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15Département de Physique, Université de Montréal, QC H3C 3J7, Canada
email: talon@astro.umontreal.ca

16SP2RC, Department of Applied Mathematics, University of Sheffield, Sheffield S3 7RH, UK
email: michael.thompson@sheffield.ac.uk

Abstract. The seismology and physics of localized structures beneath the surface of the Sun
takes on a special significance with the completion in 2006 of a solar cycle of observations
by the ground-based Global Oscillation Network Group (GONG) and by the instruments on
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board the Solar and Heliospheric Observatory (SOHO). Of course, the spatially unresolved
Birmingham Solar Oscillation Network (BiSON) has been observing for even longer. At the
same time, the testing of models of stellar structure moves into high gear with the extension
of deep probes from the Sun to other solar-like stars and other multi-mode pulsators, with
ever-improving observations made from the ground, the success of the MOST satellite, and the
recently launched CoRoT satellite. Here we report the current state of the two closely related
and rapidly developing fields of helio- and asteroseimology.

Keywords. Sun: interior, Sun: helioseismology, Sun: rotation, stars: interiors, stars: oscillations
(including pulsations), stars: rotation, space vehicles: instruments

1. Global helioseismology and models
Global helioseismology, with the study of global modes of oscillation of the Sun, has

existed for some thirty years. It continues to produce new and challenging results. Of par-
ticular current interest are the temporal variations of the modes and the possible detec-
tion of gravity (g) modes, both reviewed here. An aspect that still requires improvement
is the accurate determination of the mode parameters used in helioseismology: efforts
for the high-degree modes are described below. Three-dimensional modelling of the solar
internal dynamics are making substantial strides, as A.S. Brun described at the meeting;
and as J. Toomre described, there is a fruitful interplay between the observational re-
sults of helioseismology and the results from the numerical simulations. Another aspect
of state-of-the-art modelling addresses mixing in the Sun by, for example, gravity waves.
Such efforts may provide at least part of the answer to why new abundance measure-
ments, which were described by M. Asplund, make agreement between helioseismology
and standard solar models worse rather than better. Dynamo modelling is also gaining
inspiration and guidance from helioseismic results, as described further below.

Solar Cycle 23 is the first activity cycle to be completely and continuously covered by
modern imaging helioseismology observations, in particular those from the Global Oscil-
lation Network Group (GONG) program, and the michelson-doppler imager (mdi) on
the Solar and Heliospheric Observatory (SOHO) spacecraft. In addition, the integrated-
light Birmingham Solar Oscillation Network (BiSON) has been continuously operational
since 1992. This unprecedented coverage allows us to study a number of aspects of the
relationship between the oscillation parameters and the activity, as well as changes in
the global properties of the dynamics of the solar rotation and convection zone.

Solar oscillations are observed typically either through Doppler velocity shifts of lines
formed in the lower atmosphere of the Sun, or through the associated intensity variations.
The oscillations are set up by waves that are turbulently excited by subphotospheric
convection. If these waves survive long enough as they propagate inside the Sun, they set
up resonant global modes. These modes are the objects of study of global helioseismology.
Because the Sun is nearly spherical, the horizontal structure of each mode is described
by a spherical harmonic of some degree ( � ) and some azimuthal order (m ). Being three
dimensional, the modes also have structure in the radial direction, which can be labelled
by a third integer, the radial order (n). Thus each mode, and its particular frequency
( ω ), can be labelled by the three integers (n, �,m).

1.1. Temporal variation of mode parameters
It has been known for more than two decades that the oscillation frequencies change
with the activity cycle. Using ACRIM data, Woodard & Noyes (1985) found that the
frequencies increase as the number of sunspots rises. The shift was seen to increase with
frequency, reaching a value of +0.4µHz at about 4 mHz. Further work showed that the
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shift is highly correlated with various solar activity indices, in particular the global sur-
face magnetic field. Later observations (e.g., Libbrecht & Woodard 1990) extended the
results to higher frequencies and showed that the shift has a maximum of +0.5 µHz at
the photospheric acoustic cutoff value of 5.6 mHz, then changes sign and rapidly drops to
−2 µHz within 0.2 mHz of the cutoff. Modern observations with large-scale ring diagrams
(How et al. 2006a) have reached even higher frequencies and reveal an even more com-
plicated structure – the shift has a local minimum of ∼ 4 µHz at 6 mHz and then sharply
decreases in absolute magnitude once again. These observations suggest different mech-
anisms for the interaction between the surface magnetic field, the trapped subsurface p
modes below 5.6 mHz, and the higher-frequency propagating atmospheric waves. The p
modes sense magnetic changes to the acoustic cutoff frequency, while the atmospheric
waves at higher frequencies interact with the surface field and excite various MHD waves.

Other mode parameters also vary with activity. Both the amplitudes and the life times
of the modes are seen to decrease with increasing activity (Salabert & Jiménez-Reyes
2006; Komm et al. 2000; Chaplin et al. 2003), in agreement with observations that active
regions suppress the convection which excites the oscillations. This mechanism is also
supported by the observation that the energy supply rate to the modes does not change
with increasing surface activity but the damping increases (Salabert et al. 2007). The
spatial and temporal pattern of the mode parameter shifts can be projected back onto
the solar surface (Komm et al. 2002; How et al. 2002) and is seen to be highly correlated
with the activity bands.

The continuous coverage also allows us to study changes in the frequencies on short
time scales. Tripathy et al. (2007) analyzed all of the GONG and SOHO-mdi data in
nine-day segments, substantially shorter than the standard 108-day GONG or 72-day
mdi analyses. They found that the nine-day frequencies are also highly correlated with
activity indices, with the correlation at low and high frequencies decreasing more rapidly
than in the longer analyses. The low-frequency decrease is likely due to increased noise
and poorer frequency resolution in the short time series which degrades the precision of
the measurements. The high-frequency decrease may arise from the short lifetimes of the
modes, which do not survive long enough to interact with the surface activity. Tripathy
et al. (2007) also found that the sensitivity of the short-time scale frequency shifts to the
magnetic field index is significantly higher in the ascending phase of the cycle compared
to the descending phase. This may be related to the hysteresis seen in other solar activity
indices.

1.2. 3-D MHD global simulations of solar internal dynamics
The Sun’s internal dynamics is very complex, involving nonlinear interactions between
convection, turbulence, instabilities, rotation, shear, and magnetism. Being able to un-
derstand the intricate interplay between all of these processes is crucial if one wants to
progress in our knowledge of the Sun and the stars for which the Sun is our only spa-
tially resolved example. Numerical simulations are thus becoming more and more useful
for tackling this challenging problem. We briefly report here on the current status of 3-D
global MHD simulation of solar internal magnetohydrodynamics obtained with the 3-D
MHD ASH code (Clune et al. 1999; Miesch et al. 2000; Brun et al. 2004). In particu-
lar we wish to summarize the physical processes behind differential rotation, meridional
circulation, and the solar magnetic activity and cycle.

The differential rotation of the Sun’s convective envelope is peculiar since it is almost
constant along a radial line at mid-latitude, a property which is counter intuitive, since it
has been known for a long time that rotating fluids usually possess a cylindrical rotation
profile (Taylor-Proudman theorem and columns, see Brun & Toomre 2002). What can
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Figure 1. Snapshot using a Mollweide projection, of the radial velocity and toroidal field, near
the top of the domain for the purely unstable magnetized convection model with a small magnetic
Prandlt number Pm = 0.8. Typical field strengths are indicated, with dark tones corresponding
to downward velocities and negative polarities. The dashed line indicates the equator.

