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History and prescience

e Space asteroseismology
e Solar and stellar linewidths
e Solar g modes
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My regular point of view

In theory, there is no difference between
theory and practice.

In practice there is.
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The legacy of Douglas
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The birth of asteroseismology

Waves and Physics, Baia della Zaggare



JCD's seminal talk

Christensen-Dalgaard (1984)
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Lemaire's space mission

Lemaire (1984)
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PRISMA Science
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Appourchaux et al (1992)

Observables Range Accuracy Scientific keywords
Frequencies 0.02 mHz-0.1 Hz 0.1 guHz  Stellar structure, g modes,
He content, neutrino physics
Amplitudes 1076-107! 10-7-10~% Excitation, stellar spots
and plages, non-linear
pulsators?, convection
Linewidths 1-10 pHz 0.05 pHz  Excitation, convection,
surface structure
Frequency >0.3 pHz 0.1 pHz  Stellar parameters, stellar
separations structure, rotation,

magnetic fields

Appourchaux et al (1993)



PRISMA targets

A better test of stellar structure models can be achieved if one or several
basic stellar parameters are known independently. This is why a very high
priority must be given to possible targets for which independent information is
available, or for which additional constraints can be placed on the models:

e Members of open clusters, for which a good estimate of the age is available.

e Members of some binary systems, for which the masses, and sometimes
the radii, are well known.

e Stars observed by HIPPARCOS, for which we have a good determination
of the absolute luminosity.

e Stars observed by IUE and ROSAT
e Stars observed in the Mount Wilson Call program

Besides these prime targets which will drive the instrument and strategy def-
inition, the scientific return of the mission will be maximized if a sample of
very important targets are included: these are the classical pulsating variables,
such as § Scuti, RR Lyrae, Cepheids, A Bootis, and also rapidly oscillating Ap
stars, Am stars and Maia variables. These targets should not drive the major
requirements of the mission, but the philosophy would be to observe them with
PRISMA whenever possible.

Appourchaux et al (1993)
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How many stars in a cluster ?

For 15 orders
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FIGURE V. Standard errors o(af) associated with inferred stellar pa-
rameters of in a cluster of N stars, assuming observational errors 635 ,
with standard errors o(InT?) = 0.01, o(lam$) = 0.01, o(lng®) = 0.1,
o(A?®) = 0.05pHz, 0(d°*) = 0.7uHz, o(In(Z/X)) = 0.1, o(InD) = 0.1. The
seismic parameters A° and d° are presumed to have been obtained from fre-
quencies of modes having standard errors 1 uHz and with 14 < n+1/2 < 28
and 0 <! < 2, only half of which are measured.
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FIGURE VI. Standard errors in a stellar cluster calibration similar to
that illustrated in Figure V, but whose data have been supplemented with
additional values of A® and d°, obtained this time from modes with 6 <
n+1/2 < 28 and 0 < [ < 2, though with the same standard errors as
those associated with the original data, namely 0.05 yHz and 0.7 pHz

respectively.

Still key today !
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Appourchaux et al (1992)
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Then STARS, Eddington...

STARS
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ABSTRACT STARS is an asteroseismological space mission, currently
under Phase-A Study by the European Space Agency (ESA) as a candidate
for the M3 mission. This report summarizes the conclusions of the
Assessment Study: it is based on presentations made in Paris early in May
1994 to the ESA selection committees and to interested members of the
scientific community,

INTRODUCTION

STARS is a mission aimed at providing an empirical framework to gain new
insight into the physics of stellar evolution, and into the connexion between the
interiors and the visible surfaces of stars. The mission will address basic stellar
structure. It will enable us to investigate the physics of stellar interiors: for
example, the equation of state, the opacity of stellar material, and energy and
angular momentum transport by convection and by waves. These are all areas
in which greater knowledge is required to build a really reliable theory of stellar

416

Fridiund et al (1995)
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Eddington

ROUND TO THE EDDINGTON MISSION
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CoRoT mission (End 2006)
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A few results for single stars
from

current space missions
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HD49333 Echelle diagramme

Before CoRoT launch

Appourchaux et al (2006)
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HD49333 Echelle diagramme

After CoRoT launch

Appourchaux et al (2008)
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Solving of HD49333 syndrome

e Use of a Bayesian approach based on mode amplitude
ratio (Appourchaux et al, 2008; Benomar et al, 20093, b;
Gruberbauer et al, 2009; Campante and Handberg,
2011)

e Use of £ vs Effective temperature (White et al, 2011)

e Use of homologous scaling of the asymptotic relation
(Bedding and Kjeldsen, 2010; Jarvis et al, 2012)

Use of theoretical prejudices in all cases...
We are all Bayesian !

Waves and Physics, Baia della Zaggare



Kepler mission (Beg. 2009)
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An orchestra of stars

Working Group #1 of Kepler

Chaplin et al (2011)
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A few results for binary stars
from

current space missions
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Results for solar-like stars in clusters
from
current space missions...to come...with PLATO

Waves and Physics, Baia della Zaggare



Sun-as-a-star power spectra (I, v)
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Solar linewidths

Gough (1980)

Balmforth and Gough (1990)

Fig. 1. Observations of solar line widths of Libbrecht (1988a). The curves drawn are the theoretical

estimates of damping rates of acoustic oscillations by Christensen-Dalsgaard and Frandsen (19834, solid

curve), Kidman and Cox (1984, dashed line), and Gough (1980, broken dashed line). The growth rates are
plotted in units of 10~ °(s/2x)~ ' which corresponds to the cyclic frequency unit pHz.

