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Pulsating stars on the upper main sequence in the HR diagraimonly exhibit a convective
core (which appears if M > 1.2 M and a radiative envelope with thin convection zones close
to the surface. The evolutionary status of pulsators lacatehis region in the HR diagram can
be manifold, however: beside common main sequence puts@towhich hydrogen core burning
takes place) we also have pre-main sequence stars (norfficielear reactions) and post-main
sequence stars (hydrogen shell burning). We distinguiééreint types of pulsators along the main
sequence band: among B and late type O stars we have thele8aCephei pulsators with
periods of hours and masses of 8-20 kihd the long-period SPB oscillators (slowly pulsating B
stars) with periods of days and masses of 3—12 Mloving towards lower masses, there are the
o Scuti pulsators (M = 1.5-2.5 M), which are dwarfs or giants of spectral type A2—F5 located
in the extension of the Cepheid instability strip with pelsocof 0.02—0.3d. Pulsating magnetic
stars among A stars are known as roAp pulsators with perib&s-Ib minutes. Among F-type
stars there are thg Dor pulsators with masses of 1.4-1.6.Mnd periods of 0.3-3 d. Recent
observational reviews on these pulsators based on satglidtometry can be found in [1—3] for
A and F pulsators and for B stars in [4, 5]. Prior to the disturssf recent asteroseismic results on
the physics in these stars | will review some basics of stplidsation.

1. Stellar oscillations

Stellar pulsation occurs if a star undergoes free or forgeillations. In the limit of slow rota-
tion, the star is spherically symmetric in its equilibriumn.this case the geometrical perturbation of
the equilibrium through a pulsation mode can be charaet@rimy a spherical harmon™(6, @),
where#f is the colatitudeg the azimuthal angl€, the degree (i.e. the number of nodal lines on the
surface) andn the number of nodal lines crossing the equator 4 0 we have radial pulsation
(i.e. a spherically symmetric oscillation) and’ if- 0 we have nonradial oscillations. For a spherical
degree//, the eigenfunctions are degenerate b§#@-folds inm. Rotation lifts this degeneracy
and leads to mode frequencies dependingnoifrinally, a pulsation mode is also characterized by
the number of nodes, in the radial component of the displacement between thtecand the
surface. The radial fundamental mode has no noden+@. the first overtone@=1, and so forth.

The symmetry axis of pulsation is commonly aligned to the ihamt symmetry axis in the
star. It is often the rotation axis; however, in case of thespnce of a strong magnetic field it is the
magnetic axis, or in a close binary system the tidal axis.olsymmetry axis clearly dominates,
the pulsation symmetry axis may lie in between two symmetesae.g., in between the rotation
axis and the magnetic field axis [6]. Such an example hasthifeeen found in a magnetic A-type
star observed by thi€eplersatellite [7].

1.1 Propagation of waves inside a star

As for every oscillating body its structure and composititatermines its frequencies. The so-
lution of the oscillation equations for a star reveals twarelcteristic (critical) frequencies: (i) the
Lamb frequencyl., = \/¢(¢ + 1)%, wherecs is the local speed of sound, and (ii) the Brunt-Véisala

frequencyN, defined adN? = g (r—lld'(rj‘—rpo — d'dLrp" , Where the subscript 0 denotes equilibrium val-

ues. The Lamb frequency corresponds to the inverse trameldf a sound wave, i.e. a wave front
propagates the distancen?/ ¢ horizontally within the period &/L,. The Brunt-Vaisala frequency
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Figure 1: Left panel: propagation diagram for modes upg+d.0 in a model of thé Scuti star 44 Tau. Right
panel: fraction of oscillation mode energy confined in theadmpropagation zone for modes of differént
Modes withEg/E ~ 1 are effectively trapped in the g-mode cavity, while modéh &y /E ~ 0 are trapped
in the envelope. The location of the radial modes is inditatered vertical lines.