3-D global models tell us about the processes leading to such a special rotation profile?
A careful study of the redistribution of the angular momentum in a turbulent convection
shell indicates that Reynolds stresses, i.e., non-linear correlations between the radial
and latitudinal velocities with the azimuthal one) are the key players in transporting
the angular momentum from the polar region toward the equator thus accelerating the
equatorial region. The ASH simulations also show that a strong thermal wind is associated
with this pronounced differential rotation, with associated temperature contrast of order
few K. The conical shape is the result of a subtle latitudinal heat and angular momentum
transport that favor a fast equator and slow poles and a weak pole to equator temperature
contrast. A small change of the amplitude of this temperature contrast is found to have a
drastic effect on the resulting profile of angular velocity, at 3 K the profile is cylindrical,
at 13 K it is almost horizontal, with a value of 10 K giving the best agreement with
helioseismic inversion (Miesch et al. 2006). Such a very delicate nonlinear balance between
heat and angular momentum transport, is likely to be at the origin of the current observed
differential rotation. As a consequence, small change in the parameters of convection
models lead to a large range of differential rotation profiles (Brun & Toomre 2002). It
thus remains to be seen, as the level of turbulence of the simulations are increased to
become more realistic, how anisotropic nonlinear heat transport could finally setup a
temperature contrast of 10 K found to reproduce reasonably well the observations.

The meridional circulation driven by the convection is found to be much weaker than
the differential rotation, since it can be considered as a small departure from geostrophic
balance. In the current 3-D global simulations, meridional flows are found to be multi-
cellular both in latitude and radius, even in the case possessing a conical solar-like profile
(Miesch et al. 2006). A recent study by Jouve & Brun (2007) indicates that such multi-
cellular meridional flows will modify the butterfly diagram and decrease the cycle period
in 2-D mean field models. If such complex meridional flows were to persist over many
years in the Sun, they will either lead to a modified butterfly diagram or push the
solar dynamo community to reconsider standard Babcock-Leighton solar dynamo models
(Dikpati et al. 2004), as in the mid-1980’s the inversion of the angular velocity lead the
community to modify the standard α-ω model. Clearly, inverting the meridional flow
down to the tachocline is rather urgent if one wants to progress in our understanding of
the internal dynamics of the Sun.

Concerning 3-D modeling of solar magnetism, today the most accepted scenario to
explain the Sun’s large variety of dynamical phenomena rests on the operation of an
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internal dynamo in the highly-turbulent-convective solar envelope and at its base, in
the tachocline (Parker 1993; Dikpati et al. 2004; Brun et al. 2004; Jouve & Brun 2007).
This dynamo is thus operating at different location and physical scales and organize the
large-scale field such as to make it cyclic. High-resolution computations performed with
the ASH code (Brun et al. 2004), confirmed that dynamo action in a rotating turbulent
convection zone generates magnetic fields at all scales present in the velocity field and
that the field filled up the sphere leading to the formation of an �= 1 dipolar component.
This dipolar field contains about 1 % of the total magnetic energy generated in the
convection zone which is mostly found in non axisymmetric field, and its amplitude is
about 10 G. It is found to oscillate irregularly with a pseudo-period of about 400 days,
almost a factor of ten faster than the real solar 11-yr cycle. Further we do not find in our
purely unstable simulations strong toroidal mean magnetic field, as the cyclic emergence
of sunspot on the solar surface suggest. A simple explanation is that the highly dynamical
convection zone is not able to generate strong flux tube like structures locally. The fast,
irregular reversal and the weak, toroidal mean field together point to the necessity or
having a stable layer, where both the dynamical time scale is slower and the winding up
of a poloidal field into strong toroidal structure is made easier. This has thus led to the
incorporation of the role of the tachocline in a 3-D MHD simulation of the global solar
magnetism (Browning et al. 2006). The results are encouraging since having a tachocline
generates much stronger mean toroidal fields than previously found (by a factor found to
be between 10 to 100), that possess the antisymmetry observed in sunspots between the
two hemispheres (Hale’s law). Also the presence of a strong field in the stable layer seems
to have a stabilizing influence of the reversal of the weak poloidal field generated above
in the turbulent convection zone, suggesting that the solar activity can be controlled by
processes occurring rather deep in our star. A recent work by Brun & Zahn (2006)as also
demonstrated that if a deep, fossil magnetic field exists in the solar radiative interior,
this field is most likely in a mixed poloidal/toroidal configuration rather than just in a
simple dipolar shape. Indeed they confirmed the pioneering work of Tayler in the mid-
1970’s that showed that a purely poloidal or toroidal magnetic field will become unstable
respectively to high m and m = 1 instabilities. This complex topology and evolution of
the inner field, and its coupling with the dynamo field of the tachocline can potentially
lead to interesting modulation of the solar magnetic cycle. It is thus crucial to consider
the Sun has a whole rather than to split it into its radiative, convective, and external
parts. The time has come to develop a fully integrated model of the solar dynamics
that coupled as much as possible all the fascinating dynamics occurring in its interior,
transition layers and at its surface (Brun 2007).

1.3. Solar interior dynamics and their temporal variation
Turning to the internal solar dynamics, Howe et al. (2000) found a 1.3-yr oscillation in
the rotation rate in the tachocline. While Basu & Antia (2001) were unable to reproduce
the result, it remains intriguing and further work by How et al. (2006b) have shown it
may be intermittent, since it apparently ceased after solar cycle 23 maximum in 2002.
Continued observations will be needed to determine if it reappears in the ascending phase
of Cycle 24, which is just now starting in August 2006.

Global helioseismology has also revealed that the so-called torsional oscillation seen
on the surface for the last 30 years extends almost all of the way through the convection
zone (How et al. 2005; Vorontsov et al. 2002). There is evidence that this zonal flow
originates deep in the convection zone and then rises to the surface over the course of
the cycle (How et al. 2005). The current temporal evolution of the flow can be described
by the sum of an 11-yr and an 11/2-yr period sinusoid, and the near-surface helioseismic
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inferences of the flow are very highly correlated with the surface observations (How et al.
2006a). Finally, the helioseismic observations show the zonal flow associated with Cycle
24 began to migrate from the poles towards the equator in 2002, some four years before
the first Cycle 24 active region was seen. This supports the idea of an extended solar
cycle, as observed in coronal green-line observations (Altrock & Howe 2004).

1.4. A flux-transport dynamo model
Recent work has aimed at producing a non-kinematic flux-transport dynamo model to
address the non-linear saturation through Lorentz force feedback as well as cycle varia-
tions of differential rotation and meridional flow. To this end one combines the differential
rotation and meridional flow model developed recently by Rempel (2005) with a flux-
transport dynamo similar to the models of Dikpati & Charbonneau (1999) and Dikpati
& Gilman (2001).

The differential rotation model utilizes a meanfield Reynolds-stress approach that
parametrizes the turbulent angular momentum transport (Λ-effect, Kitchatinov & Rüdi-
ger 1993) leading to the observed equatorial acceleration. The tachocline is forced through
a uniform rotation at the lower boundary of the computational domain. A meridional
circulation, as required for a flux-transport dynamo, follows self-consistently through the
Coriolis force resulting from the differential rotation. The computed differential rotation
and meridional flow are used to advance the magnetic field in the flux-transport dynamo
model, while the magnetic field is allowed to feed back through the macroscopic Lorentz
force 〈J〉×〈B〉 (the contribution of the fluctuating part 〈J ′×B′〉 is not well known and
neglected here).

It is found that the dynamo saturates through a reduction of the mean differential
rotation when the toroidal field strength at the base of the convection zone reaches values
around 1 to 1.5 T. The feedback on the meridional flow remains weak for these values,
meaning that the equatorward transport of toroidal field at the base of the convection
zone (crucial ingredient in a flux-transport dynamo) is only marginally affected.

