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Abstract

Some results of theoretical studies of the instability domains in the upper main
sequence are outlined. Using the frequency — log Teg diagram for models of
the Slowly Pulsating B-stars, we show that a recently detected tendency for
the coolest SPBs to oscillate with higher frequencies than those for hotter SPB
stars, may agree with the theoretical expectations.

Introduction

In this note | will outline some features of the instability domains in the up-
per main sequence and comment recent observational and theoretical data of
other authors which were declared to be in a disagreement with our results
or expectations. The numerical results | will present were obtained in Wojtek
Dziembowski's group in Warsaw and in Mike Breger's group in Vienna. The
note can be considered as an addition to and, partly, shortened exposition of
reviews on pulsational instability domains on the main sequence (Pamyatnykh
1999, 2000, 2003 - hereafter, Papers |, 11, 1ll, correspondingly).

The stellar models were computed without taking into account the effects
of rotation and convective overshooting. An initial hydrogen abundance of
X = 0.70 and a heavy element abundance Z = 0.02 were assumed, and the
heavy element mixture was that of Grevesse & Noels (1993). In the stellar
envelope, the standard mixing-length theory of convection with the mixing-
length parameter @ = 1.0 was used. For opacities, we used the most recent
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version of the OPAL data (lglesias & Rogers 1996), supplemented with the
low—temperature data of Alexander & Ferguson (1994). Other details of com-
putations are given in Papers | and Il.

The updated HR diagram

In Fig. 1 we present the location of the instability domains in the HR diagram.
This plot is an updated version of Fig.3 in Paper |. The observed domain of
~ Dor variables is shown in the lower part of the diagram by two approximately
vertical lines (G. Handler, private communication). Also the position of stars
with solar-like oscillations is shown. The present Sun is located outside the
evolutionary track of 1 Mg, even slightly to the left of the ZAMS because
our standard parameters of the chemical composition and of the convective
mixing-length don't fit appropriate solar values.

An important feature of the stability analysis is an extension of the high-
gravity mode instability domain (the SPB domain) to larger masses and lumi-
nosities, as was for the first time mentioned by Pamyatnykh (1998). We discuss
this feature in the next subsection. This extension is continuous if we use OP
opacities (Seaton 1996, see Paper |). For the SPB domain and its extension,
the low temperature boundary coincides with the TAMS due to strong damping
of the high-order gravity modes for more evolved models. The TAMS line can
be considered also as an effective Red Edge for the 5 Cep domain because of
very fast post-MS evolution of massive stars.

Almost all observed 3 Cep and SPB stars lie within the instability domains.
However, the 5 Cep variables in NGC 6231 fall outside the instability region.
An increase in heavy element abundance may solve this problem. The § Cep
instability region extends to high luminosities where no observed variables of
this type were found, in spite of the fact that the instability strip becomes wider
at high luminosities. We have no satisfactory explanation of this discrepancy. It
is possible that some additional factors like mass-loss or fast rotation influence
the instability at high luminosities. Kiriakidis et al. (1993) noted that the
low-amplitude variability of blue supergiants may be connected with the same
k-mechanism acting in the Z opacity bump region inside the star.

For § Sct variables, we chose 329 stars with available uvby(3 photometry
from the catalogue of Rodriguez et al. (2000). The photometric data were
transformed to effective temperature, Teg, and to luminosity, L, in the same
way as in Paper Il (an older version of the Rodriguez catalogue was used in
that paper). Our comparison with the observations is rather illustrative. We do
not discuss here the errors of calibrations, the positions of individual stars and
we do not try to correct some data using additional information (like distances
for the members of open clusters or according to the HIPPARCOS data). For
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Figure 1: Instability domains in the upper main sequence. Slowly Pulsating B stars are
unstable only to nonradial high-order gravity modes. A similar instability was found
for massive stars in addition to the 3 Cep—type instability. For the classical instability
strip, only the Blue Edge is shown. A few evolutionary tracks for the indicated values
of M/Mg are shown. Observational data are taken from Balona (1994, NGC 3293),
Balona & Koen (1994, NGC 4755), Balona & Laney (1995, NGC 6231), Sterken
& Jerzykiewicz (1993, 3 Cep in field), North & Paltani (1994, SPB), Waelkens et
al. (1998, SPB discovered by Hipparcos), and Rodriguez et al. (2000, § Sct). The
location of v Dor variables and of stars with solar-like oscillation is also shown. The
position of the present Sun is marked by the symbol ©.

