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1. Why Measure Stellar Acoustic
Oscillations?
The physics of stellar interiors is poorly known. There are serious uncertainties about the modelling of the inner
structure and about the stellar evolution.
The main problem is the lack of observational constraints. We have usually
only two observables: the effective temperature and the luminosity. In some
cases, the detailed analysis of the spectrum allows us to determine surface
abundances and to estimate surface
gravity. However, all these observables
trace only the physical conditions prevailing in a thin layer of the stellar internal structure, the photosphere. Masses
and radius are known for a limited number of double systems. As a consequence, the stellar internal structure and
the evolution theory is not well tested.
Geologists learn about the inner
structure of our planet by monitoring
how seismic waves generated by earth-

quakes propagate through the Earth. In
a way, they show us the method needed to study the inside of a star. By
chance almost every star undergoes
perturbations that generate seismic
waves (see Fig. 1). The principle is to
detect and measure seismic oscillation
modes of a star in order to understand
its inner structure.

2. Acoustic Spectrum of Solarlike Stars
The discovery of the propagating
sound waves in the Sun by Leighton et
al. (1962) and their interpretation by
Ulrich (1970) has opened a new area in
stellar physics. Since the Sun is a
sphere of hot gas, its interior transmits
acoustic waves very well. Convection
near the stellar surface produces vigorous turbulent flows that generate a
broad spectrum of random acoustical
waves. The process of destructive and
constructive interferences transforms
this random convective noise
into a very rich
acoustic spectrum in the subaudible domain
with periods of
few minutes (see
Fig. 2). The resulting oscillations are pressure waves, also
called p-modes.
Each acoustic
eigenmode is
trapped in a

Figure 1:
Schematic location of classes of
pulsating stars in
the HR diagram.
Solar-like stars
correspond to
stars with intermediate masses
near the main
sequence. This
class undergoes
nonradial oscillations generated
by the stochastic
excitation of their
outer convective
zone.
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spherical-shell cavity between the stellar surface and a specific inner layer.
Frequencies and amplitudes of these
oscillation modes depend on the physical conditions prevailing in the layers
crossed by the waves and provide a
powerful seismological tool. Helioseismology led to major revisions in the
“standard model” of the Sun and provided for instance measures of the
sun’s inner rotation, the size of the convective zone and the structure of the
external layers.
Each oscillation mode can be characterised by the two quantum numbers
n and I which are respectively the
radial order (see footnote number 1)
and the angular degree (see footnote
number 2) of modes. In stars where
the disk is not resolved, it is only
possible to measure the lowest-degree
modes (I ≤ 3). Fortunately, these modes
are especially interesting because they
penetrate more deeply into the stellar
interior and probe the physical conditions near the stellar core. The p-mode
oscillations produce a characteristic
comb-like structure in the power spectrum with mode frequencies νn, l well
approximated by the asymptotic relation:

The parameters ∆ν0, ε and δν0 are related to the stellar structure. The large
separation ∆ν0 reflects the average
stellar density while ε is related to the
physical conditions at the boundaries of
the acoustic cavity and therefore it is
sensitive to physical conditions in the
surface layers. The small separation
δν0 depends on the mean molecular
weight down to the central regions of
the star and it is thus an indicator of the
stellar age. A considerable advantage
of the asteroseismology comes from
the fact that the measurement of the
frequencies νn,l and their amplitudes
Aosc allows to constrain directly the internal structure of models independently of any intermediate steps like radiation transfer in the atmosphere or photometric calibrations.
The oscillation characteristics of solar-like stars are expected in first approximation to scale from solar values
(Kjeldsen & Bedding 1995) as a func1Number
2Number

of nodes in the radial direction.
of nodes around a circumference.

ally they have reached the accuracy
needed to detect p-mode oscillations
from the ground on bright solar-like stars.