describes the frequency of the adiabatic oscillation oftsbleiof gas in vertical direction under the
influence of buoyancy. Both critical frequencies dependheriacal physical conditions inside the
star and they determine the cavities in which oscillatiory ta&e place. The propagation zone for
acoustic waves (p modes) is defineddny- L, and o > N, whereg is the oscillation frequency,
and the gravity wave (g mode) propagation zone resides iomggvhereg < L, ando < N. In
between these two cavities the amplitude of an oscillatiodedecreases exponentially with dis-
tance, this region is therefore called evanescent zoneitidually, at high frequencies the acoustic
cavity is limited by the acoustic cut-off frequency, aboveiet the oscillation is no longer reflected
at the outer boundary but propagates outwards in the atracsph

A typical example of propagation zones in a pulsating stae @f9 M., at the end of hydrogen
core burning is given in the left panel of Fig. 1. The high eswfN close to the center are due to
the strong gradient in mean molecular weight which growingdumain sequence evolution because
of the receding convective core. This development allowsodes to move to higher frequencies.
In the outer envelope two convection zonBs< 0) corresponding to partial ionization of He Il and
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Hel/H are located. A significant part of the energy in theseesadis still transported by radiation,
but the efficiency of convection increases with decreasffagtive temperatures of the star. If the
two wave propagation zones are separated only by a smakssvant zone a “tunnel effect” may
occur. If the evanescent zone is large enough, however,rdpgagation zones can be treated as
independent and oscillation energy is effectively trapjmea given propagation zone. If this is the
case we speak efapped modeslt can be seen in Fig. 1 that while we expect oscillation nsaafe
higher/ to be effectively trapped in the envelope or in the interiorjow degree modes only partial
trapping occurs. In fact partial trapping is least effeetior £ = 2 modes in main sequence stars
because for these modes the evanescent zone is thinnestamtie of typically excited modes and
therefore these modes are strongly coupled to the inte@lonsequently, they have both g mode
and p mode properties and are therefore catixed modesThis effect is also illustrated in the
right panel of Fig. 1 which shows the fraction of oscillatienergy of a mode confined in the
gravity wave propagation zongg/E. Modes trapped in the envelope, i.e. modes with EE,
are essentially decoupled from the interior and have thedsigprobability to be observed. The
agglomeration of modes trapped in the envelope close tadogiéncy of the fundamental radial
mode is due to the fact that the modes of/allalues are limited by the Brunt-Vaisala frequency
which itself is¢-independent (see left panel in Fig. 1). Although modes hiigh spherical degrees
suffer from stronger cancellation effects comparedétb,2 modes [8] they are now also detectable
with present day high-precision satellite photometry.

2. Excitation and damping of oscillation modes

What causes an oscillation mode to grow in amplitude? Wendigish between free and
forced oscillations. In the latter case a linearly dampegillation is excited by a periodic external
force, e.g., due to a periodic tidal distortion, or gengralle to resonance. In case of free oscilla-
tions the oscillations are excited by an internal drivingchenism. Such an excitation mechanism
should be located in a region that lies within a propagatimmezand the propagation zones should
exclude the common damping regions in a star. Moreover,dbdlaion mode should not exhibit a
node in the driving region. The most relevant mode drivinghamism for self-excited oscillation
are outlined in the following paragraphs.

2.1 k-mechanism

Opacity k), i.e. the quantity which describes the transport of réaliathrough matter, is
temperature-dependent and can act as a valve under cer@imstances. Depending on the
layer inside the star increases or decreases with increasing temperature whirflected in
the behaviour of the temperature derivative of opaatty,(see Fig. 2). One condition for the
k-mechanism to work in a certain region in a star is that thigcgp derivative increases in the
outward direction. Consequently during a compressionglediative flux is blocked and performs
work as can be seen from the differential work diagram in Eig.