The feedback of the macroscopic Lorentz force on differential rotation leads to a pole-
ward propagating branch of torsional oscillations in agreement with observations in terms
of amplitude and phase; however, the equatorward propagating low-latitude branch re-
quires additional physics. Parameterizing the idea proposed by Spruit (2003) that the
low-latitude torsional oscillation is a geostrophic flow caused by increased radiative loss
in the active region belt (due to small scale magnetic flux) leads in a model to a surface
oscillations pattern in good agreement with observations (see Fig. 2). As a side effect the
cooling produces close to the surface an inflow into the active region belt of a few m s−1 in
amplitude, which has been observed through surface Doppler measurements by Komm
at al. (1993); Komm (1994), and with local helioseimology by, e.g., Gizon (2004) and
Zhao & Kosovichev (2004). Around 50 Mm depth we find an outflow with an amplitude
reduced by one order of magnitude (due to the increase in density). Recently Gizon &
Rempel (2006) found observational support for such an outflow on a qualitative level.

Further details and properties of the solution of the coupled-differential-rotation dy-
namo model can be found in Rempel (2005) and Rempel (2006).

1.5. High-degree mode parameter determination
An aspect of helioseismic data analysis that still requires improvement is the accurate
determination of the mode parameters used in helioseismology, particularly at high de-
gree. The inclusion of high-degree modes (i.e., � up to 1000) has the potential to improve
dramatically the inference of the sound speed and the adiabatic exponent ( Γ1 ) in the
outermost 2 to 3 % of the solar radius (Rabello-Soares et al. 2007), a region of great
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Figure 2. Surface pattern of torsional oscillations in a model considering macroscopic Lorentz
force feedback and cooling of the active region belt. The contour lines indicate the toroidal field
at the base of the convection zone. Bright colors refer to faster rotation, dark colors to slower
rotation.

interest. However, the spherical harmonic spatial filtering is not orthonormal over less
than the full Sun and the resulting spatial leaks get closer in frequency as the degree of
a mode increases. As a result, the high-degree individual modes blend into ridges which
will mask the true underlying mode parameters. This has so far prevented the estimation
of unbiased mode parameters at high degrees using global helioseismology. As discussed
by M.C. Rabello-Soares, in order to recover the mode characteristics, a very good model
of the relative amplitude of all the modes that contribute to the ridge is needed, which re-
quires a very good knowledge of the instrumental properties. Such a model of the relative
amplitudes is called a ‘leakage matrix’.

Rabello-Soares and collaborators have incorporated most of the observational and in-
strumental effects of the SOHO-mdi instrument important to high-degree analysis into
a new analysis. Compared to their previous work (Korzennik et al. 2004), they include
the following effects: correct instantaneous plate scale, radial image distortion, CCD tilt
(∼ 2◦) with respect to the optical axis, effective P angle (0.2◦) and Carrington elements
correction of 0.1◦ (Giles 1999). They have analysed variations of the central frequencies
for 100 � � � 1000 caused by the solar activity cycle. They showed that the high-degree
changes during solar cycle 23 are in good agreement with the medium-degree results,
except for years when the instrument was highly defocused (1996 to 1998) which were
excluded from the analysis.

Although the correlation of the frequency changes with the solar cycle has been known
for some time, its physical origin has been a matter of debate. The analysis of its be-
haviour will hopefully help in its understanding. Rabello-Soares et al. observed that the
p modes and f (fundamental) modes behave differently, which suggests different physi-
cal effects. Their results confirm that the p-mode frequency shift scaled by the relative
mode inertia is a function of frequency alone (see Rabello-Soares et al. 2007). The scaled
frequency shift increases until 4.8 mHz. At higher frequencies, the frequency variation
does not appear correlated with solar activity.
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1.6. The search for solar g-modes

A detailed knowledge of the interior of the Sun has been obtained by means of pre-
cise measurements of its acoustic eigenmodes and the subsequent structural inversions,
providing the stratification of crucial variables like the sound speed down to 0.05 R�
(Turck-Chièze et al. 2001). The radial profile difference of the observed sound speed
with the one extracted from the solar evolution model depends strongly on the physics
used. The seismic model which has been built to reduce this difference to practically
zero in the radiative zone enables to predict neutrino fluxes in excellent agreement with
their detection (Couvidat et al. 2003a). However, the acoustic modes are less sensitive to
other structural variables such as the density. In this case, the agreement with the mod-
els is still poor in the radiative zone. Moreover, the dynamical properties of the nuclear
core are practically unknown. Effectively, due to the limitation in the number of acoustic
modes penetrating in this region, the solar rotation profile is very uncertain below 0.2 R�
(Chaplin et al. 1998; Couvidat et al. 2003a; Garćıa et al. 2004).

To improve our knowledge of the deepest layers of the Sun, the detection of gravity
modes is required. These modes propagate in the radiative zone but are evanescent in
the convective region and their expected surface amplitudes could be very small (An-
dersen 1996; Kumar et al. 1996). These modes have been intensively looked for since
the 1980s. In the last ten years, two complementary approaches have been developed: to
look for individual modes (relevant spikes in the Fourier spectrum of the observed signal)
above a given statistical threshold (typically 90 % confidence level) at frequencies above
15 µHz; and to look for their predicted asymptotical properties at lower frequencies. The
individual mode search has provided several g-mode candidates in SOHO-golf obser-
vations with more than 90% confidence level. In this study, multiplets instead of single
peaks have been looked for (Turck-Chièze et al. 2004). The frequencies of such modes
are extremely sensitive to the structural properties of the radiative zone (Mathur 2006)
and their splittings provide information on the solar core rotation. But, today, there re-
mains some ambiguity on the proper identification of the detected components in terms
of their �,m, n properties. Some scenarios have been proposed with consequences on the
core dynamics (Turck-Chièze 2006a). The search for the asymptotic g-mode properties
has been with us from the earliest days of helioseismology (summarized in Pallé 1991
and Hill et al. 1991) but using low-quality observational data sets (pre-space and pre-
networks era). The asymptotic approach (where n� �) predicts a constant separation
between the periods of adjacent (n, n+1) gravity modes. Consequently, periodicities in
the form of broad peaks are expected in the power spectrum (PS) of the power spectral
density (PSD) expressed in period corresponding to the observed velocity time series.
This year, a peak structure has been detected (see Fig. 3), with more than 99.86 % con-
fidence level (Garćıa et al. 2006), thanks to the high quality datasets available from
SOHO-golf (Garćıa et al. 2005). The detailed analysis of such structure provides access
to the dynamics of the inner core, in particular its rotation rate. At the present stage
of this investigation, it would favour a core rotating faster than the rest of the radiative
zone. If the detection of these g-mode signatures is confirmed, a very exciting future will
be ahead of us to improve our knowledge of the dynamics of the deepest layers inside
the Sun. Both analyses are fully complementary and we are encouraged to apply them to
other instruments aboard SOHO and to improve once more our capability of detection.
A new generation of instruments is necessary to reveal the complete dynamics of the
core including its magnetic field. We are hoping to be able to improve the capability
of intensity measurement at the limb (SODISM-picard) and to optimize the signal-to-
noise ratio at these very low frequencies by reducing the solar noise (GOLFNG). This
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Figure 3. Top: Power spectrum of the power spectral density expressed in period computed from
ten years of SOHO-golf velocity time series. Bottom: PS of the PSD from a model containing
theoretical g-modes computed from the seismic model and using a rigid core rotation.

is the motivation of the DynaMICS (Dynamics and Magnetism from the Inner Core to
the Chromosphere (& Corona) of the Sun) mission (Turck-Chièze et al. 2006c), which
aims to make use of a small satellite with the GOLFNG instrument (Turck-Chièze et al.
2006b ) while Solar Dynamics Observatory (SDO) and SODISM-picard are operating,
as well as possibly as part of a bigger platform within the ESA Cosmic Vision 2015 – 2025
programme (Turck-Chièze et al. 2005).

