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Abstract. We present results from an international spectroscopic and photometric campaign on theδ Scuti star AV Cet. The star
has a rich and complex pulsation spectrum, and we find 7 individual frequencies, with evidence for many more present below
our detection limit. We investigate the prospects for mode identification in fast rotators, using several different techniques. We
compare the methods and conclude that although no single technique can give unambiguous mode identification, the collective
evidence does allow some conclusions to be drawn, suggesting the presence of one radial mode at 14.598 d−1. During the
campaign we found the star HD 9139 to be a variable. From our photometry we find evidence for a variability time scale
around 1 day, but we cannot find an unambiguous interpretation for its light variations.

Key words. stars: oscillations – stars: variable:δ Scuti – stars: individual: AV Cet – stars: individual: HD 9139

1. Introduction

Among the most promising targets for successful application
of asteroseismology are theδ Scuti stars. They have rich sets of
oscillation modes which in many cases are readily observable.
Unfortunately, eachδ Scuti star is only found to oscillate in a
seemingly random subset of possible modes, making it difficult
to identify exactly which modes are observed. To further com-
plicate matters, many of these stars are rapid rotators, which
causes displacement of the frequencies. In fact, the proper treat-
ment of rotation seems to be one of the major obstacles for real
progress in our understanding of theδ Scuti stars.

In the last years, considerable effort has been expended to
establish reliable mode identifications for a number ofδ Scuti
stars, but in most cases we are left with some ambiguity.
Purely photometric techniques have the advantage of greater
efficiency, and ultimately the ability to observe fainter stars
than is possible with spectroscopy. A secure mode identifica-
tion seems only possible if several techniques agree. Especially
for rapidly rotating stars, there are too many free parameters
and the understanding of rotation is too poor for one method
alone to give a unique answer.

In this paper we present results on the fast rotating
δ Scuti star AV Cet (HD 8511, F0V,V = 6.21, v sini =
212 km s−1), discussing mode identification using both purely
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telescope at ESO, La Silla, Chile.

photometric techniques and a technique that combines simulta-
neous photometry and low dispersion spectroscopy.

The star AV Cet is a relatively poorly studied star, al-
though it was recognised as a variable more than 30 years
ago by Jørgensen et al. (1971). Gonzalez-Bedolla (1990) and
Gonzalez-Bedolla et al. (1990) found one frequency interpreted
as the fundamental mode, and also some evidence of another
mode. From their short photoelectric light curves it is evident
that the star is multiperiodic. The multiperiodicity was also ev-
ident from the line index variations of Hβ and Hγ, found by
Dall & Frandsen (2002), from only four hours of spectroscopy.
Despite the poor time coverage, the modes found by Gonzalez-
Bedolla could be confirmed and moreover, evidence for more
modes at higher frequencies was found. It was thus clear that
the pulsational content of AV Cet was not secured and that
more observations were needed.

In this paper we report a multi-observatory campaign
conducted in October and November of 2001, aimed at es-
tablishing the main pulsational modes of AV Cet and, via
spectroscopy and multicolour photometry, attempting a mode
identification. This strategy is the same as was used by e.g.
Viskum et al. (1998) and by Dall et al. (2002): by know-
ing the frequencies found from a photometric campaign, we
can measure the amplitudes of the spectroscopic line indices
of the Balmer linesΛH, without having to solve for the fre-
quencies simultaneously. Moreover, we can compare the results
from using different mode identification techniques.
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Table 1.Details on the telescopes and observations.

Telescope Nights Hours

Observatory diam. [cm] assigned/observed obtained Remarks

ESO, La Silla 50 9/6 41.5 uvby photometry

SAAO, Sutherland 50 14/9 42.2 vby photometry

ESO, La Silla 154 9a/6 35.4 spectroscopy

a Granted 8 nights, but received half a non-photometric night from previous observer who needed photometric conditions.

2. Observations

In order to determine the frequency content of AV Cet and to
be able to resolve modes with close frequencies, we needed
long continuous photometric coverage. We observed in the
Strömgren photometric filters in order to determine the pulsa-
tion periods, and the amplitudes in thevby bands, to be used
for pulsation modelling and mode identification.