The conditions for pulsational instability of a mode (i.er fts amplitude to grow with time)
was reviewed, e.g., by [9] and only the main points will begagpd here: (i) the amplitude of the
pressure eigenfunction has to be large and vary slowly wité driving zone, (i) the pulsation
has to occur faster than the redistribution of thermal energ. the thermal timescale in the
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Figure 2: Propagation diagram, temperature derivative of opakityand differential work integral for two
¢ =2 modes (p mode in black, g mode in red) as a function oflaga 44 Tau model.

driving region has to be comparable or longer than the pesfdde mode. The second condition
determines the depth of the driving zone in a star. The gieeditions can be met by two frequency
ranges in the same star, as for example in hybrid B pulsatovs:order low-degree acoustic or
mixed modes with periods of 3—6 houi® Cep-type pulsation) and high-order low-degree gravity
modes with periods of 1.5-3 days (SPB-type pulsation). @iomd(ii) implies that these longer
period modes are driven in slightly deeper layers tharfti@ep-type modes.

There are also important damping effects such as radiatsstpdtion in the gravity mode
cavity. The strength of this effect depends on the efficienfcgnode trapping in this cavity and
it is therefore strong for g modes (see lower panel of Fig.2)e dissipation increases with the
degree of central condensation, which generally increadtbsage. E.g., Cepheids have a very
high central concentration and the strong radiative didiip in the core region damps g modes
before they are reflected at the center. Hence in these sthrsacoustic modes trapped in the
envelope are observed. Scuti stars radiative dissipation of modes provides stdamgping for
g modes of highet. At £ > 12 only acoustic modes trapped in the envelope remain uag@ib

2.2 Convective driving and convective blocking

Efficient convection may also cause self-excited osailfai For example in ZZ Ceti stars the
convective energy flux in the H-ionization zone is much latgan radiative flux. Since convection
occurs on a much shorter timescale compared to g mode discifiathe instantaneous adjustment
of convection to pulsation leads to thermal energy beingestdn the convection zone during
the compression phase of pulsation (i.e. the convectior stares heat) thus providing efficient
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driving [10].

However, excitation of g mode pulsation is also possiblééf tonvective time scale is very
long against the pulsation period, such as in F stars in dagéor pulsation. The radiative flux
may be effectively blocked by convection at the base of thavection zone, which also leads
to heating upon compression [11]. For this mechanism to wihik base of the convection zone
should match the region where the thermal relaxation tinsemidar to the pulsation periods of the
modes [3].

2.3 Stochastic driving

Forced excitation of modes within a certain frequency baraltd acoustic noise in an efficient
convective envelope is another possible driving mechaniEms excitation mechanism drives the
5-min oscillations in the Sun. Although envelope convatiio upper main sequence stars is less
efficient than in the Sun, evidence for stochastically extibscillations has been found in a few
stars, partly additional to common opacity mechanism dgviThere are examples among A/F
stars [12] and O/B stars [13, 14]. However, in one of thesesH®e stochastic nature of the modes
could not be confirmed, since non-linear resonant mode atiarit by the large-amplitude radial
mode provides similar observational features [15].

2.4 Modification of mode excitation through a magnetic field

The presence of a magnetic field modifies driving bykkhmechanism in two ways: (i) convec-
tion is inhibited in the polar regions of the magnetic fieldhese inward propagating magnetic slow
waves carry away pulsational energy, (ii) more effectivavigational settling leading to hydrogen-
enriched surface layers. In fact, a nonadiabatic anal{&fpr A-type stars showed that a dipole
magnetic field stabilizes low-order acoustic modes at 1 k@ileahigh-order modes of = 1,2
(roAp-type pulsation) become pulsationally unstable aduériving in the H-ionization zone.

3. Asteroseismic inferences from upper main sequence stars

3.1 Probing stellar opacities

Opacities are a fundamental ingredient in the calculatistedlar structure and evolution and,
therefore, asteroseismic models are very sensitive to.tfidm opacity coefficientg(T,p,X;) de-
fine the interacting cross sections of radiation with madtet determine the efficiency of radiative
energy transport in a star. Naturally, these opacity cadeffis are high for elements with many
electrons. In most of the interior of a main sequence stardggh and helium are completely
ionized except for the outer envelope. Consequently in deper interior heavy elements have a
high contribution to the opacity coefficients. Thereforespite their small mass fractions, heavy
elements play an important role in stellar physics.