the theoretical instability domain, only the Blue Edge of the instability strip is
shown, because the Red Edge is not determined in our computations in which
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we neglected variations of the convective flux during the pulsation cycle. The
independence of the driving on the spherical harmonic degree, ¢, is a typical
feature of modes excited by the x-mechanism. Therefore the Blue Edge was
computed for radial pulsations. Near the ZAMS, the hottest unstable model
is pulsating in the seventh overtone, ps, changing to the fourth overtone, ps,
at logL/Lg =~ 2.0, and to the fundamental mode, p; at high luminosities,
logL/Lg =~ 5.0.

Recently, Deng & Xiong (2001) also determined the instability domain of
the § Cep variables. There exists a significant quantitative disagreement of
their results with ours. For example, for a standard heavy element abundance
(Z = 0.02) they did not find any instability on the main sequence for stellar
masses larger than, approximately, 20 M. In all our computations (Fig. 1,
Paper |, see also earlier studies by Moskalik & Dziembowski 1992, Dziembowski
& Pamyatnykh 1993) no upper limit for the instability was found in the studied
mass range of M < 40M,.

The disagreement may be due to the fact that Deng & Xiong used an analyt-
ical approximation to the opacity tables whereas we used elaborate subroutines
of spline interpolation in the tables. We used new versions of the OPAL and
OP tables. These tables are fine-zoned in log T and in log R = log p/T§ where
Te = T/10° (additionally, we used even more fine-zoned tables which were
constructed using spline interpolation). Together with the opacity tables, we
used beforehand prepared tables for the opacity derivatives, these tables were
constructed also with using the splines. We performed a lot of tests to guaran-
tee the smoothness of the opacity and the derivatives. We are not sure whether
an analytical approximation for the opacity can give more reliable results on the
instability than our results, because even a good approximation for the opacity
may not guarantee the adequate representation of the opacity derivatives which
are most important in the instability studies (see Paper I).

Recently, Pigulski & Kolaczkowski (2002) found a high-luminosity 3 Cep
variable in the LMC which may be inconsistent with results by Deng & Xiong.
Moreover, variability of some Luminous Blue Variables can be also caused by
pulsation (see, for example, Dorfi & Gautschy 2002).

The extension of high-gravity mode instability domain

Let's consider the instability of massive stars in more detail. There are two
distinct ranges of unstable periods for these models. Shorter periods correspond
to low-order mode (3 Cep-type) instability, longer periods correspond to an
extension of the SPB-type instability. Such a high-gravity mode instability
occurs only in the evolved MS-models close to the TAMS, as can be seen from
Fig. 1.
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Figure 2: Upper panels: Dimensionless frequencies, 0 = w/+/47G(p), and periods
of quadrupole modes for a 30M¢ star in its MS evolution (from the left to the right).
The small and large dots correspond to stable and unstable modes, respectively. Open
circles at log Teg =~ 4.44 mark modes shown in the lower panels.

Lower panels: The differential work integral, dW/dr, and the pressure eigenfunc-
tion, 6P/P (both in arbitrary units), for three selected modes. Zero-lines for the
variables are shifted with respect to each other. The metal opacity bump is located
at /R ~ 0.916 (from Pamyatnykh 1999).
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In Fig. 2, the behavior of the eigenfunction §P/P and of the work integral
in three quadrupole modes of a 30Ms model near the TAMS is shown. The
evolution of the frequency spectrum from the ZAMS to the TAMS is shown in
the upper panels. Three modes chosen for analysis are marked by open circles.

The mode with a period of 0.62 days is formally the gs-mode according to
the evolution of the frequency spectrum, see upper left panel (o ~ 2 for this
mode). But during the evolution from the ZAMS a coupling between this mode
g3 and the mode pg occurred via an avoided crossing. Therefore, this mode
is now similar to the acoustic mode py according to it's kinetic energy, which
is confined mainly in the envelope. The behavior of the pressure eigenfunction
also mimics that of the lowest-order acoustic mode. That is why we classify
this mode as pg. The opacity mechanism will work effectively if, in the driving
region, P/ P is large and does not vary rapidly. That is true both for py and
for gi6. At intermediate periods the amplitude of the pressure variations is
relatively small in the potentially driving region, so the damping in the interiors
exceeds the driving in the envelope.