On the Danish 50 cm Str¨omgren Automatic Telescope
(SAT) on La Silla we collected simultaneousuvbydata with the
four-channel photometer. On the 50 cm telescope at the South
African Astronomical Observatory (SAAO), we acquired se-
quentialvbydata, excludingu because of its restricted use for
mode identification ofδ Scuti stars and to achieve denser data
sampling.

With the Danish 1.54 m and DFOSC on La Silla, we had
8 nights of low resolution long slit spectroscopy. Resolution
was around 6 Å with a 1.5′′ slit, covering the Balmer lines from
Hα to Hε. The CCD was windowed to improve the duty cycle,
which with exposure times around 25–30 s was around 40%.
These observations were carried out simultaneously with the
photometric campaign.

Table 1 summarises the observations, which were all con-
ducted between 24 Oct. and 4 Nov. 2001.

3. Data reduction

3.1. Strömgren photometry

The data from SAT and SAAO were reduced independently and
later combined. For both data sets, we used HD 8070 (F2,V =
6.6) and HD 9139 (F5,V = 6.7) as comparison stars. It later
turned out that HD 9139 is variable, and thus only HD 8070
was used as comparison. We will discuss the case of HD 9139
in Sect. 4.

The SAT data were reduced using the standard software de-
veloped at Copenhagen University Observatory. The reduction
included airmass correction using standard extinction coeffi-
cients, and transformation to the standard photometric system.

The SAAO photometry was also reduced in a standard way.
The correction for coincidence losses was followed by sky
background subtraction. Nightly extinction coefficients were
determined by means of the measurements of the constant com-
parison star HD 8070, and relative light curves of AV Cet and
HD 9139 were computed with respect to HD 8070.

The timings were converted to Heliocentric Julian Date be-
fore combining the data sets from the two observatories.

3.2. Spectroscopy

The spectra were reduced using standard methods with IRAF1.
After extraction of a spectrum, it was normalised to unity

by dividing it by a fit to the sum of all the spectra. The
spectra were neither wavelength calibrated nor flux calibrated,
since the equivalent width (EW) and the line indices are rela-
tive quantities that are internally normalised by the continuum
level. Consequently, they are not dependent on the precise in-
tensity unit. Also, since we are looking for relative changes
to this relative quantity, the amplitudes will be dimensionless,
hence there is no need to convert pixel coordinates into true
wavelength coordinates.

The line indices ΛH were calculated for the
Balmer lines Hα, Hβ, Hγ, and Hδ following the proce-
dures described by Dall (2000) and applied by Dall et al.
(2002) and Dall & Frandsen (2002). In short, a line index can
be considered an analogue to a colour index, using software
“filters” centered on the lines. The filters we have used are
so-called super-Gaussians;

W = exp

(
−

( x− x0

b

)8
)
, (1)

wherex0 is the position of the line centre, andb is the HWHM.
Note the exponent of 8.

4. HD 9139: An unclassified variable star

It was clear from the light curves that HD 9139 was not suited
as a comparison star, and it is also clear that some seemingly
periodic variations are the cause. A period analysis gives two
dominant signals at 0.34 d−1 and 0.91 d−1, but shows no signs
of periods shorter than 1 day. However, there is a consider-
able amount of scatter at higher frequencies, which was why
we were led to reject it as a comparison. We will discuss the
cause of these variations in terms of damped pulsation, mag-
netic/rotational activity and nearby stellar companions.

The star is listed as F5 in SIMBAD with no indication of
luminosity class. Also, no measurements ofv sini have been
made so far.

HD 9139 was a target of the HIPPARCOS mission (ESA
1997), and Str¨omgren photometric indices are available from

1 IRAF is distributed by the National Optical Astronomy
Observatories, which are operated by the Association of Universities
for Research in Astronomy, Inc., under cooperative agreement with
the National Science Foundation.
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the Lausanne-Geneva data base2. The calibrations of Crawford
(1975) suggest the star is unreddened and hasMv = 1.25±0.30.
It also seems metal-rich, as Nissen’s (1988) calibration of the
metallicity indicatorδm0 results in [M/H] = 0.26 for HD 9139.
The HIPPARCOS parallax of the star impliesMv = 1.68 ±
0.23, roughly in agreement with the absolute magnitude from
the Strömgren colours. The model atmosphere calibrations of
Kurucz (1991) then yieldTeff = 6850± 100 K and logg =
3.3 ± 0.1, which is near the red edge of theδ Scuti instability
strip.