For practical reasons we commonly use tabulated Rossef@aa opacitieskg, in stellar
models. Two sets of opacity tables are currently widely usieel Lawrence Livermore National
Laboratory opacity table computed with the OPAL code [17] &me tables of the international
Opacity Project collaboration (commonly referred to as @Raities) [18].
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In their most recent incarnations the OPAL calculationstmeed on the 21 most abundant
elements in a star while OP considers 17 species (i.e. the elments as OPAL with exception of
P, Cl, K and Ti, which have the lowest abundances in the givetune). There are also differences
in the computational approach, e.g., in the equation o&qtBOS) which determines ionization
equilibria and level populations required for opacity cidtion. The EOS used by OP calculations
[19] is based on the 'chemical picture’, while the OPAL EOS8][2onsiders a 'physical picture’.
A detailed comparison of both EOS is given in [21].

Seaton et al. [22] compared the Rosseland mean opacitiesxfetements (H, He, C, O, S,
Fe) and generally found good agreement between OPAL andf Offe lcompares the OPAL and
OP opacities for the full set of species, the differencesnamee significant, however. The third
panel from the top in Fig. 3 showspaL/Kop evaluated for the most recent solar element mixture
[23] as a function of temperature and density. The mostisgillifference is the well known fact
that the metal opacity bump is shifted to higher temperaturéhe OP data. Another feature is that
the OPAL table exhibits higher opacities compared to OP@flle 6 and Iogp/T63) = -3 where
Ts = T/10°. The figure illustrates the stellar profile of different mittsrs such as & Scuti star (1.9
M), a SPB pulsator (4 M) and a3 Cephei star (12 M) in the temperature-density plane of the
opacity table. As can be seen, different regions in the dpé&atbles are probed by pulsators on the
upper main sequence and the differences between OP and @fMénice the pulsation models for
these stars.

As discussed in the previous section a positive temperaerigative of opacityxr, in out-
ward direction is one important condition for driving puisas. This condition is fulfilled at the
hotter wings of bumps in opacity. We will now discuss theeatiéint opacity bumps as shown in the
top panel of Fig. 3 and relate them to their correspondingsyaf pulsators:

TheHe Il bump at log T~ 4.65 is due to the second ionization of helium. It is respaasi
for pulsation in the classical instability strip in the HRagram, e.g. Scuti pulsators, RR Lyrae
stars and Cepheids.

The Z bump is formed due to a large number of intra-M shell transitiam$ighly excited
ions of iron-group elements which take place at approxiipabg T ~ 5.3. Iron has the strongest
contribution, but also Nickel is a significant contributdrapacity, despite its lower abundance
[24]. The temperature of the Nickel opacity bump is signifitbahigher in the OP data compared
to OPAL which poses an interesting problem. The Z bump isaesiple for pulsational driving
in massive main sequence B stafs Cep and SPB type), but also in evolved stars such as hot
subdwarf B and O stars (sdB, sdO) on the extreme horizorgaichr The Z bump instability strip
for radial modes connecting main sequence pulsatofs ©ép and SPB type with low mass sdO
and sdB pulsators is shown, e.g., in Fig. 1 in [25].