1.7. Solar interior dynamics: angular momentum transport by gravity waves
It is now well established that the interior of the Sun is rotating more or less at the same
rate as the average rotation rate of the surface convection zone. We also know that, in the
past, the Sun was rotating much faster; the interaction of the Sun’s lost mass with the
outer magnetic fields explains the spin-down of the convection zone, but there remains
the need for a very efficient mechanism to carry angular momentum from the radiative
core to the surface convection zone.

Internal gravity waves excited at the base of the convection zone may be an important
source of angular momentum redistribution, since they take momentum from the region
where they are excited and deposit it where they are damped. These waves have low
frequencies (around 1µHz) and are the propagating counterparts of the higher-frequency
g-modes that form standing waves. Talon et al. (2002) showed how differential filter-
ing exerted by an asymmetrical-shear-layer oscillation (itself related to the damping of
high-degree internal gravity waves) favors the penetration of low-degree, low-frequency
retrograde waves that may deposit their negative angular momentum in the deep interior,
causing the spin-down of the core.
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Figure 4. Left: Evolution of the solar rotation profile under the effect of surface braking,
meridional circualtion, shear turbulence, and internal gravity waves (ages: 0.2, 0.21, 0.22, 0.23,
0.25, 0.27, 0.5, 0.7, 1, 1.5, 3, 4.6 Gy). Right: Evolution of the surface lithium abundance for
various initial rotation rates (black lines) compared to measurements of Li in solar-mass stars
in clusters of various ages (grey points and boxes). Adapted from Charbonnel & Talon (2005).

Charbonnel & Talon (2005) applied that model to an evolving solar-mass model in
which the surface convection zone is slowly spun-down with time. Internal gravity waves
then produce a front of ‘slowness’, that propagates from the core to the surface, resulting
in a much reduced differential rotation at the solar age when compared with the one
obtained using ‘classical’ rotational-mixing models (Fig. 4). The time-evolution of lithium
destruction obtained in those models is consistent with Li measurements in solar-mass
stars of various ages and in the Sun, using free parameters that are calibrated on massive
stars.

1.8. Solar asphericities
As a different tool for analysis, solar-shape coefficients (cn ), also referred to as aspheric-
ities, reflect the internal non-homogeneous mass distribution and non-uniform angular
velocity (Fig. 5, left). A careful inspection of the curve cn (r) reveals two breaks, of which
one is the signature of the tachocline. The second, located around 0.995 R� was dynam-
ically studied through the f modes, which probe the physical changes just below the
photosphere (Lefebvre & Kosovichev 2005).

The study of asphericities, directly linked with solar gravitational moments is not only
crucial for solar physics, but also for astrometry (when computing light deflection in
the vicinity of the Sun), celestial mechanics (relativistic precession of planets, planetary
orbit inclination and spin-orbit couplings) and for future tests of alternative theories of
gravitation (correlation of J2 with Post-Newtonian parameters).

According to the temporal variation of the f -mode frequencies, it is found that the
very near solar surface is stratified in a thin double layer, interfacing the convective zone
and the surface. This ‘leptocline’ is the seat of many phenomena: an oscillation phase of
the seismic radius, together with a non-monotonic expansion of this radius with depth
(Fig. 5, right), a change in the turbulent pressure (Fig. 6), likely an inversion in the radial
gradient of the rotation velocity rate at about 50◦ in latitude, and the cradle of hydrogen
and helium ionisation processes (Lefebvre et al. 2006).

2. Local helioseismology, magnetic activity and mode physics
Local helioseismology has developed rapidly in the last few years, offering a three-

dimensional view of the Sun. Thanks to high-resolution, uninterrupted observations par-
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Figure 5. Left: The velocity rotation rate indicates a break near the surface, from Howe (2003).
Right: f -mode analysis show a non-monotonic expansion of the solar radius with depth and a
phase change with activity. From Lefebvre & Kosovichev (2005).

ticularly from mdi onboard SOHO and GONG++, it has become possible to image
convective structures, sunspots, and active regions below the solar surface. Progress
was reviewed by L. Gizon and A.G. Kosovichev. A particular challenge for the correct
interpretation of local-helioseismic data in active regions, for example, is the theoretical
modelling of the interaction of waves with the magnetic field (see below). Another im-
portant area of advance is in numerical simulations pertinent to understanding the flows
of the upper convection zone and the interaction of acoustic waves with these flows. R.
Stein reviewed work on a realistic solar surface convection simulation on supergranulation
scales (48 Mm wide by 20 Mm deep), whose duration is currently 48 hr. There is a rich
spectrum of p-modes excited in the simulation, and the data set is available for studying
solar oscillations and local helioseismic inversion techniques.

2.1. Time-varying component of the meridional circulation
At the Sun’s surface, the average motion in meridional planes is from the equator to the
poles with a maximum amplitude of 10 - 20 m s−1 near 25◦ latitude. Temporal variations
in the longitudinal average of the meridional flow have been reported by several authors
using direct Doppler measurements or correlation tracking of small photospheric mag-
netic features. Only local helioseismology can provide measurements of the subsurface
meridional circulation (Giles et al. 1997). It is known that the time-varying component of
the meridional flow with respect to a long-term average does not exceed ± 5 m s−1 and is
consistent with a small near-surface inflow toward active latitudes (Basu & Antia 2003;
Gizon 2004; Zhao & Kosovichev 2004; González Hernández et al. (2006); Komm et al.
2006) and an outflow from active latitudes at depths greater than 20 Mm (Chou & Dai
2001; Beck et al. 2002; Chou & Ladenkov 2005).

Recently, Gizon & Rempel (2006) obtained independent measurements of the temporal
variations of the meridional circulation near the solar surface and at a depth of about
60 Mm. These measurements confirm the previous observations listed above. In addition,
the observations were compared with Rempel’s theoretical model (Section 1.4) based on
a flux-transport dynamo combined with a geostrophic flow caused by increased radiative
loss in the active region belt, according to Spruit’s (2003) original idea. The model is
qualitatively consistent with the observations, in particular concerning the phase of the
solar-cycle variations of the flows near the surface and 60 Mm below. Near the surface,
the model is agreement with the data: the relative amplitudes of torsional oscillation
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Figure 6. Three first asphericities parameters γ, i.e., even-a coefficients of f -modes. The layer
around 0.995 R� is the seat of numerous physical changes. From Lefebvre et al. (2006).

and the time-varying component of the meridional flow and their relative phase are
well reproduced. Deeper in the interior, it appears that the model underestimates the
amplitude of the time variations of the meridional flow by nearly an order of magnitude;
however, the flow variation is in antiphase to the surface flow as seen in the data. Overall,
it is fair to say that the model is encouraging. We note that a local treatment of the regions
of strong magnetic-field concentrations (sunspots and active regions) might be necessary
to obtain a better match between the model and the data (see Gizon 2004).

2.2. Magnetohelioseismology

It is well known that sunspots absorb energy from and increase the phase speed of f - and
p-modes incident upon them (Braun 1995). When this was first observed it was hoped
that this information could be used to probe the subsurface and internal structure of
sunspots. However, interpretation of the observations was difficult. It was only recently
that the likely mechanism causing each of these effects was identified (although the idea
was originally put forward some time ago by Spruit 1991). Models based on the conver-
sion of acoustic oscillations to magnetohydrodynamic waves within sunspots, although
simplistic in several respects, can now explain the absorption and phase speed changes
simultaneously (Cally et al. 2003; Crouch et al. 2005). This confirms that mode conver-
sion is the most promising absorption mechanism with wave energy channeled both up
and down the magnetic field inside sunspots. It was also discovered that field inclination
is a vital ingredient for mode conversion to work efficiently (Crouch & Cally 2003, 2005).