3. Listen to Solar-like Stars
by Precise Doppler
Measurements

Figure 2: Acoustic spectrum of the full solar disk (Grec et al. 1983) showing the presence of
several tens of eigen frequencies with periods in the range 3 to 8 minutes. The individual
Doppler amplitudes of these acoustic modes are lower than 25 cm s–1.

tion of the stellar luminosity (or radius),
mass and temperature according to:

Solar-like oscillation modes generate
periodic motions of the stellar surface
(see Fig. 3) with periods in the range
3–30 mn but with extremely small amplitudes. Essentially two methods exist
to detect such a motion: photometry
and Doppler spectroscopy. In photometry, the amplitudes of the oscillation of
solar-like stars are in the range 2–20

Figure 3: Representation of resonating
acoustic waves in the interior of a solar-like
star. Red and blue colours show the displacement of elements in opposite directions.

ppm (see footnote number 3) while they
are in the range 10–100 cm s–1 in radial velocity measurements. Photometric
measurements made from ground are
strongly limited by scintillation noise. To
reach the needed accuracy it actually
requires measurements made from
space. The accuracy of Doppler spectroscopy has recently been improved,
mostly driven by intensive search for
extra-solar planet programmes. Actu3Part

per million or 10–6 L where L is the stellar
luminosity.

The detection of acoustic oscillations
of stars needs long and intensive sequences of high-precision radial velocity measurements. In order to reach a
precision of few m s–1 one needs first
high flux and enough spectral information to compute the radial velocity without being limited by photon noise.
Second, a stable wavelength reference
is necessary to measure and to correct
systematic errors of the spectrograph.
The photon noise limit depends on the
wavelength spectral range and on the
spectral resolution of the spectrograph.
It depends as well on the spectral type
and the rotational broadening v sin i
(see footnote number 4) of the star. A
detailed analysis of the fundamental
photon noise limit on radial velocity
measurements can be found in Bouchy
et al. (2001). For illustration, Figure 4
shows the expected radial velocity errors with the high-resolution echelle
spectrograph CORALIE (Queloz et al.
2001) for a 100 s exposure time on a
5th-magnitude star versus effective
temperature and rotational broadening.
Essentially two different methods can
be used to gather precise Doppler
measurements (see Fig. 5). Both mon4Equatorial stellar velocity projected on the line
of sight causing Doppler broadening of the stellar
lines.

Figure 4: Radial velocity uncertainty predictions for the spectrograph CORALIE for a flux
given by texp (s) = 2.512mv. This spectrograph, installed on the Euler 1.2-m telescope, covers
a spectral range of 3000 Å with a resolution of 50,000 and a total efficiency peak of 1.5%.
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4. Recent Progress in Solar-like
Seismology