Thedeep opacity bump (DOB)occurs from the partial ionization of L-shell electrons ifri
at log T~ 6.3 and of K-shell electrons of C, O, Ne at logsT6.2. This bump may excite pulsation
in hydrogen-rich Wolf-Rayet stars [26] and GW Vir stars [27]

Asteroseismology probes the stellar opacities throudierdifit observables for each oscilla-
tion mode:

() its pulsational instability (in opacity-driven pulsas): as instability critically depends on the
opacity profile in the vicinity of the bump responsible foiviltg (see Fig. 2) [28]
(ii) its frequency: because the oscillation frequencigsethel on the radiative properties of the stel-
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Figure 3: Probing differences in opacity tables by means of main secgipulsators. The uppermost panel
shows Rosseland mean opacity in the envelope &fScuti model (1.9 M), a SPB-type model (4 M)

and af3 Cephei model (12 M). The adjacent panel shows the profile of these models irethpérature-
density plane of the OPAL opacity table for X=0.74, Z=0.013¢ound logT=3.95 the transition to the
low-temperature opacities by [29] occurs. For clarity sessroughly mark the location of the different
opacity bumps. The third panel showgpaL/Kop in the same plane and the lowermost panel shows the
effect of the four elements (P,CI,K,Ti) which are includaddPAL but not in OP.

lar medium in the propagation zone(s) of the mode.
(iii) its nonadiabaticf parameter (i.e. the ratio of bolometric flux perturbatiorttte radial dis-
placement at photosphere level): because the complexitudrgrobes the nonadiabatic regions
and, therefore, is sensitive to the conditions in regionth wémperatures below the temperature
of the driving opacity bump. Seismic analyses involving thparameter are commonly termed
complex asteroseismology [30, 31].

History has taught us that updates in theoretical opacltgutations (due to improved physics
and consideration of additional elements) generally leaghtincrease in opacity and an improve-
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ment of our understanding of the excitation of pulsationtarss For example, based on observa-
tional evidence for higher opacity, Simon pleaded for avestigation of heavy element opacities
in 1982 [34]. In 1992 the OPAL team published new tables winctuded new spin-orbit inter-
actions causing an increase of opacity at the Z bump. Thiwl#ite successful explanation of the
driving of the observed pulsation in B stars [35, 36]. Conseqly, asteroseismology can serve
as a tool to help us to identify flaws in certain parts of thecityatables. Today there is again
observational evidence that present day mean opacitiesrestinate real opacity.

Opacities have been tested by conducting instability ssree. calculation of instability
strips and comparing them to observed positions of pulsatothe HRD) for different types of
pulsators. Various effects on the location of the instgb#trips of upper main sequence pulsators
are discussed in [9] and the effect of the latest update offiaeities and solar element abundances
in [37, 38]. Generally, the last update of OP data in 2005Itedun larger instability domains for
both B Cephei and SPB pulsators in the HR diagram, and the domaiftedsto hotter temper-
atures. The overlap region that hogsCephei and SPB hybrid stars is very sensitive to these
changes and consequently a good observational probe. iBaeison many of these hybrid pul-
sators were observed in detail during the recent yearsicBarty well-studied cases are 12 Lac
(M =~ 11.5 M., [39—41]),v Eri (M =~ 9.5 M., [42—-46, 40]) and/ Peg (M~ 8.5 M., [47 —51]).

It is striking that in asteroseismic models of these startatecommon problems occur. With
OPAL the predicted frequency range of unstaBl€ephei modes is too narrow. The use of OP
data improves the predicted mode instability fCephei modes in comparison with OPAL but
additional instability is needed. With OPAL it is often natgsible to excite low-frequency SPB
modes at all, while with OP we do obtain unstable high-ordenagles but matching them with
observed frequencies is difficult [40]. For exampleyiReg/ = 2 SPB modes are predicted to be
excited with OP opacities but observations indicate 1 [50].

The underestimation of driving fg8 Cep modes can be rectified by increasing the opacity
bump responsible for driving, since driving is more effeetif the bump is more prominent in
comparison with its surrounding. An increase in OP opacityabout 50% at the Z bump at
log T~5.3-5.5 and an increase of a few % up to 20% at the deep opauihp lat log &6.3
improves the agreement in terms of excitation and frequéiteyor 3 Cephei pulsation [52, 50].
Additional evidence comes from pulsating B stars found @ lttw-metal environment SMC for
which opacity enhancement is needed at the Z bump to exeteliberved modes [53].