Ray conversion theory, as developed by Cally (2006) and Schunker & Cally (2006),
has provided several new insights into the problem of how solar oscillations interact with
magnetic field. Under that formalism, mode conversion is evident as ray splitting. Ray
conversion theory has shown that fast ray travel times can be reduced by several minutes
in comparison to the nonmagnetic acoustic ray in the same solar model, with obvious
helioseismic implications. In addition, it has also shown that fast to slow mode conversion
is very sensitive to the angle of attack that the wavevector makes with the magnetic field
at the equipartition layer, where the sound speed and Alfvén speed coincide. A major
consequence of this insight is that the magnetic field acts as a filter, preferentially allow-
ing through acoustic signal from a narrow range of incident directions. This directional
filtering effect has been confirmed by three dimensional wave mechanical calculations,
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which show that the upward flux of acoustic energy is indeed greatest when the propa-
gation direction is aligned with the magnetic field (which is analogous to a fine attack
angle).

With the most recent wave mechanical models now accounting for wave propagation
in both the solar interior and atmosphere, we can predict how strong magnetic fields
influence the polarisation of the velocity signal at heights where it is typically observed
(such as at the formation height of the 676.8 nm Ni i spectral line used by SOHO-mdi

and GONG). It turns out that the eccentricity and inclination of the principal axis of
the velocity ellipse are very sensitive to the ratio of sound and Alfvén speeds at a given
height. At great height in the atmosphere, where the Alfvén speed greatly exceeds the
sound speed, the fast and Alfvén waves are evanescent; whereas the slow mode (which
dominates the velocity signal at these levels) is a field guided travelling acoustic wave and
causes the velocity ellipse to be highly eccentric and field aligned. At lower levels, where
observations are typically made (and the sound and Alfvén speeds are comparable), the
fast and Alfvén waves also contribute to the velocity signal and the slow mode is less
dominant, resulting in a more complex pattern. In the near future we aim to compare
these model predictions with observations of the surface velocity (e.g., Schunker et al.
2005).

2.3. Seismic diagnostics inferred from amplitudes of stochastically-excited modes
Solar-like oscillations in main-sequence stars, as well as in some red giant stars, are excited
by turbulent convection in the strongly superadiabatic outermost convective-zone bound-
ary layer. From the measurement of the amplitude and line-width of resonant modes, it is
possible to infer the power supplied to the mode by turbulent convection, which in turn
provides a unique probe of turbulent convection in stars. Such measurements have been
used in helioseismology for some time now (e.g., Goldreich & Keeley 1977; Balmforth
1992; Samadi & Goupil 2001; Chaplin et al. 2005), and recently stellar measurements
have become available from α Cen A from the ground (Bedding et al. 2004; Kjeldsen
et al. 2005) and from space (WIRE) (Schou & Buzasi 2001; Fletcher et al. 2006). Recent
developments have been reviewed by Houdek (2006) and Samadi et al. (2007).)

The model of Samadi & Goupil (2001), with the improvements proposed by Belka-
cem et al. (2006b), was presented in depth. Such a model requires a prescription of the
temporal-correlation between the turbulent elements, which is obtained from a 3D simu-
lation of the upper part of the solar convective zone, e.g., Samadi et al. (2003a). At large
scales, this seems to be better fitted by a lorentzian than a gaussian, and the lorentzian
fit appears to also agree better with the excitation rates inferred from helioseismic obser-
vations by Chaplin et al. (1998). The question remains as to whether this result remains
valid for other stars. The model also requires a prescription for the fourth-order moments
involving the entropy fluctuations and the turbulent velocity. The quasi-normal approx-
imation, which consists in splitting the fourth-order moments into the product of two
second-order moments, provides a convenient starting point, but it is significantly biased
in the solar convective zone (Belkacem et al. 2006a) leading to an under-estimate of the
p-mode excitation rate. More sophisticated closure models can be used, for example the
two-scale mass-flux model (Gryanik & Hartmann 2002) which takes the asymmetries in
the medium into account, but it is only applicable for quasi-laminar flows. Belkacem et al.
(2006a) have generalized the approach by taking the turbulent properties of the medium
into account, introducing plumes dynamics following Rieutord & Zahn (1995). As shown
by Belkacem et al. (2006b), calculations based on this new closure model increase the
contribution of the Reynolds stress to the excitation rates of the solar modes, and when
the additional contribution due to entropy fluctuations is included, the new theoretical
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calculations fit rather well the maximum in the solar mode excitation rates derived by
Baudin et al. (2005). The mode amplitudes and lifetimes from a significant sampling of
stars that should be forthcoming from CoRoT will enormously improve the observational
contraints on these models, and help us better understand the exitation of solar modes
as well.

3. A new era of asteroseismology
Asteroseismology is at a particular exciting juncture with excellent new ground-based

observations and with the recent launch of the satellite mission CoRoT. One mission al-
ready successfully launched and producing exciting results is MOST, which was reviewed
by the mission’s PI, J. Matthews. Much of what was presented at the meeting is summa-
rized below. Solar-like oscillations have now been detected in quite a few main-sequence
stars and sub-giants, as well as in red giants. One goal of asteroseismology is to study
the internal rotation of other stars, as has been achieved for the Sun by helioseismology.
M.-J. Goupil reviewed the challenges of seismic detection of rotation in other stars, and
illustrated these with the results from a Hare-and-Hounds excercise carried out by the
CoRoT team.

3.1. An introduction to asteroseismology
Helioseismology has provided very detailed and precise information about one specific
star, the Sun. This has served as a crucial test of the theory of stellar internal structure
and dynamics and has raised new challenging questions, such as the evolution of the
rotation rate in the solar radiative interior, the origin of the differential rotation in the
solar convection zone and, recently, the consequences of the new determinations of the
solar surface abundances. However, studies of just one star, regardless of their quality,
are evidently insufficient as a basis for understanding the broad range of phenomena
occurring in stars of all masses over their eventful lives. Fortunately, stars throughout
the HR diagram, from red supergiants to white dwarfs, show pulsations and hence offer
at least some possibilities of asteroseismic studies.

In many cases, particularly near and below the main sequence, a sufficient number of
modes are observed to allow, at least in principle, detailed constraints on stellar prop-
erties. Accurate determinations of stellar masses, radii and evolutionary states are of
obvious interest; however, a more fundamental goal is to obtain data of sufficient quality
to allow tests of the physical properties of stellar interiors and indications of the required
improvements to our understanding of these properties.

Two general classes of modes are observed in stars. In p-modes, the dominant restoring
force is pressure and the modes have the nature of standing acoustic waves. Such modes
dominate the observed spectrum of solar oscillations. In g-modes, which are essentially
standing internal gravity waves, buoyancy dominates the restoring force; this obviously
requires departures from spherical symmetry and hence g-modes are only found with
non-zero spherical harmonic degree ( � ). In unevolved stars there is a clear separation
between these two classes. However, in evolved stars with strong internal gradients in the
chemical composition or large gravitational acceleration in a compact core, the charac-
teristic buoyancy frequency of gravity waves becomes so high that the modes may have
a mixed nature, behaving like a g-mode in the deep interior of the star and a p-mode in
the external layers. Such mixed modes have very considerable diagnostic value.

For the foreseeable future almost all observations of stellar oscillations will take place
in light integrated over the stellar disk. This strongly suppresses modes of degree � ex-
ceeding three and hence the data are dominated by low-degree modes; this is particularly
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Figure 7. Hertsprung-Russell diagram showing the location of the principal types of
asteroseismic variables stars discussed below.

true for solar-like oscillations where the stochastic excitation leads to true amplitudes
that on average are largely independent of �. Compared with the extensive solar data
this is obviously a strong restriction; however, fortunately, amongst the p-modes it is pre-
cisely the low-degree modes which penetrate most deeply into the star and hence provide
information about its core properties.

