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Abstract. The paper emphasizes the connection between observations and theory in the Lower
Instability Strip. It is argued that the ¢ Scuti and v Doradus pulsators are very close relatives
in the sense that the v Doradus phenomenon can also be seen in the slightly hotter § Scuti
variables.

New developments and recent progress are reviewed. Arguments are given why all (or almost
all) stars in the Lower Instability Strip are pulsators. Furthermore, the question of the so-called
missing modes is answered as very extensive photometry campaigns have revealed a large number
of pulsation modes with amplitudes less than one millimag. Arguments are given that the 500+
¢ = 0 to 2 modes predicted for § Scuti stars are actually present.

The progress made in developing reliable methods of pulsation mode identification is briefly
discussed. The discovery of many close modes with small amplitudes sets severe requirements
concerning the length of future studies.
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1. Introduction

0 Scuti stars are pulsators situated in the Classical Instability Strip on and above the
Main Sequence. They pulsate with radial and nonradial pressure (p) as well as mixed
pressure/gravity (p/g) modes. The excitation is due to the x mechanism in the Hen
ionization zone.

~ Doradus stars are gravity (g) mode pulsators. In the H-R Diagram they overlap the
cool ¢ Scuti stars and extend into the F stars. The details of the excitation are not entirely
clear at this stage. Convective blocking has been proposed as a mechanism (Guzik et al.
2000, Dupret et al. 2004).

Despite their difference in the types of excited pulsation modes and the length of the
pulsation periods, the two types of stars may be related. No known ~ Doradus star has
so far been found to show short-period d Scuti pulsation. The converse may not be true:
many cool § Scuti stars may show the v Doradus phenomenon, both from observations
and theoretical models. This is illustrated in Fig. 1, where excitation as a function of
frequency is shown for the ¢/ = 2 modes of the § Scuti star FG Vir. The instability
parameter, 17, shows a second peak in the low-frequency region, viz., near 1.7 cd~'. The
peak remains negative, but varies with the convection treatment adopted. It is attractive
to speculate that the peak can actually become positive so that gravity modes can be
excited in a limited part of the low-frequency region.

These low-frequency peaks have been observed in some § Scuti stars. Attempts to
explain them in terms of other hypotheses such as combination modes have failed. An
example is the star BI CMi (Breger et al. 2002). This star pulsates in the 4.8 to 13.0
cd ™! region, but also shows a clear peak at 1.662 cd~'. Fig. 2 demonstrates this relative
to the main comparison star, HD 66925. We note here that the peak is also seen relative
to a second comparison star, HD 66829.
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Figure 1. Pulsation excitation models calculated by A. A. Pamyatnykh for a typical evolved
0 Scuti star. The parameter 7 denotes the amount of instability. The two curves were calculated
with « values of 0.5 (bottom) and 2.0 (top). Instability occurs above the horizontal line and is
in agreement with the observed frequencies of FG Vir. The local maximum at low frequencies
may point towards an explanation of the observed low-frequency peaks in FG Vir and other
0 Scuti variables.
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Figure 2. Power spectrum of the cool § Scuti star BI CMi in the low-frequency region. The
peak at 1.662 cd™! could be interpreted as a gravity mode, if the local excitation maximum
near 1.7 cd™* shown by some models is strong enough.

2. What fraction of stars in the Lower Instability Strip are variable?

A number of photometric variability surveys of stars in and near the Lower Instability
Strip have detected variability in about 25% - 33% of the stars. The results depend on
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the photometric precision (i.e., the amplitude threshold) and the width of the instability
strip. A excellent recent discussion can be found in Poretti et al. (2003).

A much higher incidence of pulsation is obtained if one corrects for the observational
limits of the surveys. If we examine the distribution of amplitudes of the § Scuti variables
found in surveys and extrapolate this to near-zero amplitude, all or maybe all the stars
in the Lower Instability Strip should be pulsating.

This expectation is dramatically confirmed by new WIRE satellite measurements of
the bright A star, Altair. These measurements are more accurate than ground-based
photometry of equal observing time. (Later we will show that ground-based photometry
can, and does detect, amplitudes of 0.2 mmag). Buzasi et al. (2004) show that Altair is
variable with an amplitude of about 1 mmag. This confirms the expectation that most
(or all) of the ’constant’ stars in the Instability Strip are variable at small amplitudes.