Unfortunately there are not many successfully modelled stdfs. However, there is one
star which is well understood and provided some hints onitpacthed Scuti pulsator 44 Tau
(M =~ 1.9 M., [54, 55]). For this star the fact that OP opacities are lothan OPAL by 10%
at log T=6.05 caused serious problems in modelling, in algr when fitting the period ratio
[56, 28]. This temperature is close to the deep opacity bundptlae problem of OP opacities can
be solved by an increase of opacity at log T=6.05 [55] whichlése to the temperature region
where an opacity increase is also required in B stars.

Studies focussing on the nonadiabatiparameter, which is sensitive to opacities in the outer
envelope, reveal an ambivalent picture. Forfh€ep star® Ophiuchi (M~ 8.2 M., [57—60]) as
well as forv Eri [62] the comparison between emprically determirieahd theoretically computed
values show preference for OPAL opacities [61, 62]y Peg, however, models based on both OP
and OPAL fail to reproduce the nonadiabatic properties skolked SPB-type modes [63].
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Consequently, [40] pointed out the requirement of enhaecgof opacity in the driving re-
gion in order to explain the instability of SPB-type frequies in these hybrid pulsators. In B stars
opacity enhancement tests have the following effect: asirey opacity at the driving bump (e.qg.,
the Z bump in B stars) affects mode instability for SPB gh@ep pulsation but does not change
the frequencies significantly because the opacity was @thaglow densities. Since the DOB is
located in denser layers it influences the mode frequentii@sgly and hence, if we fit theoretical
frequencies to observed counterparts, the position in fRelidlgram changes. Additional evidence
for more opacity also comes from recent observations hardéhe claim of3 Cep-type pulsations
in O stars, e.g., the O9V star HD 46202 [64], or the 09.5V &t&@ph [72]. These observations
could be explained by widening th& Cep instability strip by means of additional opacity at the
Z bump. In the Sun an opacity enhancement of 30 % at the ba$e aonvective zone (which
approximately corresponds to the deep opacity bump) and péecent in the solar core has also
been suggested to solve the discrepancy between the salat aral helioseismology based on the
current version of solar abundances [65].

A possible explanation for underestimated opacity, aparmfuncertainties in the calculations
(especially concerning the peak temperature of the Nickel), is the possible opacity contribu-
tion from elements with low abundances which currently areimcluded in opacity calculations.
In the OPAL calculations four species (P, Cl, K, Ti) are cdeséd which are not included in the
OP computations. Using the OPAL web interfaeee retrieved a table which adopts the element
abundances from the most recent solar mixture [23] butngettie number fraction of these four
elements to zero. Since this table is then based only on fveals we denote this table as OPAL17
hereafter. Due to the renormalization of the number frastiove have a minor abundance increase
in all metal elements. The lowest panel in Fig. 3 shows thie kpal /KopaL17 for the solar chem-
ical composition illustrating where these four elementstgbute opacity. They augment up to a
few % of opacity for upper main-sequence stars at the hot witige Z bump around log&5 and
close to the DOB at log £6.0. Consequently one may conclude that the inclusion oérapecies
may partly solve the problems in asteroseismic modellingtarf on the upper main sequence. We
also note that for denser stars with masses comparable tSuihehe contribution is negligible
which confirms the findings of [66].

The differences between OP and OPAL concerning the opaeitik pemperature of Nickel
showed that there are interesting things to be learned fh@opacity calculations. The need for a
reinvestigation was also realized by atomic physicistser&fore, new activities in the determina-
tion of opacity for astrophysical purposes on both the tbgcal and experimental side have started
[67]. The theoretical activities include for example thengarison of spectral opacities for certain
elements between different theoretical groups. Itis irtgrtrto validate the theoretical results with
experimentally determined spectral opacities using nmobegh-energy laser facilities. These tests
are important to check whether the calculations use propgsips. While the stellar densities are
too low to be reproduced in the laboratory, it is possibleramdconclusions by studying equivalent
plasma conditions that have similar mean ionization stadEw calculations concentrate on the
conditions at the base of the solar convection zone and idrifimg zone in B stars. Preliminary
results of a comparison of calculated spectral opacitiéth @wcodes participating) and experiments

Lhttp://opalopacity.linl.gov/new.html
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done at the LULI 2000 facility in France are given in [67 — 6Bhese experiments/calculations are
not only important to determine accurate mean opacitiefgcinaccurate spectral opacities are very
important to determine reliable opacity coefficients faliadive accelerations.