Period — log T, and Frequency — log T, diagrams

In Fig. 3, the periods of unstable modes are shown separately for £ =0, 1 and
2. This figure is similar to Fig.6 in Paper Il, only the OPAL opacities have
been used in the present case. Note two distinct ranges of unstable periods for
massive stars. For clarity, the unstable modes of the MS models with masses 4
and 12 M, are marked by heavy symbols. Here, the leftmost points correspond
to the ZAMS model, and the rightmost ones - to the TAMS model. For the
ZAMS 4 M model, the high-order gravity modes gg to g1 of £ =1 and gg to
go1 of £ = 2 are excited. For the TAMS 4 M, model, the high-order gravity
modes gss to gs1 of £ = 1 and g43 to ggs of £ = 2 are excited (see Fig.2 in
Paper Il for more details). The jagged appearance of the instability domains
is due to considering discrete values of stellar masses.

Quite recently, Peter De Cat & Conny Aerts published very interesting re-
sults of a study of bright southern SPB stars (De Cat & Aerts 2002). They
found that "the observed frequencies of the coolest SPB stars tend to be higher
than those of the hotter stars, although the trend is only marginal” (see Fig. 18
in their paper). In the author’s opinion, "such a temperature-frequency relation
is not expected from theoretical excitation studies”. However, we are not sure,
whether such a disagreement between theory and observations does exist.

In Fig. 4 we plot frequencies of unstable modes versus effective temperature
both for 3 Cep and SPB type variables. Nonradial acoustic modes in the
B Cep domain are not shown, their frequencies lie outside the corresponding
boxes because for £ = 1 and ¢ = 2 we used frequency range similar to that in
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Figure 3: Periods of unstable modes in 3 Cep and SPB domains shown in Fig. 1.
For the clarity, the results for two fixed values of stellar mass are marked by heavy
symbols. Left and right edges of 4M, sequence correspond to the model on ZAMS
and TAMS, correspondingly. Note two distinct ranges of unstable periods for massive
stars. Shorter periods correspond to low-order mode (3 Cep-type) instability, long
periods correspond to extension of the SPB—type instability.

Fig. 18 in De Cat & Aerts (2002). The observed domain from that figure is
approximated by thin solid lines.

Indeed, for a given stellar mass, say, 4 M, unstable frequencies of the
cooler models tend to be lower than those of the hotter models. This is because
the local thermal time-scale in the driving zone at the metal opacity bump is
larger for cooler models (and optimal conditions for excitation of oscillations
are fulfilled for longer periods, i.e. for lower frequencies). This tendency is
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Figure 4: Frequencies of unstable modes in 3 Cep and SPB domains. The same data
as in Fig. 3 are used. Nonradial acoustic high-frequency modes in the 8 Cep domain
are not shown, their frequencies lie outside the corresponding boxes. Thin solid lines
approximate the observed domain of bright SPB stars (Fig.18 in De Cat & Aerts
2002).

opposite to the trend found by De Cat & Aerts. However, for different masses
inside the SPB domain along the main sequence, we have a more complicate
interplay between opacity and requirements concerning both the shape of the
eigenfunctions and the ratio of oscillation period to thermal time-scale. As a
consequence, the above mentioned tendency does not exist in this relatively
narrow range of periods or frequencies in the SPB domain, as can be seen in
Fig. 4. Moreover, for £ = 1 we have the same marginal trend as it is observed,
and the observed and theoretical domains are in a quite good agreement. The
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only problem may arise for the lowest observed frequencies (longest periods)
- all models are stable at these frequencies. It is possible that models with
convective overshooting may solve this problem too - if in the HR diagram
these stars are located slightly to the right of the MS band computed without
overshooting.

To conclude, at present we don't see any significant disagreement between
observed results for the SPB variables and theoretical expectations. It is pos-
sible, that a disagreement still exists. However, for such a suggestion it is
necessary to compare the observed data and theoretical results in more details,
taking into account exact location of the stars inside the SBB domain in the
HR diagram.
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