Which modes are actually excited to observable amplitudes in a given star obviously
depends on the relevant excitation mechanisms. A mode can either be self-excited or
intrinsically damped but excited by forcing external to the mode. In the former case a
critical region of the star operates as a heat engine, being heated in the compressional
phase of the oscillation and cooled in the expansion phase. Such a region is typically
associated with specific features in the opacity (κ ). To cause overall excitation the region
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has to be placed at the appropriate depth within the star. This constraint leads to
relatively well-defined instability areas in the HR diagram. In the Cepheid instability
belt, which extends to the δ Scuti stars near the main sequence, the opacity feature is
associated with the second ionization of helium. An opacity feature at higher temperature,
related to iron-group elements, causes instability in B-type stars near the main sequence
and in subdwarf B stars on the extreme blue end of the horizontal branch. Convection
may also cause heat-engine instability, typically at long periods; this is the case in the
γ Doradus stars and some of the pulsating white dwarfs.

An unstable mode grows exponentially with time, according to linear theory. The
final amplitude is determined by nonlinear effects. For large-amplitude pulsators such
as Cepheids, which typically show a single mode, amplitude limitation probably occurs
through a saturation of the driving mechanism when the amplitude becomes sufficiently
high. In stars near the main sequence, where many modes are typically excited, the distri-
bution of observed amplitudes amongst the unstable modes is generally highly irregular,
and no definite mechanism determining this distribution has so far been identified. Also,
the irregular selection of observable modes often greatly complicates the identification of
the observed modes with modes of stellar models.

In most stars on the cool side of the Cepheid instability strip, including the Sun, the
modes appear to be linearly stable, and the observed oscillations are caused by stochastic
excitation, driven by near-surface convection of such stable modes. In this case the mode
amplitudes are determined on average by the balance between the energy input from
convection and the damping rate. The result is a typical distribution of amplitude, such as
observed in the Sun where the largest amplitudes are found near periods of five minutes.
Within this overall amplitude envelope most modes are excited, although with varying
amplitudes due to the stochastic nature of the excitation. As a result it is generally
possible to identify the observed modes, using also the typically regular structure of the
frequency spectrum. Together with the generally substantial number of observed modes
this makes solar-like oscillations of great interest to asteroseismology.

3.2. Observational results for solar-type stars

Observations of solar-like oscillations are accumulating rapidly, and measurements have
now been reported for several main-sequence, subgiant, and giant stars. The following
list includes the most recent observations and is ordered according to decreasing stellar
density (which also corresponds to a decreasing large frequency separation ( between
modes of different radial order n ):

• τ Cet (G8 V): T.C. Teixeira et al. (in prep.)
• 70 Oph, a visual binary: Carrier & Eggenberger (2006)
• α Cen A and B (see below)
• µ Ara, a planet-hosting star: Bouchy et al. (2005)
• HD 49933, a potential CoRoT target: Mosser et al. (2005)
• β Vir (F9): Martić et al. (2004b); Carrier et al. (2005b)
• Procyon A (see below)
• β Hyi, a G2 subgiant: Bedding et al. (2007)
• δ Eri, a K0 subgiant: Carrier et al. (2003)
• η Boo (see below)
• ν Ind, a metal-poor subgiant: Bedding et al. (2006); Carrier et al. (2007)
• η Ser (K0 III): Barban et al. (2004)
• ξ Hya (G7 III): Frandsen et al. (2002); Stello et al. (2006)
• ε Oph (G9 III): De Ridder et al. (2006)
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On the main sequence, the most spectacular results have been obtained for the α Cen
system. In the A component, more than 40 modes have been measured, with angular
degrees of �= 0 to 3 – see Bouchy & Carrier (2002) and Bedding et al. (2004). The
mode lifetime is about 2 - 4 days and there is now evidence of rotational splitting from
photometry with the WIRE satellite analysed by Fletcher et al. (2006) and also from
ground-based spectroscopy (M. Bazot et al., in prep.). Meanwhile, nearly 40 modes have
been measured in – see Carrier & Bourban (2003) and Kjeldsen et al. (2005).

Oscillations in the bright G0 subgiant η Boo were measured by two independent groups
using ground-based spectroscopy: Kjeldsen et al. (2003) and Carrier et al. (2005a). Some
of those frequencies were seen in spaced-based photometry by the MOST satellite, as
reported by Guenther et al. (2005), but those authors also claimed to detect oscillations
at very low frequencies, the reality of which remains controversial.

The star Procyon A also generated controversy when MOST data reported by Mat-
thews et al. (2004) failed to reveal oscillations that were claimed from ground-based data.
For the latter, see Martić et al. (2004a) , Bouchy et al. (2004), and Claudi et al. (2005)
for the most recent examples. However, Bedding et al. (2005) argued that the MOST
non-detection was consistent with the ground-based data.

In the future, we expect further ground-based observations using Doppler techniques
(for example, a multi-site campaign on Procyon has been organized for January 2007).
The new spectrograph SOPHIE at l’Observatoire de Haute-Provence in France should
be operating very soon (<http://www.obs-hp.fr/>). From space, the WIRE and MOST
satellites continue to return data and we look forward with excitement to the results
from CoRoT (launched December 2006) and Kepler (to be launched in 2008).

Although remarkable, the results already obtained on solar-like oscillations are not suf-
ficient to allow the desired detailed study of the internal properties of the stars. Simula-
tions have shown that a frequency precision of the order of 0.1µHz is required for detailed
investigations of stellar cores, e.g., through inversion. A similar precision is required to
extract the signatures of the base of the convective envelope and hence determine its
depth, as well as to infer the envelope helium abundance from the effect of helium ioniza-
tion on the sound speed. Also, such a frequency resolution is required to reliably measure
the rotational splitting caused by slow rotation as in the Sun. To achieve this precision
and resolution observations extending over at least several months are required. Mode
identification itself remains a significant challenge as well. Furthermore, it is of great
interest to extend the observations towards lower frequencies; here solar-like oscillations
have long lifetimes, allowing high precision in the frequency determination, and are more
sensitive to features such as the helium ionization. On the other hand, the amplitudes
of such modes tend to be low, placing stringent constraints on the allowable noise level,
both observational and stellar.

3.3. Theory developments: dynamics of stellar radiative zones
With the dramatic advances of helioseismology and of asteroseismology, a coherent pic-
ture of the evolution of rotating stars and of their internal dynamical processes is needed.
In fact, rotation, and more precisely differential rotation, has a major impact on the inter-
nal dynamics of stars. First, as is known from the theory of rotating stars, rotation induces
some-large scale circulations, both in radiation and convection zones, which act to trans-
port simultaneously the angular momentum, the chemicals but also the magnetic field by
advection. In radiation zones, the large-scale circulation, which is called the meridional
circulation, is due to the differential rotation, to the transport of angular momentum and
to the action of the perturbing forces, namely the centrifugal force and the Lorentz force
(cf., Busse 1982; Zahn 1992; Maeder & Zahn 1998; Garaud 2002a; Rieutord 2006). Next,
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the differential rotation induces hydrodynamical turbulence in radiative regions through
various instabilities: the secular and the dynamical shear instabilities, the baroclinic and
the multidiffusive instabilities. In the same way that the atmospheric turbulence in the
terrestrial atmosphere, it acts to reduce the gradients of angular velocity and of chemical
composition and thus, it is modelled as a diffusive process (cf., Talon & Zahn 1997; Ga-
raud 2001; Maeder 2003). On the other hand, rotation has a strong impact on the stellar
magnetism. For example, it interacts with turbulent convection in convective envelopes
of solar-type stars (cf., Brun et al. 2004) to lead to a dynamo mechanism and, as it is
expected from observations, to a cyclic magnetism. In radiation regions, it interacts with
fossil magnetic fields where the secular torque of the Lorentz force and the magneto-
hydrodynamical instabilities such as the Tayler-Spruit instability and the multidiffusive
magnetic instabilities have a strong impact on the transport of angular momentum and
of chemicals (cf., Charbonneau & MacGregor 1993; Garaud 2002a; Spruit 1999; Spruit
2002; Menou et al. 2004; Maeder & Meynet 2004; Eggenberger et al. 2005; Braithwaite
& Spruit 2005; Braithwaite 2006; Brun & Zahn 2006). Finally, waves constitute the last
transport process in single stars where they are also interacting with rotation. Internal
waves, which are excited at the borders with convective zones, propagate inside radiation
zones where they extract or deposit angular momentum where they are damped leading
to a modification of the angular velocity profile and thus of the chemicals distribution
(cf., Goldreich & Nicholson 1989; Talon et al. 2002 ; Talon & Charbonnel 2003, 2004,
2005; Rogers & Glatzmaier 2005). Note also that rotation modifies stellar winds and
mass losses (cf., Maeder 1999).