We have obtained high-resolution spectra of HD 9139 us-
ing the FEROS spectrograph on the ESO 1.52-m at La Silla
Observatory. From the Fe line at 4405 Å we estimatev sini ∼
75 km s−1, hence a moderate rotation rate for a star at this
position in the HR diagram. Comparison with spectra com-
piled by R. O. Gray3 leads to a spectral type F5III-IV, based
on the CaK line, the G-band, the strength of the Balmer
lines, and the Ca, Fe and MnI lines in the 4000–4400 Å
range. The luminosity class was derived from theλ4077 Sr
andλλ4172-8 Ti, Fe lines. This again places HD 9139 near
the red edge of the instability strip, making it aδ Scuti orγ
Doradus candidate. We plan to analyse the spectrum in detail
and describe the characteristics in terms of basic parameters,
abundances andv sini. With the knowledge of the abundance
pattern we can try to sort out, whether the variability is due
to a pulsational instability of some sort, due to magnetic ef-
fects (spots) coupled with rotation or due to some other phe-
nomenon. This will be the subject of a later paper.

Using the abovementionedMv and Teff we can estimate
a radiusR = 3.75 R� for HD 9139. The star then should have
a fundamental radial mode period of∼1 day (corresponding
to a pulsation constantQ = 0.033 d), which agrees with one
of the two time scales found. This argues immediately against
an interpretation of HD 9139 as aγ Doradus star, as those ob-
jects have high-order g-modes excited (Q > 0.23 d, Handler
& Shobbrook 2002). We also note that, within the errors, the
amplitudes of these two variations do not change significantly
between thevby bands, which is inconsistent with pulsational
variability.

Another possibility is magnetic activity on the star, imply-
ing an Ap (or Fp) spectral type, which would produce a ro-
tationally modulated variation. We find from the derived value
of v sini an upper limit on the rotational period around 2.5 days,
which within the errors agree with the 0.34 d−1 found. This
would imply a near equator-on view of the star. However, we
would still expect to see colour variation if the variation is
due to surface abundance inhomogeneities. More importantly
however, the spectrum of HD 9139 indicates that it is a normal
F-star with no peculiar abundances.

The apparent variability might be explained by contamina-
tion from a nearby star, letting varying amounts of light into the
diaphragm of the photometer, although this is expected to lead
to shorter time scales. We do not find any likely contaminating

2 http://obswww.unige.ch/gcpd/gcpd.html
3 http://nedwww.ipac.caltech.edu/level5/Gray/

frames.html

source in the vicinity of HD 9139. The nature of HD 9139 and
its variability thus is still not clear.

5. Time series analysis

As stated earlier, the spectroscopic analysis was never expected
to deliver the mode frequencies, but only to provide ampli-
tudes and phases in the line indicesΛH to be used for mode
identification.

The photometry on the other hand is crucial in establishing
the frequency content of AV Cet, and also for providing am-
plitudes and phases for the mode identification. Below, we will
describe first the analysis of the photometric data, and present
the results. Next, with the resulting mode frequencies, we will
derive amplitudes and phases for the line indices.

5.1. Strömgren photometry: Finding the mode
frequencies

Before commencing the frequency analysis, both series were
individually cleaned of deviant points, using a 4σ criterion,
and then merged. Since there is no overlap between the two
series, we avoid problems with distortion of the window func-
tion, caused by having higher weight in the overlap regions.
The differences between the mean values of the two data sets
in any filter are of the order of 0.3%. The correction of this
offset was found to have no effect on the time series analysis.

The observing procedure at the SAT yielded oneuvby data
point every few minutes, largely oversampling the time series.
Hence, we combined points in the SAT data, bringing the sam-
pling of the two data sets closer, in order not to artificially
weight one set more than the other. The combination was done
using a weight based on the point to point scatter, multiplied by
a time-difference sensitive Gaussian weight. Our optimisation
lead to a re-sampling close to 11 min for the SAT data. This
re-sampling was also found to be optimal with respect toS/N
in the amplitude spectrum.

The weighting scheme applied here is the one recom-
mended by Handler (2003), which is an improvement of a
scheme used by e.g. Viskum et al. (1998) and Frandsen et al.
(1995), using a weight proportional toσ−x, whereσ is an esti-
mate of the internal scatter, andx in general is close to 1. The
best value was in our case found to bex = 0.9, by optimising
the finalS/N in the amplitude spectrum. The internal scatter
was calculated from a high-pass filtered series, and the weights
were Fourier analysed to check for any periodicities; none were
found.