Many attempts to detect signature of
p-mode oscillations on solar-like stars
have been made since the 1980’s. Until
1999, they reached only upper limits or
Simultaneous
Telescope
thorium method
the detections were not very reliable.
Spectrograph
The first good evidence of excess
power due to mode oscillations was obThorium
Lamp
tained by Martic et al. (1999) on the F5
subgiant Procyon. Bedding et al. (2001)
Figure 5: The different methods of radial velocity measurements.
obtained a quite similar excess power
on the G2 subgiant β Hyi, an evolved
sufficiently long duration of observation
itor instrumental changes by comparisolar-mass star that corresponds to the
to resolve and to characterise the eigen
son with a set of stable reference lines.
future evolution of the Sun. These two
frequencies with sufficient accuracy.
One method, called the Iodine cell
results have been confirmed independFor example, in the Sun, the small sepmethod, inserts in the input stellar
ently by our group based on observaaration δν0 is equal to about 9 µHz. The
beam an iodine cell to impress stable
tions made with the CORALIE spectrosolar oscillation modes are broadened
absorption lines on the incoming stargraph (Carrier et al. 2001a, 2001b).
by their limited lifetime (few days) and
light. Another method, called the siA primary and challenging target for
have a typical mean width of about
multaneous thorium method, uses an
the search for p-mode oscillations was
optical fibre for the star
the nearby solar twin Rigil
light, in conjunction with a
Centaurus (α Cen A). In
second fibre carrying light
May 2001, we made for
from a thorium lamp. A varithe first time on this star
ant consists in replacing
an unambiguous detecthe thorium lamp by a fixed
tion of solar-like acoustic
Fabry-Perot interferometer
modes (Bouchy & Carrier
illuminated by a white lamp.
2001; Carrier et al.
Both methods have recent2001c). The observations
ly shown precision of only
and analysis are presentfew m s–1. However, aled in the next section.
though very reliable, the
The main parameters of
iodine cell approach inthese three stars, Procreases the photon noise ercyon, β Hyi and α Cen A,
rors by limiting the spectral
and the characteristic of
range to about 1000 Å and
their observed seismic
reducing the total efficiency
signal are reported in
by a factor of ~ 2. Hence,
Table 1 and are compared
for a given photon noise
with the Sun.
limit, this technique reThe seismic paramequires telescopes at least 2
ters of these three stars
times larger than for an inare in agreement with the
Figure 6: α Cen A is the brightest star of the picture. One can see the
strument using the simulta- Southern Cross on the left.
expected values scaled
neous thorium method.
from the Sun. So far the
Even if the precision of
low signal to noise ob2 µHz. For these reasons, one needs
individual measurements of the radial
tained and the day aliasings coming
frequency resolution at least equal to
velocity is greater than 1 m s–1, periodfrom the single-site window function
2 µHz to characterise the acoustic
ic Doppler variations as small as 10 cm
have not allowed to identify modes on
modes with accuracy. This implies a dus–1 can be detected if a large amount of
Procyon and β Hyi. On α Cen A, the
ration of observation at least equal to 6
measurements is made. The relation
high signal to noise obtained and the
nights.
between mean noise level in the power
fact that modes are more separated in
With single-site observations, the
spectrum σPS and the dispersion of the
frequency and less sensible to the day
identification of oscillation modes can
time series Doppler measurements σobs
aliasings, allow to identify them.
be complicated by the observation winis given by:
dow limited by the
diurnal cycle. Each Table 1: Main parameters of the solar-like stars where seismologimode in the power cal signal was obtained.
spectrum presents
where N is the number of measurethe day aliasings at
Sun
α CMi
β Hyi
α Cen A
ments. If the noise is Gaussian then the
11.57 µHz. In order
HR2943
HR98
HR5459
mean noise level in the amplitude specto improve the
trum σamp is given by:
spectral window
Spectral type
G2V
F5IV-V
G2IV
G2V
and reduce these
mv
–27
0.34
2.80
0.0
aliases, it is useful
5777
6530
5800
5780
Teff (K)
to realise multi-lon1
7.1
3.5
1.5
L/L
gitude
observaFor example, 400 measurements
1
1.5
1.1
1.12
M/M
tions as they alwith 2 m s–1 precision allow us to reach
ready exist for helioa noise level in the amplitude spectrum
Aosc (cm s–1)
23.4
50
50
31
seismology (IRIS,
of 18 cm s–1.
νmax (mHz)
3.05
1
1.1
2.3
BiSON,
GONG,
The difficulty is not only to reach a
134.9
55
58
105.5
∆ν0 (µHz)
see Pallé 1997).
high signal-to-noise level but to have a
δν0 (µHz)
9
–
–
6.6
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Figure 7: Left: Radial velocity measurements of the star α Cen A. A 3-order polynomial fit subtraction was applied on each night. The number
of Doppler measurements and their dispersion are indicated for each night. Right: Portion of 3 hours of the radial velocity measurements obtained during the third night. On this part the dispersion reaches 1.25 m s–1.

5. Acoustic Waves in Solar-twin
α Cen A
5.1 Observations
The star α Cen A (see Fig. 6) was
observed with the CORALIE fibre-fed
echelle spectrograph (Queloz et al.
2000) mounted on the 1.2-m Swiss
telescope at the ESO La Silla Observatory. CORALIE is the southern hemisphere twin of the ELODIE spectrograph (Baranne et al. 1996), both of
them well known for their discoveries of
extra-solar planets. The wavelength
domain ranges from 3875 to 6820 Å
recorded on 68 orders. Using a 2k by
2k CCD with 15-µm pixels, CORALIE
reaches a spectral resolution of 50,000
with 3-pixel sampling. The total efficiency including atmosphere, telescope,
spectrograph and detector reaches
about 1.5% at 5500 Å in the best seeing case. During stellar exposures, the
spectrum of a thorium lamp carried
by a second fibre is simultaneously
recorded in order to monitor the spectrograph instability and thus to obtain

Figure 8: Power spectrum of 13 nights of radial velocity measurements of the star α Cen A.
The series of peaks between 1.8 and 2.9 mHz is the unambiguous signature of solar-like oscillations.

high-precision velocity measurements.
α Cen A was observed over 13 nights
in May 2001. Exposure time was 40 s,