On the other hand, in closed binary systems, where the companion could be a star as
well as a planet, there are transfers of angular momentum between the star, its companion
and the orbit due to the dissipation acting on flows induced by the tidal potential; that
could be the equilibrium tide (cf., Zahn 1966) due to the hydrostatic adjustement of the
star or the dynamical tide which is due to the tidal excitation of internal waves (cf., Zahn
1975. This dynamical evolution modifies the internal rotation of each component that
have consequences on the properties of their internal transport.

To conclude, all the processes, with which rotation interacts, transport angular mo-
mentum and matter that modifies the internal angular velocity, the chemical composition
and the nucleosynthesis. Therefore, differential rotation has imperatively to be taken into
account to get a coherent picture of the internal dynamics and the evolution of the stars.
To achieve this goal, advances in the secular magnetohydrodynamics of stellar radiation
zones have been made.

First, rotational transport of type I – where the angular momentum and the chem-
ical species are transported by the meridional circulation and by the hydrodynamical
turbulence due to shear instabilities – has been studied. Its present modelling has been
generalized to treat simultaneously the bulk of radiation zones and their interfaces with
convective zones, the tachoclines (cf., Mathis & Zahn 2004). Next, a new prescription for
the horizontal turbulent transport has been obtained. It has been derived from Couette-
Taylor laboratory experiments that enable the study turbulence in differentially rotating
flows (cf., Mathis et al. 2004). However, the introduction of these two hydrodynamical
mechanisms in stellar models leads to results which fail to reproduce the observations of
solar-type stars, because these have been slowed down by the wind during their evolu-
tion and hence the rotational processes are less efficient. Therefore, rotational transport
of type II has been introduced. The chemical species are still transported by meridional
circulation and turbulence, but angular momentum is carried by an another process:
the two candidates being the magnetic field and internal waves. First, the effects of a
fossil magnetic field have been introduced in a consistent way. The action of turbulence,
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Figure 8. Meridional circulation currents in a 1.5 M� star with a solar metallicity and
vin i = 100 km s−1 . The age is 7.604× 108 years with a central hydrogen mass fraction Xc = 0.57.
In this model, the outer cell is turning counterclockwise allowing the equatorial extraction of
angular momentum by the wind.

differential rotation, and meridional circulation on the field, and also its feed-back on
momentum and heat transport, are taken into account (cf., Mathis & Zahn 2005). Next,
the effects of the Coriolis force have been introduced in the modelling of internal waves
(cf., Mathis & Zahn 2005). This allows the inclusion of gravito-inertial waves in the
description of the angular momentum transport. Finally, a coherent treatment of tidal
processes has been derived.

On the other hand, numerical simulations, based on those theoretical results which
allow the following in 2D of the secular hydrodynamics of rotating stars, have been de-
veloped with the associated diagnosis tools to identify the dominant processes in angular
momentum transport, meridional circulation, and chemical species mixing. The first step
– where we assume that the anisotropic turbulence in stellar radiation zones enforces a
shellular rotation law Ω (r) – has been achieved. Work is now in progress to implement
in stellar evolution codes the differential rotation in latitude and the transport by the
magnetic field and the gravito-inertial waves, those two last processes being crucial to
understanding the internal angular momentum transport in the Sun and the proper-
ties of low-mass stars. Moreover, theoretical work is now underway on the description
of MHD instabilities and of the internal-wave excitation to improve our description of
stellar radiation zones in support of helioseismology and of asteroseismology.
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3.4. A new era of asteroseismology: hot stars

The theoretical g-mode frequency spectrum is by far the most dense and their peri-
ods are the longest, making g-mode pulsators more difficult to study than p-mode pul-
sators. During the last few years, big steps forward have been made for the ‘hot’ stars,
i.e., pulsating stars situated along the main sequence which are hotter than solar type
stars.

The β Cep and δ Sct stars are early-B and mid-A to early-F type stars, respectively,
pulsating in low order p- and g-modes with periods of the order of hours. The modes are
excited by the κ mechanism acting on a partial ionization zone of metals (Fe) and helium
(He), respectively. Currently, more than 100 β Cep and 1200 δ Sct stars are known. The
multi-periodic ones have beat-periods of weeks up to months. Recently, a magnetic field
of a few hundred Gauss has been detected for three β Cep stars (Henrichs et al. 2000;
Neiner et al 2003b; Hubrig et al 2006). The best studied β Cep star is ν Eri (HD 29248), for
which large scale multi-site campaigns have been organized in 2002 - 2003 (Handler et al.
2004; Aerts et al 2004; De Ridder et al. 2004) and 2003 - 2004 (Jerzykiewicz et al. 2005).
A total of 14 independent frequencies are found, including the radial fundamental (� = 0,
p1), three rotationally-split triplets (� = 1, g1 , p1 , and p2), and two unidentified high-
order g-modes. Asteroseismic modeling of β Cep stars based on a few identified modes
(including the radial fundamental or first overtone) has led to evidence for convective
core overshoot and in two cases for non-rigid rotation (the core rotates faster than the
surface layers). For the observed modes of ν Eri to be unstable in the theoretical models,
a metal enhancement in the whole interior (Ausseloos et al. 2004) or in the driving region
only (Pamyatnykh et al. 2004) has been assumed.

Currently, FG Virginis is the best studied δ Sct star, for which multi-site campaigns
have been organized within the Delta Scuti Network between 1992 and 2004. So far,
67 independent frequencies have been detected in the photometric data, which confirms
the theoretical prediction of a large number of unstable modes (Breger et al. 2005).
This includes a lot of high frequencies with an amplitude below 0.2 mmag that cannot
be explained with unstable low � modes (Daszyńska-Daszkiewicz et al. 2006) and close
frequency pairs around the expected positions of radial modes (Breger & Pamyatnykh
2006). Thirteen of these frequencies have been confirmed in spectroscopic data. The mode
identification reveals: (i) a lot of axisymmetric modes, including at least two radial ones;
(ii) a rotationally-split � = 1 mode; and (iii) evidence for insufficient convection (Viskum
et al. 1998; Breger et al. 1999; Mantegazza & Poretti 2002; Daszyńska-Daszkiewicz et al.
2005; Zima et al. 2006;). These results are used as input for asteroseismic modeling, which
is ongoing at the moment.

