the 0 to 30 c/d range using all the
new multisite measurements (data sets ABCD). The spectra are shown
before and after applying multiple frequency solutions

power spectra entitled “significance limits” are smoothed fits of
the power values corresponding to amplitude signal/noise ratios
of 4.

As a first step we should restrict the analysis to the data
obtained with the three-star technique because of the relative
accuracy in the low-frequency domain given by the regular ob-
serving of comparison stars. This corresponds to data sets ABC.
Of course, the spectral window of the partial data is not as clean
as that for the three-star and high-speed data together. Neverthe-
less, the uncertainties caused by 1 ¢/d aliasing are quite small for
the main frequencies of pulsation. This is demonstrated at the
top of Fig. 3, which shows the spectral window pattern based on
the times of available measurements. The next panels show the
power spectra of the data before and after subtraction of one,
three, five and seven frequencies. We note that the star pulsates
with a dominant frequency at 12.72 c¢/d (147 uHz) and at least
eight additional frequencies. Seven frequencies can already be
regarded as certain.

However, an additional important result of the frequency
analyses of the data obtained with the three-star technique is

the absence of variability below 9 c/d. This means that the high-
speed data, for which measurements of comparison stars had not
been obtained with the same photometer channel, can now be
included. Addition of the high-speed data lowers the noise level
in the power spectrum and also improves the spectral window.

Figure 4 shows the power spectra of all the 1993 campaign
data before and after subtracting the best one, three, five, seven
and nine-frequency solutions. These nine frequencies can be
regarded as well-established and should be free of 1 c/d alias-
ing. The best multi-frequency solution obtained with PERIOD
is listed in Table 2. We have also repeated the analysis with the
inclusion of the 53 hours of MPB data obtained during 1992
(called data set E). The resulting power spectrum looks essen-
tially identical to the power spectrum of the 1993 data alone
shown in Fig. 4 and is consequently not presented as a sepa-
rate diagram. Nevertheless, the existence of a data set obtained
a year earlier significantly improved the frequency resolution.
The last two decimal places listed in Table 2 were determined
from comparing the 1992 and 1993 data sets. In spite of the
improved resolution, the large gap between the observations
causes annual aliasing (A f = 1/365 c/d = 0.0027 ¢/d = 0.032
©Hz). While we have selected the values which gave the lowest
residuals between the measurements and the prediction, the val-
ues of the frequencies with smaller amplitudes may be affected
by annual aliasing.

4, Pulsation frequencies larger than 30 c¢/d

In this frequency range the long-term stability of the photo-
metric equipment and the atmospheric conditions over several
hours become less important, so that the regular observations
of two comparison stars with the same photometer channel are
not essential. Consequently, the high duty cycle of the high-
speed observations with their essentially continuous coverage
of FG Vir, makes these observations very important. On the
other hand, those three-star measurements with relatively lower
accuracy (data set C) can be omitted, since they do not improve
the signal/noise ratio in the high frequency range. The analyses
of our new data were then repeated while including data set E.

Figure 5 shows the power spectrum in the 30 to 100 c/d
range. In order to avoid power leakage from the lower frequen-
cies found in the previous section, we have prewhitened the best
low-frequency solution for each data set. The power spectrum
shows significant power only in the 30 - 40 c¢/d region. Of these
peaks, (only) the frequency at 34.12 c/d is significant according
our adopted signal/noise criteria. The amplitude of fo derived
from the ABD data alone is 0.80 mmag, in agreement with the
0.84 mmag derived from the larger ABDE set. The associated
amplitude signal/noise ratio of 4.7 makes the identification as
a frequency intrinsic to the star quite easy. In order to exclude
the possibility that the peak is caused by systematic errors in a
particular data set, solutions with locked phase were made for
each individual data set A to E. The restriction of fixed phase re-
duced the number of free parameters for these solutions to only
one, viz. the amplitude. We find that the frequency is dominant
in four of the five data sets (A, B, D and E), and absent in the
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