The frequency analysis was done using Period98 (Sperl
1998) finding and prewhitening one frequency at a time, until
no more peaks above 4σ were present in the amplitude spec-
trum. At each step care was taken to avoid errors due to
aliasing, by checking also the±1 d−1 solutions. Finally, fre-
quencies, amplitudes and phases were determined by a simul-
taneous fit around the final frequency table. The formal uncer-
tainty on the frequencies is 0.05 d−1 from the total time span
of the observations of 10.04 days. We estimated the additional
errors introduced by underlying modes and aliases by applying
several schemes of weighting and extraction of the frequencies
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Fig. 1. Thevby amplitude spectra of AV Cet.

Table 2.Modes detected in AV Cet. f1–f7 we regard as “safe”, while
the remaining modes all have some problems. See text for discussion.

Frequency Amplitude [mmag]

ID [d−1] v b y S/Nv

f1 15.915 6.00± 0.44 5.46± 0.50 4.39± 0.36 13.6

f2 14.598 3.09± 0.43 2.96± 0.46 2.54± 0.34 7.2

f3 21.200 2.14± 0.48 1.76± 0.44 1.71± 0.40 4.5

f4 30.833 2.58± 0.54 2.01± 0.47 2.03± 0.37 4.8

f5 28.158 2.17± 0.64 2.12± 0.57 1.70± 0.46 3.4

f6 16.356 2.00± 0.47 1.69± 0.52 1.31± 0.37 4.3

f7 10.681 1.64± 0.39 1.38± 0.40 1.28± 0.33 4.2

The following modes are uncertain. See text for discussion.

n8 17.59 1.49 1.75 1.19

n9 14.19 1.03 1.14 1.00

n10 30.38 1.91 1.39 1.17

to the individual filters. The rms on the extracted frequencies
was for all modes less than 0.01 d−1, hence we adopt an error
of 0.05 d−1 for the frequencies f1–f7 to be conservative. The
results are summarised in Table 2. The amplitude spectra in the
filters vby are shown in Fig. 1, while Fig. 2 show the corre-
sponding spectra after removal of the frequencies f1–f7.

The errors on f1–f7 were calculated from the local resid-
uals in the amplitude spectra after prewhitening with f1–f7.
These errors do also include the contributions from n8–n10
and from any other undetected modes present. The noise level
at frequencies above 40 d−1, where the spectrum is essentially
flat, was about a factor 2–2.5 better than the ones listed here,

Fig. 2. The vby amplitude spectra of AV Cet after prewhitening with
the frequencies f1–f7. There are quite evidently more modes present,
most noticeable around 17 d−1 and 30 d−1 but these all have severe
aliasing problems. See Table 2 and text for discussion.

suggesting the presence of many unresolved low amplitude
modes. Note that f5 is not detected above 4σ in any individual
band (S/N = 3.7 inb andy). However, based on the collective
evidence and on the fact that we find this mode above 4σ in all
the line indices (Sect. 5.2), we have confidence in its reality.

The interpretation of the “modes” n8–n10 listed at the bot-
tom of Table 2 is very problematic in such densely populated
amplitude spectra. We do not feel confident about claiming ac-
curacy or even reality for these modes, although they all stand
out better than 4σ above the noise in at least one of the bands.
Still, we find it worthwhile to list them for later reference. The
inclusion of these modes in the solution for the amplitudes and
phases, does not alter the solutions for f1–f7 noticeably.

For n8, we note that it is close to f2+ 3d−1. On the other
hand, it has significant amplitude, suggesting an independent
mode interfering with the aliases of f2. The frequency of this
mode however, must remain very uncertain given the large
amount of unresolved modes evident in this region. The vari-
ations at frequency n9 may very well be an alias peak, and
is merely included to show the level of unresolved power
around this frequency. From Fig. 2 one may see two peaks
around 30 d−1 separated by 1 d−1. Whether this represents two
modes interfering with each others aliases, or just a single
mode (n10) is not clear.

