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Sir Arthur Stanley Eddington:

The Internal Constitution of the Stars

1926

At first sight it would seem 
that the deep interior 
of the sun and stars 
is less accessible 

to scientific investigation 
than any other region of 

the universe.

Sir Arthur Eddington
(1882 – 1944)



Our telescopes may probe 
farther and farther 

into the depths of space; 
but how can we ever obtain 

certain knowledge 
of that which is hidden 

behind substantial barriers?



What appliance 
can pierce through 

the outer layers of a star 
and test 

the conditions within?
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ASTEROSEISMOLOGY

The goal: to understand the 
structure, evolution and 

dynamics of stellar interiors

Using observations and analysis 
of oscillations of stellar surfaces



The boiling stellar surface



Music from a bottle
♪♪

♫♫



How do we
listen to the 

stars?

• Doppler velocity
• Intensity



Where it all started

Grec et al., Nature 288, 541; 1980



Basic properties of oscillations

•Behave like spherical harmonics: Pl
m(cos θ) cos(m φ - ω t)

•kh = 2 π / λh = [l(l+1)]1/2/r



Mode 
structure in 
the interior



Computed 
oscillation 

frequencies



Asymptotics of frequencies
Acoustic-wave dispersion relation

Hence

Lower  turning point rt where kr = 0:



Rays



Inversion with rays



Birmingham Solar Oscillations 
Network (BiSON)

Sutherland 
site

Low-degree modes:





MDI, VIRGO and GOLF on
SOHO



Observing      a       Doppler image



VIRGO on SOHO (whole-disk):

Data on solar oscillations
Observations:

MDI on SOHO



Observed frequencies

m-averaged frequencies from MDI instrument on SOHO

1000 σ error bars



KNOWN `GLOBAL' PROPERTIES 
OF THE SUN

• Total mass M¯ (assume no mass loss)
• Present surface radius R¯

• Present surface luminosity L¯ (assuming isotropic radiation)
• Present age (depending slightly on models of solar-system 

formation)
• Present surface heavy-element composition, relative to hydrogen, 

(somewhat uncertain).
• Composition not known for helium 



CALIBRATION OF SOLAR 
MODELS

• Adjust initial helium abundance Y0 to obtain the observed present 
luminosity

• Adjust initial heavy-element abundance Z0 to obtain observed 
present ratio Zs/Xs

• Adjust parameter of convection treatment (e.g. mixing-length 
parameter αc) to obtain observed present radius.



Properties of Model S
•OPAL96 equation of state

•OPAL 92 opacities

•Nuclear parameters from Bahcall & Pinsonneault (1994)

•Diffusion and settling of helium and heavy elements from Michaud & 
Proffitt (1993)

•Mixing-length theory of convection



Frequency dependence on solar 
structure

Frequencies depend on dynamical quantities:

However, from hydrostatic equilibrium and Poisson’s 
equation p and g can be determined from  ρ

Hence adiabatic oscillations are fully characterized by

or, equivalently



Frequency differences, Sun - model



Inverse analysis

From

infer

Inversion code developed with M. J. Thompson, 
S. Basu, M. P. Di Mauro



The solar internal sound 
speed

Sun - model

Christensen-Dalsgaard & Di Mauro (2007)

No diffusion

With diffusion 
(Model S)



Changes in composition

The evolution of stars is controlled by the changes 
in their interior composition:

• Nuclear reactions

• Convective mixing

• Molecular diffusion and settling

• Circulation and other mixing processes 
outside convection zones

Nuclear burning

Settling



The solar internal sound 
speed

Sun - model

Christensen-Dalsgaard & Di Mauro (2007)

With turbulent 
diffusion

Model S



Improvements:
•Non-LTE analysis
•3D atmosphere models
•Consistent abundance determinations for a variety 
of indicators

Revision of solar abundances

Asplund et al. (2004; A&A 417, 751); Asplund (2005; ARAA 43, 481)



Nicolas Grevesse (Sheffield 2006)

Effect on helioseismology: a grain 
of sand or a rock?

Sun - Model S

Pijpers, Houdek et al.

Model S

Z = 0.012 

solar modelling



Is this physically realistic???

Obvious solution: change the 
opacity

Required change 
to recover Model S



The solar internal sound 
speed

Sun - model

Christensen-Dalsgaard & Di Mauro (2007)



No relativistic effects
Including relativistic effects

Relativistic electrons in the Sun

Elliot & Kosovichev (1998; ApJ 500, L199)



hMHD

Testing solar thermodynamics

� OPAL

Basu, Däppen & Nayfonov (1999; ApJ 518, 985)



Rotational splitting



Kernels for rotational splitting



Rotation of the solar interior

BiSON and LOWL data; Chaplin et al. (1999; MNRAS 308, 405)



Rotation in the solar interior

Base of 
convection 

zone

Tachocline
Near solid-

body 
rotation of 

interior

MDI data. Schou et al. (1998; ApJ 505, 390)



From the Sun to the stars



Solar-like 
oscillators

Bedding & Kjeldsen



CoRoT

(France, ESA, ...); 

launched  December 2006



Asteroseismology 
with Kepler



SONG: the Stellar Observations 
Network Group



SONG Conceptual Design Review – Århus, March 1,2 – 2007, Baseline Configuration

Possible distribution of SONG sites.



SONG Conceptual Design Review – Århus, March 1,2 – 2007, Baseline Configuration



Planned schedule

• 2006 – 2007: Conceptual design
• 2008: Prototype Phase A 
• 2008 – 2011: Prototype design, 

construction and test
• 2010 – 2013: Network construction
• 2013 – ????: Network operation



PLATO

ΠλατωνΠλατωνΠλατωνΠλατων

PLAnetary Transits & Oscillations of stars

« The life of stars & their planets »

Reply to the ESA Call
« Cosmic Vision » 2015-2025

Based on presentation by Claude Catala



Asteroseismology 
and planet search for 

100 000 relatively 
bright stars

Currently in assessment 
phase



The future: stellar tachoclines??

NASA vision study. 
Launch 20??