The slowly pulsating B (SPB) and γ Dor stars are mid-B to late-B and early-F type
stars, respectively, pulsating in high-order g-modes with periods of the order of days. The
modes are excited by the κ mechanism acting on the partial ionization zone of metals (Fe)
and by a flux blocking mechanism at the base of the convective envelope, respectively.
For both classes, more than one hundred (candidate) members are known up to now. The
multi-periodic ones have beat-periods of months up to years. Recently, a magnetic field of
a few hundred Gauss has been detected for 14 SPB stars (Neiner et al. 2003a; Hubrig et al.
2006). HD 160124 holds the record of the largest number of detected frequencies (8) for
an SPB star based on ground-based observations (Waelkens 1991), while 21 frequencies
were detected in the 37 days of white light observations obtained with the MOST satellite
for the new SPB star HD 163830 (Aerts et al. 2006). The highest frequency is a known
artefact of the satellite and the two lowest frequencies could be associated with the
star’s rotational frequency, but the remaining 18 frequencies can easily be interpreted in
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terms of unstable low-degree g-modes. An accurate mode identification is lacking which
prevents us from further digging into the seismic models.

For the γ Dor stars, we are still in the inventory stage. Large-scale ground-based ob-
servation campaigns have been organized both in the northern (Kaye et al. 1999; Henry
et al. 2001; Henry & Fekel 2002; Henry & Fekel 2003; Fekel et al. 2003; Mathias et al.
2004; Henry & Fekel 2005; Henry et al. 2005) and southern (Eyer et al. 2002; De Cat et al.
2006) hemisphere to search for members of this class. Large steps forward are achieved
by the inclusion of time-dependent convection in the models which enables to calculate
the instability of the modes and the theoretical amplitude ratios and phase shifts that
can be used for mode identification (Grigahcène et al. 2005; Dupret et al. 2005). The
frequency ratio method has led to promising results for γ Dor stars. It is based on the
first-order asymptotic g-mode expression and enables the selection of seismic models that
are compatible with the observations as soon as three frequencies are observed (Moya
et al. 2005). In case of 9 Aur, a unique model has been found (Moya et al. 2006).

The potential of seismology of ‘hot’ stars is excellent, and for the hybrid stars it
is even better, since both p- and g-modes are excited. The currently known (candidate)
β Cep/SPB hybrids are ι Her (Chapellier et al. 2000), 53 Psc (Le Contel et al. 2001), ν Eri
(Jerzykiewicz et al. 2005), γ Peg (Chapellier et al. 2006), and HD 13745 & HD 19374 (De
Cat et al. 2006), while HD 209295 (Handler et al. 2002) and HD 8801 (Henry & Fekel
2005) are δ Sct/γ Dor hybrids. For the future, we need: (i) accurate mode identifications,
especially for g-modes; (ii) the inclusion of magnetic fields, diffusion, and rotation in the-
oretical models; and (iii) data from multi-site campaigns and/or from satellite missions
like MOST, CoRoT, and Kepler.

4. Future activities
The future for the fields of helioseismology and asteroseismology is bright. Numerous

new initiatives and forthcoming activities and missions were discussed at the meeting.
Several of these, including NASA’s Solar Dynamics Observatory (expected launch data
2008) and the proposed DynaMICS mission in the field of helioseismology, and CoRoT
(launched December 2006) in the area of asteroseismology, have been mentioned already
above.

Solar Orbiter, ESA’s next mission to study the Sun, is scheduled to be launched in
May 2015 according to the current baseline (December 2006). The extended mission will
be completed in January 2024. The most interesting aspects of the mission for helioseis-
mology reside in the unique vantage points from which the Sun will be viewed (Gizon
2007 Gizon 2007; Woch & Gizon 2007). The spacecraft will use multiple gravity-assist
manoeuvres at Venus and Earth to reach its science orbit after a cruise phase of about
3.4 years. The orbit design will include two main characteristics, both of which offer
novel perspectives for helioseismology. First, Solar Orbiter will make observations away
from the ecliptic plane to provide views of the Sun’s polar regions. The inclination of
the spacecraft’s orbit to the Ecliptic will incrementally increase at each Venus swing-by
manoeuvre to reach at least 30◦ toward the end of the mission. Second, Solar Orbiter
will cover a large range of spacecraft-Sun-Earth angles. In combination with data col-
lected from the ground or near-Earth orbit, Solar Orbiter will thus mark the advent
of steroscopic helioseismology. One important goal is to gain a better understanding of
solar activity and variability by probing the solar interior to higher latitudes and larger
depths, beyond what can be achieved with Earth-side observations alone.

The SIAMOIS fourier tachometer (Seismic Interferometer Aiming to Measure Oscil-
lations in the Interior of Stars; <http://siamois.obspm.fr/>) is planned for Dome C in
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Antarctica . The Antarctic site presents the unique advantage of requiring only a single
instrument for the continuous observation of a target over several months. This post-
CoRoT instrument, based on an interferometric method to measure the Doppler shifts
induced by the p-modes, should be put in operation during the 2011 austral winter with
this objective. Two bright stars could be observed simultaneously with two robotic 40-cm
telescopes feeding the interferometer through a fiber. There are about ten southern, cir-
cumpolar solar-type stars observable, with among them α Cen A and B, with such small
telescopes. With future developments on the site, this type of instrument would find its
place behind a larger telescope to conduct similar long observations on fainter stars.

The NASA Kepler mission, planned for launch in November 2008, will provide extensive
asteroseismic data. Kepler will survey of the order of 100 000 stars in a 105-square-degree
field in Cygnus, nearly continuously for more than four years. The goal is to detect extra-
solar planetary systems through the observation of slight decreases in the luminosity of
the stars caused by planetary transits. The bulk of the stars will be observed with a
cadence of 30 minutes. However, 512 selected stars will at any given time be observed
with a one-minute cadence, hence for example allowing the study of solar-like oscillations.
Each such star will be observed for at least three months, and in some cases observations
of a given star continuously or repeatedly throughout the mission may be warranted, e.g.,
to search for frequency variations associated with cyclic activity. For stars of magnitude
between 9 and 11 it is estimated that detailed asteroseismic investigations will be possible;
for fainter stars simulations indicate that it will be possible to determine the large and
small frequency separations, hence providing measures of stellar radii, and evolutionary
states. Also, even the longer-cadence data are of great asteroseismic interest for the
study of solar-like oscillations in giant stars or, for example, long-period oscillations in
γ Doradus or slowly pulsating B-type stars.

The CoRoT and Kepler missions, as well as the formerly proposed Eddington mission,
highlight the benefits of combining observations for asteroseismology and exo-planets in
a single mission. The CoRoT mission will spend five months on each of five fields of 10
square degrees. The asteroseismology component will monitor the light curves of a total
of 50 target starst with magnitudes in the range 5 to 9 with a cadence of 32 seconds,
yielding a precision on the frequencies of order 0.1µHz. The planet search component
will monitor of the order of 10,000 stars in each field with magnitudes in the range 11 to
16; 1000 with a cadence of 32 seconds the rest with a cadence of 512 seconds. The planet
search data will also be available for asteroseismology studies.

Looking to the future, PLATO is a new mission concept being developed by a European
consortium to be submitted to the European Space Agency for inclusion in the new
Cosmic Vision programme. The current concept is to have an aligned cluster of small
telescopes with very wide fields of view which will continuously monitor of the order
of 100,000 stars for both asteroseismology and planet finding. The concept is currently
undergoing industrial studies.

Finally, there are ambitious plans to build SONG (Stellar Oscillations Network Group)
(<http://astro.phys.au.dk/SONG>), which will be a global network of small telescopes
equipped with high-resolution spectrographs and dedicated to asteroseismology and planet
searches.
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Garćıa, R., Corbard, T., Chaplin, W. J., et al. 2004, Solar Phys., 220, 269
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Martić, M., Lebrun, J.-C., Appourchaux, T., & Korzennik, S. G. 2004a, A&A, 418, 295
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Turck-Chièze, S., Garćıa, R. A., Couvidat, S., et al. 2004, ApJ, 604, 455
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