What determines the amplitude of a & Scuti or a v Doradus star? The largest effect is
due to stellar rotation (see Fig. 3): high amplitude requires low rotation. Often, but not
always, these high-amplitude modes are radial. Stars rotating faster than ~30 km s—!
pulsate with a mixture of low-amplitude radial and nonradial modes. Why some of these
amplitudes are as large as 0.02 mag. and some are as small 0.0002 mag. is not known at
this time.
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Figure 3. Relationship between observed photometric amplitude and measured rotational
velocity, v sin ¢. This diagram shows that high-amplitude pulsation is restricted to slow
rotation.

3. Pulsation mode identifications

One of the most important prerequisites for the application of asteroseismology is
the identification of the discovered frequencies with the stellar pulsation modes, i.e.,
the determination of pulsation quantum numbers n,#, m. A variety of photometric and
spectroscopic techniques are applied. In the last few years, there has been enormous
progress in the development and checking of these techniques. Space limitations do not
permit more details here, but examples can be found in Aerts et al. (2004) and Zima et al.
(2004). Apart from mode identifications, spectroscopic line-profile analyses can also be
used to determine the inclination of the rotation axis to the line of sight. Fig. 4, kindly
supplied by W. Zima, demonstrates this for the star FG Vir.
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Figure 4. Line-profile variations can be used to also determine the inclination of the rota-
tion axis to the line of sight. For the star FG Vir, the observed profile variations of four
non-axisymmetric modes were fitted simultaneously with a common inclination. The diagram
shows the quality of fits of more than 15000 simulations (some shown by crosses) to the observed
line profiles of FG Vir. The best agreement is found for an angle of 20°.

4. Where are the missing modes?

0 Scuti star models predict pulsational instability in many radial and nonradial modes.
The observed number of low-degree modes is much smaller than the number predicted by
pulsation models. The problem of mode selection is most severe for post-Main-Sequence
0 Scuti stars, which comprise about 40% of the observed § Scuti stars. The theoretical
frequency spectrum of unstable modes is very dense. Most modes are of mixed character
as they behave like p-modes in the envelope and like g-modes in the interior. For example,
a model of 4 CVn predicts 554 unstable modes of £ = 0 to 2. Of these 6 are £ = 0, 168 are ¢
= 1, and 380 are ¢ = 2. However, only 18 (and an additional 16 combination frequencies)
were observed (Breger et al. 1999). The problem for other § Scuti stars is similar.

Consequently, either the theoretical predictions or the observational techniques are
imperfect (for a discussion, see Breger & Pamyathykh 2002). On the observational side
it is, therefore, necessary to lower the observational threshold to search for the missing
modes. The answer may be provided by the 1000+ hours of photometry obtained by
the § Scuti Network for FG Vir. The preliminary multifrequency solution already has
identified 60 frequencies. The separate solutions for 2002 and 2003 are similar, so that
we regard the results to be reliable.

The amplitude distribution is shown in Fig. 5. The diagram shows an almost exponen-
tial curve with decreasing amplitude. Since it is improbable that the star stops at exactly
the observational threshold, considerably more modes should be present near 0.2 mmag.

This is supported by the power spectrum of the residuals after the 60-frequency solution
is subtracted (Fig. 6). Excess power in the frequency regions, in which FG Vir is known
to pulsate, indicates the existence of many additional modes.
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Figure 5. Photometric amplitudes of the pulsation modes of FG Vir. The detection of 60 modes
is preliminary and based on 2002 and 2003 data of the § Scuti Network. The exponential shape
of the distribution suggests that below the observational limit 0.20 mmag considerably more
modes are present.

While we have not detected all of the ~500 predicted pulsation modes, the huge in-
crease in detected modes with the low 0.20 mmag threshold strongly suggests that the
predicted modes are not missing. While the question of mode selection may now be
answered, the question of what determines the sizes of the amplitudes remains.
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Figure 6. Power spectrum of the residuals of FG Vir after 60 frequencies were prewhitened.

There exists excess power in two of the three main regions in which the prewhitened modes were
found. This also suggests the presence of additional, so far undetected modes.

5. Problems that need to be considered

The recent developments in the study of these pulsating stars have shown a num-
ber of exciting discoveries as well as problems which need to be considered in future
investigations from space or from the ground.