Waves and Physics, Baia della Zaggare



Solar linewidths

A striking feature in the observations is a local maximum of the damping rate at about
2.2 mHz followed by a local minimum at about 2.6 mHz. Interestingly, our theoretical
curves also have a similar feature. Again the oscillations due to the mixing-length theory
are visible, and the observed feature corresponds to what appears to be the first and
broadest oscillation.

Granulation, as observed at the solar surface, is characterized by turnover times
which are consistent with mixing-length theory, if the values of the convective velocity,
w, and mixing length, /_, near the edge of the convection zone are used to estimate a
characteristic timescale. The convective growth rate, o, in mixing-length theory is given
by

w=ol[2. (16)

Therefore, the characteristic mixing-length frequency is just 2w/l..

At the maximum of the peak in the temperature gradient, V, in the hydrogen ionization
zone, where convective effects might be most dominant, the values of w and /, for a
typical model envelope give a characteristic frequency, v, ~ 2.5 mHz, which is close to
the frequency at which the minimum in the damping rate occurs. It is, therefore, quite
possible that this feature is a consequence of the interaction between the locally radial
pulsation and the granular motion. Merryfield (1988) has also found such a resonant
interaction in an idealized model of convection interacting with acoustic waves.

Balmforth and Gough (1990)

Fig. 1. Observations of solar line widths of Libbrecht (1988a). The curves drawn are the theoretical
estimates of damping rates of acoustic oscillations by Christensen-Dalsgaard and Frandsen (1983a, solid
curve), Kidman and Cox (1984, dashed line), and Gough (1980, broken dashed line). The growth rates are

Waves and Physics, Baia della Zaggare

plotted in units of 10~ °%(s/2x)~ ' which corresponds to the cyclic frequency unit pHz.



Stellar linewidths

6.19 Gy | 10.0
10.0 v 0.00 Gy :

1.0

n [uHz]
n [uHz]

1.0
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Fig.3. Damping rates for an evolving 1 Mg, star as function of fre- Fig.5. Damping rates for ZAMS models as functions of frequency.
quency. The results are displayed for models with ages=(0.2.49,3.96, The results are displayed for models with M =(0.95, 1.00, 1.05, 1.10,
455, 6.19,7.00, 8.03. 9.02, 9.72) Gy. The thick curve indicates the 1.15,1.20,1.25,1.30, 1.35,1.40, 1.45,2.00) Mg,. For the convection
results for the present Sun. Values o = 1.8, a? = b? = 600 for the parameters the values a = 2.0, a? =900, 5% = 2000 have been used.
convection parameters have been used.

Houdek et al (1999)
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Stellar linewidths

The total damping rate 7 (solid curve), plotted as a function
of cyclic frequency v = w, /2w, is characteristically flat at fre-
quencies near 2.8 mHz (see Fig. 2). This feature is also observed
in solar linewidth measurements (e.g. Libbrecht 1988, Appour-
chaux et al. 1998, Chaplin et al. 1998). At these frequencies
the net damping is reduced particularly by radiative processes
in the upper superadiabatic boundary layer of the convection
zone, which are locally destabilizing.

The damping rates for an evolving 1 M, star are depicted
in Fig. 3. Damping rates generally increase with increasing age.
particularly for low- and high-order modes. For modes of inter-
mediate order the flattening of the damping-rate curve becomes
more pronounced as the star evolves, and turns into a locally
concave function at about the solar age. The maximum value of
the superadiabatic temperature gradient of a 1 M star increases
by approximately 24% along the main sequence, promoting the
depression in the damping rates.

Waves and Physics, Baia della Zaggare

A similar behaviour of the damping rates is obtained for
more massive stars, as indicated for the evolving 1.45 Mg star
depicted in Fig.4. For these more massive stars, larger values
of the nonlocality parameters, a® = 900 and b* = 2000, were
adopted. This selection ensured that all the radial modes were
stable, in line with our working hypothesis that stochastic ex-
citation underlies the appearance of solar-like oscillations (but
see Sect.9). The depression in the damping rates is more pro-
nounced for these stars, even at the ZAMS. This trend may be
seen even more obviously in Fig.5, where damping rates are
depicted for stars with increasing mass along the ZAMS.
see Sect.9). The depression in the damping rates is more pro-
nounced for these stars, even at the ZAMS. This trend may be
seen even more obviously in Fig.5, where damping rates are
depicted for stars with increasing mass along the ZAMS.

Houdek et al (1993)



Linewidths with Kepler
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VIRGO and the g-mode search
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The Phoebus endeavour
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The Phoebus endeavour
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My revisited point of view

In practice, there are differences between
practice and theory.

In theory there are none (or a few...).

Thank you Douglas !
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The Pulsational Stability of a Convective Atmosphere

Douglas 0. Gough

Introduction

As a star evolves it may pass through phases where it can
no longer remain in stable quasi-static equilibrium. The insrability
arises from the existence of growing oscillatory disturbances (over-
stability) when the conditions inside the star are favourable. The
star then begins to pulsate with increasing amplitude; eventually
the structure of the star will be sufficiently changed so that the
pulsational mode no longer grows, and the star continues to vibrate
with finite amplitude. Recently numerical calculations have been
made to determine whev a star is pulsationally unstable to infin-
itesimal radial perturbations (e.g. Baker and Kippenhahn, 1962) but
the results do not agree well with observation. There are two major
reasons why this could be so. The first is that equilibrium struc-
ture about which the percturbaticn analysis was made may nct have been
correct, and the second is that convection was disregarded in the
stability analysis, althcugh it was taken into account to compute the
equilibrium model.

It has been observed that in the computed unstable stars which
lie farthest from the observed variable stars, convection plays ao
increasingly important role in previding the energy flux in the
equilibrium model, and it seems likely, therefore, that its neglect

in the stability analysis may have led to serious errors. The calcu-
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