5.2. Spectroscopic time series analysis

The calculation of the line indices involves choosing an inte-
gration filter for each line. This was done in the same way for
all lines, finding the super-Gaussian filter that would optimise
theS/N on the amplitude of f1.
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Fig. 3. Amplitude spectra ofΛHδ. The upper panel shows the ampli-
tude spectrum for an integration filter including most of the line, while
the lower one shows the result for a filter integrating only the core of
the line.

Table 3. Results from prewhitening the line indices with f1–f7. All
amplitudes are for the filter labelledb = 30 (Eq. (1)), except forΛHδ,5

which lists the amplitudes in a filter that integrates only the core of
the Hδ line. See text for discussion.

Amplitude [promille]a

ID ΛHβ ΛHγ ΛHδ ΛHδ,5 S/NHδ

f1 4.64± 0.50 5.27± 0.72 4.65± 0.40 3.09± 0.48 11.6

f2 1.78± 0.50 1.26± 0.72 1.78± 0.40 2.79± 0.42 3.0

f4 2.03± 0.73 2.14± 0.78 1.82± 0.75 1.11± 0.47 2.4

f5 3.08± 0.73 3.21± 0.79 3.13± 0.72 1.37± 0.49 4.1

f6 0.99± 0.50 2.00± 0.72 1.38± 0.40 1.71± 0.47 3.5

f7 0.99± 0.55 0.83± 0.71 0.99± 0.52 1.95± 0.66 1.9

a Promille is parts-per-thousand. One promille equals 1.086 mmag.

The line indices of the Balmer lines were analysed using the
frequencies f1–f7 found in the Str¨omgren photometry as input.
Before analysis the raw series was sigma-clipped to remove
very deviant points. There were some obvious drifts in the se-
ries, which can often be removed by decorrelation with inde-
pendent parameters that do not contain the pulsation signal.
However, an investigation of external parameters like position
of the spectrum on the CCD, seeing, continuum curvature etc.
did not reveal any correlations or did not contain traces of the
pulsational signal. Hence, we decided not to apply decorrela-
tion to the series. Instead, the series was high-pass filtered to re-
move the drifts, while retaining the information in the (known)
region of interest from∼8 d−1 and higher. Proper weights were
constructed as outlined in the previous section.

The results from prewhitening with f1–f7 are summarised
in Table 3. The amplitude spectrum, and the residuals after
prewhitening are shown in Fig. 3.

As evident from Fig. 4 there are more modes excited
in this star than the seven removed, which means that the

Fig. 4. Amplitude spectra ofΛHδ after prewhitening with the frequen-
cies f1–f7. The upper panel is for an integration filter including most
of the line, while the lower panel shows the result for a filter integrat-
ing only the core of the line. As is evident, there are unresolved modes
hidden in the noise.

accuracy of the amplitude determinations will suffer, as was the
case for the photometry. The noise varies from∼0.6 promille
around 10 d−1, rising to∼0.8 promille at 30 d−1, and levels out
to around∼ 0.3 promille above 40 d−1, which is the white noise
level. Thus, the major contribution to the uncertainties comes
from the unresolved modes, without which we would have
gained up to a factor of 2.5 on theS/N.

Although the formal errors on the weaker modes are large,
we can still have confidence in them since AV Cet is known to
pulsate with these frequencies, found from the photometry.

In Table 3 we have listed the amplitudes of a Hδ line in-
dexΛHδ,5 which is a very narrow integration filter that measures
the amplitude in the core of the line. Note that f7 is significantly
stronger here than in the line as a whole, meaning either that
the variation is taking place only in the line core, or that the
phase of the mode is changing between the core and the wings.
Unfortunately, we do not have sufficientS/N to separate these
two hypotheses, but an analysis of the line wings indicates that
the mode is present but with a changing phase through the line.
The other modes have a constant phase regardless of the posi-
tion in the line.

We do not have a good model of the cause for this be-
haviour, but we might suggest that the nature of the mode is
different from the other modes. The apparent presence of nodal
lines in the phase suggests highm i.e. it could be a mode
of m ≥ 2. The low frequency of this signal lets us speculate
that it could also be ag-mode or a mixed mode. Another expla-
nation offered by Dall & Frandsen (2002) is that we see the ef-
fect of two very close unresolved modes, whose eigenfunctions
are sampled differently at different depths of the atmosphere.
As we have strong indications of many unresolved modes, this
seems likely, although we do not have a precise model of such
a scenario.
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Table 4. Comparison between this work and earlier data. The formal
errors on the GB amplitudes are 0.50 mmag.