5.1. Dense frequency spectrum requires exact model predictions

An important tool to understand stellar structure is to compare the observed pulsa-
tion frequencies with those given by model calculations. As more frequencies as well as
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Figure 7. A very small frequency region for FG Vir, showing the dense observed frequency
spectrum. This diagram demonstrates that pulsation models need to predict the pulsation fre-
quencies to very high precision to enable unique comparisons with observations.

pulsation modes are identified, additional parameters (such as convective overshooting)
can be finetuned in the models. However, the dense frequency spectrum observed leads
to a uniqueness problem in the comparison. This can only be solved if the models can
predict frequencies to much better than 1%.

Let us use FG Vir again as an example. Fig. 7 shows a small frequency region with the
detected frequencies. Unpublished spectroscopic as well as photometric mode-identifica-
tion techniques have identified three of these modes with different values of ¢. We can
identify the modes at 12.15, 12.72 and 12.79 cd~! with £ = 0, 1, and 2, respectively. The
nature of the 12.16 cd~! mode and the other frequencies is unknown.

The dense frequency spectrum indicates that the pulsation models need to make very
accurate frequency predictions to avoid misidentifications!

5.2. Extremely close frequency pairs

The majority of well-studied & Scuti stars show a number of very close frequencies with
separations as small as 0.01 cd~!. For the star BI CMi at least four close frequency pairs
were discovered. It could be shown (Breger & Bischof 2002) from amplitude and phase
arguments that these were independent modes, rather than artefacts of the amplitude
variability of a single mode. This may be related to the Blazhko Effect observed in another
group of pulsators, the RR Lyrae stars.

Another close frequency pair can also be seen in Fig. 7, where the 12.154cd~! and
12.162cd ™! modes for FG Vir are shown.

The close frequencies still need to be explained theoretically. On the observational
side, they demand very high frequency resolution in the measurements (from space or
ground), requiring observing runs longer than 100 d.

5.3. Beware of pulsation from companions

Successful asteroseismology requires the matching between observed and predicted fre-
quencies. It would be fatal if some of the observed frequencies would not belong to the
star studied, but to a companion. In some cases, both components of a binary system
pulsate, sometimes with similar periods, if their masses are similar. An example is the
star §2 Tau shown below in Fig. 8 (Breger 2005).
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Figure 8. Example of a binary system, #? Tau, in which both components pulsate. The low
and the high frequency groups show opposite light-time (O-C) shifts, which agree with those
predicted from the known orbits. This diagram demonstrates that before modelling pulsations,
one needs to ensure that all of the observed modes originate in the same star.

5.4. Rotational splitting is not equidistant

Even for moderate stellar rotation, rotational splitting is not equidistant (e.g., see a
discussion by Goupil et al. 2000). This departure from equidistant splitting is very com-
plicated to compute and provides a powerful tool when observations are compared with
various stellar models. While rotational splitting has been easily observed in g-mode
pulsators such as white dwarfs, for main-sequence A stars the theoretical complexity is
matched by the difficulty of obtaining mode identifications for a complete £ = 1 triplet,
or a { = 2 quintuplet.

A triplet has now been detected. Fig. 9 shows an observed ¢ = 1 triplet for FG Vir.
We confirm that rotational splitting is indeed nonequidistant.
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Figure 9. Example of observed non-equidistant rotational splitting of a ¢ = 1 triplet in
FG Vir.
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Discussion

MOEHLER: You mentioned the detection of variability at the 1 - 2 mmag level as an
indication that indeed all stars in the variability strip vary. Are there any plans to study
stars outside the instability strip at comparable precision to verify that they do not vary?

BREGER: Indeed, the space missions plan to investigate stars outside the classical insta-
bility strip. We already know that on both sides of the § Scuti strip there are pulsators:
the v Doradus gravity-mode pulsators to the cool side and isolated variables to the hot
side.

WEIss: Within the COROT Additional Programme it is planned to test the hot and
cool borders of the instability strip. This is also an on-going project for MOST.

BALONA: The drop in the number of § Scuti stars with rotation, as detected by photom-
etry may be because the rapidly rotating stars pulsate with modes of high degree, which
cannot be detected by photometry. The example of 3 Pic comes to mind.
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