3.2 Chemical evolution

Stellar opacities depend on the chemical composition. kam@le there is observational ev-
idence that the photospheric abundances of certain metalespof B stars may be lower than
solar [32] and it was shown [33] that this chemical compositieads to a higher opacity peak at
log T=5.3 and produces a wider instability strip. In compiotass one often assumes the chem-
ical abundances to be homogeneous in the whole envelope.ew¢owatomic diffusion, unless
hampered by mixing effects, rearranges elements.

Atomic diffusion, see e.g. [70], is a slow process that medithe local element abundances
due to the counterplay between radiative accelerationrasitgpnal settling which is different for
ions of different species. Regrettably, there are cuiydatige uncertainties in the determination
of radiative accelerations since they depend on specteditigs. In main sequence stars atomic
diffusion is responsible for shaping the superficial abmeegpattern of Ap and Cp stars. Diffusion
may also be partly responsible for the enhancement of gpacttund the Z bump in B stars,
because elements accumulate due to diffusion where thegif&popacity is large. The effect of
diffusion is however swept out if mixing processes are ¢iffec

Element mixing in main sequence stars occurs due to diffgn@atesses such as convection,
convective core overshooting and rotationally inducedhelet mixing like meridional circulation.
These processes smooth the stratification of elements arichowledge about their efficiency is
still subject to uncertainties.

Among these processes, the extent of overshooting aboeettivective core is the easiest one
to be measured observationally. Common values for slovigtiry 8 Cep stars are an overshooting
layer with an extent of 0.1-0.4 pressure scale heights [[t8{lisentangle the effect of overshooting
from rotationally induced mixing, studies of more rapidators are needed [40]. Asteroseismic
analyses of rapid rotators, however, require 2D models lware currently in development [74].
Nonetheless, the derived overshooting parameter alsmndspm the chemical stratification and
the corresponding opacities.

4. QOutlook on the near future

Solving the remaining problems related to mean opacitiespsrtant to obtain accurate aster-
oseismic models. Precisely determined stellar massesthrd fandamental parameters are also
important in studies on exoplanets [75]. Satellite missidevoted to the detection of earth-like
planets such akeplerand CoRoT are currently continuing their observations agige excel-
lent data for asteroseismic studies. The Canadian missf@8 Ms also still delivering data despite
exceding its projected mission lifetime.

New projects are on the horizon:

BRITE constellatiof is an Austrian-Polish-Canadian mission consisting of ao§& nano-
satellites to observe luminosity variations of bright starhe unique feature of this mission is that

2http://www.brite-constellation.at
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the satellites are equipped with a filter in a red or blue pasdlvespectively. The amplitude and
phase difference between the two wavelength bands allomthéophotometric determination of
the surface geometry of pulsation modes at an unprecedeuntaay for bright stars. The launch
of the first pair of satellites is scheduled for spring 2012.

The SONG project (short for: Stellar Observations Networkup) consists of a network of
1-meter robotic telescopes devoted to observing brighs stado asteroseismology and follow-
up observations of exoplanet hosts. Each node of this nktis@quipped with a high-resolution
echelle spectrograph. The prototype node in Tenerife is@®p to deliver first light by the end of
2011 [71].

Along with additional observations theoretical models asteroseismic tools are being im-
proved. One example is the open access evolutionary cotiinvlite MESA package [76] which
is rapidly developed and currently adapted to asteroseisse.

Consequently the future of asteroseismology is bright.
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