2001 1984

ID y V

f1 4.39 2.61

f2 2.54 4.45

f3 1.71 2.41

f4 2.03 0.98

f5 1.70 1.21

f6 1.31 0.79

f7 1.28 0.78

5.3. Consistency with previous results?

The findings by Dall & Frandsen (2002) of three modes
in AV Cet from four hours of line index measurements
in Oct. 2000, can now be reassessed. Given the low frequency
resolution many of the determinations are ambiguous, hence f1,
f2 and f6 can not be disentangled. Fitting these three as a single
mode, and keeping f3, f4, f5 and f7, we are able to fit the short
data set very well. Notably, we find that the high frequency
modes have amplitudes comparable to the main mode.

We have investigated the photoelectric data of Gonzalez-
Bedolla (1990), to check if the modes we have found in
our data from Oct. 2001 were also present in Sep. 1984.
Gonzalez-Bedolla reported the dominant mode at 14.593 d−1

(our f2 mode) with another mode around 19.186 d−1 (likely to
be our f3 mode). In Table 4 we present the results of a reanal-
ysis of the data using our f1–f7. As Gonzalez-Bedolla, we find
f2 to be dominant with f1 and f3 also present. The modes f4–f7
are not present above the 4σ level. Hence, no measurable high
frequency modes were present in 1984, and thus there was sig-
nificant redistribution of the pulsational energy in the course
of 16 years, possibly including amplitude variations and
excitation of new modes.

6. Discussion

6.1. Temperature and luminosity of AV Cet

The discussion of the pulsational behaviour of AV Cet re-
quires some knowledge of the star’s position in the HR dia-
gram. As AV Cet was both a target of the HIPPARCOS mis-
sion (ESA 1997) and as standard photometric colours in both
the Strömgren and Geneva systems are also available4, its ef-
fective temperature and luminosity can be determined.

The calibrations of the Str¨omgren system by Crawford
(1979) applied to AV Cet suggest that the star is unreddened,
slightly metal deficient (δm0 = 0.016) and that it has an ab-
solute magnitudeMv = 2.1 ± 0.3. This is in excellent agree-
ment with the HIPPARCOS result:π = 14.83± 0.77 mas com-
bined withV = 6.21 givesMv = 2.07± 0.12. Smalley’s (1993)
calibration in terms of metallicity suggests [M/H] = −0.09

4 http://obswww.unige.ch/gcpd/gcpd.html

Fig. 5. AV Cet in the theoretical HR diagram. The filled circle shows
the temperature and luminosity constraints we derived; error bars
on these determinations are indicated. Stellar evolutionary tracks for
models with [Z] = 0.015 andvrot,ZAMS = 250 km s−1 are indicated and
labelled with their masses. The slanted solid line depicts the ZAMS for
these models, and the slanted dotted lines are the edges of theδ Scuti
instability strip. The thick sections of the evolutionary tracks cor-
respond to models whose range of unstable pulsational frequencies
matches that of AV Cet.

for AV Cet and the model atmosphere grids by Kurucz (1991)
imply Teff = 7820 K as well as logg = 4.1.

Applying the calibration of Geneva photometry by K¨unzli
et al. (1997) to AV Cet, we findTeff = 7650 K, logg = 4.0
as well as [M/H] = −0.2, which is in good agreement with
the outcome from the application of the Str¨omgren colour cal-
ibrations. Consequently, we adoptTeff = 7730± 90 K as our
temperature estimate, and with the bolometric corrections by
Flower (1996) and Drilling & Landolt (2000) we findMbol =

2.0± 0.2.
To place AV Cet in a theoretical HR diagram, its pro-

jected rotational velocity is also required. Two determinations
are available from the literature: Abt & Morrell (1995) deter-
minedv sini = 195 km s−1, and Royer et al. (2002) measured
v sini = 212 km s−1. As this is close to the break-up rotational
velocity of a main-sequence A star, we must see AV Cet close
to equator-on.

We computed evolutionary sequences of stellar models
with the Warsaw-New Jersey code (see e.g. Pamyatnykh et al.
1998 for a description). Owing to the observational constraints
determined above, we chose models with a heavy-element
abundance [Z] = 0.015 and a rotational velocity ofvrot =

250 km s−1 on the ZAMS. No convective core overshooting
was used. We compare these tracks with the temperature and
luminosity of AV Cet in Fig. 5.

It is suggested that AV Cet is a star of 1.75±0.06M� about
halfway in its main sequence evolutionary phase. We can check
this finding with the application of a pulsational stability anal-
ysis (as explained by Pamyatnykh 2003). In brief, the range
of unstable pulsation frequencies of a given pulsational model
changes as it evolves. This frequency range can be matched
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with the one actually observed in the star. We have applied this
method to AV Cet (taking into account rotational splitting due
to fast rotation as well) along the evolutionary tracks plotted
in Fig. 5, where models that reproduce the observed frequency
range with their̀ = 0−2 modes are located along the thick
parts of the tracks. We find very good agreement between the
parameter space occupied by those models and the observa-
tionally determined position of AV Cet in the HR diagram. The
modes excited in the models that match our constraint on the
temperature from the colour photometry range from (almost)
pure g modes that start asg3 on the ZAMS through mixed
modes up to purep modes of radial order 5.

However, since such a fast rotating star will be highly flat-
tened with many complicated phenomena going on like mix-
ing, meridional circulations etc., we do not expect any current
state-of-the-art models to fully describe AV Cet.

6.2. On mode identifications

As is evident from Figs. 2 and 4, we have not succeeded to
extract all the pulsation modes that our formal accuracy would
have allowed us to, mostly because of severe aliasing problems
in regions very densely populated with unresolved modes. This
is true both for the Str¨omgren photometry and for the line index
spectroscopy, and it may even be different modes that dominate
the residuals. As there is still substantial power left we can not
expect to be able to make very accurate mode identifications
based on amplitude ratios and phase differences.

Nevertheless, we present in Fig. 6 some mode identification
plots suggested in the literature. Without attempting any defi-
nite mode identification, we will in the following compare the
methods and discuss whether they collectively can point to any
conclusions.

In the Viskum-diagram (e.g. Viskum et al. 1998, upper left-
hand side panel of Fig. 6) the modes are grouped according to
their spatial structure, i.e. to their` ormvalues, with low-̀, m in
the lower left and high-̀, m towards the upper right. This plot
does indeed seem to indicate groupings, leading to f2 and f7
being radial modes. Alternatively, given the large errors on f7,
its special phase values in Fig. 6 and its low frequency, a bet-
ter interpretation is that f7 is a low degree (` = 1) g-mode. As
discussed by Dall & Frandsen (2002), radial modes inδ Scuti
stars seem to fall near amplitude ratios of 0.5, in support of the
interpretation of f2 being radial. However, error bars are large.
Certainly, the Viskum diagram has been used with success for
a number of pulsating stars of various classes in recent years;
(apart from FG Vir, the most notable are the roAp starα Cir,
Baldry et al. 1998, 1999 and the EC 14026 star PG 1605+072,
O’Toole et al. 2003). However, it is very likely that in the
regime of very fast rotation, the geometrical properties on
which the method relies are so heavily distorted that the in-
terpretation is no longer correct. For the moderately fast rota-
tor BN Cnc, Dall et al. (2002) discussed the interpretation of
the amplitude ratios, noting that for such fast rotation the ratios
would depend largely onm in combination with the inclina-
tion angle because of the large amount of gravity darkening in
addition to the limb darkening. Thus, we would need to know

the rotation period andv sini independently. The modes with
low amplitude ratios would nevertheless still have the smallest
amount of spatial structure, so if we were to look for any radial
modes, we would have to look among these modes. In the case
of AV Cet, this means that if the star has radial modes, they
would likely be found among the modes f2 and f7.

The multi-colour photometric method has been very suc-
cessful in the past, using the Garrido-diagram (Garrido et al.
1990). One of the most serious shortcomings in this case is
the lack of understanding of the effects of fast rotation, and
of models able to take those into account. Such models would
be necessary to assign “regions of interest” for specific val-
ues of` within the diagram. But even if such models were
at hand, the effort would be unfruitful because of the high rota-
tion rate of AV Cet, which would cause the “regions of interest”
to be not only inaccurate, but also to a great extent overlapping,
hence making any identifications ambiguous. It is worth noting
the large range in phase difference for AV Cet: for most other
starsφb−y − φy spans no more than 50◦, while here we have a
range of at least 200◦, and even if we disregard the most uncer-
tain point (f7), the range is more than 100◦.

In the case of FG Vir, Breger et al. (1999) pointed out
the very good agreement between the Garrido-diagram and the
Viskum diagram in determining thèvalues for the strongest
modes of FG Vir. In the diagram presented by Breger et al., the
modes are clearly grouped along a line of negative slope. One
grouping corresponding to the radial modes was located at low
A(H)/A(v) andφv − φy ∼ 2◦, while high-̀ modes were grouped
at highA(H)/A(v) andφv −φy ∼ −7◦. Only if we take the errors
into consideration in the Breger-diagram of AV Cet do we find
some resemblance, which would then indicate high spherical
degree for the f3 mode, while the rest would have considerable
ambiguity.

Without making any physical assumptions, Paparo &
Sterken (2000) tested all possible combinations of photomet-
ric amplitude ratios and phase differences for the groupings
of modes, that might be useful for mode identification in the
star θ Tuc. They found that the combinationA(b)/A(y) ver-
sus φb−y − φb was particularly useful for separating modes
of different degree and radial order without giving any
exact assignments to particular groups. The corresponding
Paparo/Sterken-diagram for AV Cet may indeed show some
separations. Following the interpretation of the phase differ-
ence reflecting the degree, we may here see at least three dif-
ferent groupings, with f7 belonging to the lowest one. If we
exclude f7, the mode with the highest positive phase differ-
ence is f2, which we already suspected as the radial mode. The
errors on the amplitude ratios are quite high, and do not al-
low us to suggest any groupings. As with the Garrido-diagram
the phase differences span a large range: here the modes cover
at least 100◦, while for θ Tuc the range was∼35◦.

7. Conclusions

We have found a previously unknown variable star, HD 9139,
the nature of which is still unclear. Under a pulsational hypoth-
esis, theQ-value disagrees with an interpretation of HD 9139
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Fig. 6.The different mode identification plots suggested in the literature. The top left plot is the one used by Viskum et al. (1998) and Dall et al.
(2002), while the top right one is the plot used by Breger et al. (1999) to demonstrate the good agreement in the case of FG Vir between the
method of Viskum et al. and the photometric method – which is the plot on the lower left (Garrido et al. 1990). The lower right plot is similar
to that empirically suggested by Paparo & Sterken (2000) forθ Tuc.

as a star of theγ Doradus type, but the star could be aδ Scuti
star just leaving the instability strip.

Another explanation may be abundance inhomogeneities,
possibly induced by magnetic activity, which coupled with ro-
tation produces the variation. The spectrum seems however to
indicate a normal F star. Both scenarios are somewhat limited
by the absence of amplitude variations with colour.

The rapidly rotatingδ Scuti star AV Cet has turned out to be
an extremely interesting object. From this observing campaign
we find seven individual pulsation modes with good evidence
for more, and from comparison with old data, we see significant
redistribution of pulsational energy, suggesting that the star has
undergone amplitude variations and excitation of new modes
during the course of 16 years.

The fast rotation is the main cause of the difficulties in-
volved in establishing secure mode identifications for this
star. We have compared several methods previously used for
other δ Scuti stars, but find that none of them provides any
clear interpretation of the mode nature. Based on the col-
lective evidence, we do however propose the mode f2=
14.598 d−1 as our best candidate to be radial based on the
tendency for low degree modes to give small amplitude ra-
tios in the Viskum diagram. This is supported by the pos-
itive phase differenceφb−y − φy. Likewise, we suggest that
f5 = 28.158d−1 may be a high-degree (` = 2−3) mode, based
on the high amplitude ratios demonstrated by the Viskum-,
Breger-, and Garrido-diagrams. We also suggest that the mode

f7 = 10.68 d−1 may be a mode ofm ≥ 2 and/or a low order
g-mode, based on the peculiar behaviour in the line profile of
the Balmer lines, and on its very large phase differences, which
point to a different mode nature.

We have shown that the various diagrams used for mode
identification show significant differences between the seven
detected modes. The interpretation is difficult due to the fast
rotation of AV Cet, although one gets an idea about the division
of the modes in low and high spatial structure modes. A better
theoretical understanding of the effects of rotation on observ-
able parameters is needed. AV Cet is a highly interesting target
for further studies in this direction because of its unevolved na-
ture and its large number of observable pulsation modes.
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