Table 2: Mode frequencies (in µHz). The frequency resolution of the
time series is 0.9 µHz. The last row shows the average large spacing ∆νn, l = νn, l – νn–1, l computed for l = 0, 1 and 2.

n
n
n
n
n
n
n
n
n
n
n

=
=
=
=
=
=
=
=
=
=
=

∆ν0

15
16
17
18
19
20
21
22
23
24
25

l=0

l=1

1841.2

1887.2
1991.9
2095.6
2202.8
2308.9
2414.2
2519.3
2625.5
2733.0
2837.4

2152.8
2258.3
2364.2
2470.0
2573.2
2679.7

105.4 ± 0.5

105.6 ± 0.4

with a dead time of 110 s between exposure. In total, 1850 spectra were collected with typical signal-to-noise ratio

Table 3: Upper panel: Observational constraints adopted for the
calibration of models. Lower Panel: Global characteristics derived
from the calibrated models.

l=2

Models

ABV, Aov & ACM

AGD

1833.0
1935.0
2041.5
2145.9
2251.3
2358.3
2464.1
2568.5
2672.2
2782.9

M/M
Teff [K]
log g
[Fe
H ]i
L/L

1.16 ± 0.031
5790 ± 30
4.32 ± 0.05
0.20 ± 0.02
1.534 ± 0.103

1.1015 ± 0.008
5770 ± 50
4.28 ± 0.02
0.22 ± 0.02
1.572 ± 0.135

105.5 ± 0.8

Models

ABV

Aov

ACM

AGD

t [Myr]
Yi
(XZ)i
α

2710
0.284
0.0443
1.53

3530
0.279
0.0450
1.64

4086
0.271
0.0450
0.96

5640
0.300
0.0480
1.86
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Figure 9: Left: Variations of the large spacing between modes of consecutive radial order ∆νn, l = nn, l – νn – 1, l for p-modes of degree l = 0 (light
blue line), l = 1 (purple line) and l = 2 (dark blue line) versus frequency. Right: Variations of the small frequency spacing δν02 = νn,0 – νn – 1, 2
versus frequency.

in the range 300–420 at 550 nm. The
data reduction, based on the optimumweight procedure, is described in
Bouchy et al. (2001). The resulting velocities are presented in Figure 7. The
dispersion of these measurements
reaches 1.53 m s–1. The photon noise
uncertainties coming from the stellar
spectrum and from the simultaneous
thorium spectrum used in the instrumental tracking are typically the same
and equal to 0.50 m s–1. The quadratic
sum of these two photon noise contributions is 0.70 m s–1.

5.2 Acoustic spectrum analysis
The power spectrum shown in
Figure 8 exhibits a series of peaks between 1.8 and 2.9 mHz modulated by a
broad envelope. This is the typical signature of solar-like oscillations and can
be compared with the acoustic spectrum of the Sun in Figure 2.
Toward the lowest frequencies (ν <
0.6 mHz), the power rises and scales
inversely with frequency squared as expected for instrumental instabilities. The
mean white noise level σPS , computed
in the range 0.6–1.5 mHz reaches 2.39
× 10–3 m2 s–2, namely 4.3 cm s–1 in amplitude. This noise level corresponds to
a velocity accuracy of 1.05 m s–1 which
is to be compared with the estimated
photon noise uncertainty of about 0.70
m s–1. The average amplitude of the
highest modes is estimated in the
range 29–33 cm s–1.
The strongest identified modes are
listed in Table 2. The values of n and I
are deduced from the asymptotic relation with parameter ε estimated to 1.41.
The average large and small spacing
are deduced from this table:
< ∆ν0 > = < νn, l – νn – 1, l > =
105.5 ± 0.3 µHz,
< δν0 > = < νn, 0 – νn – 1, 2 > =
6.6 ± 0.4 µHz.
The modes corresponding to l = 3 are
expected to be separated by about 11
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µHz to the modes
l = 1. This expected
separation is near
the day aliasing at
11.57 µHz and explains why they cannot be identified.

5.3 Astrophysical
interpretation
The variation with
the frequency of the
large and small
spacings obtained
from our observations are compared
in Figure 9 with the
values
deduced
from three models
Figure 10: Radial velocity uncertainty predictions for the spectrodeveloped by Morel graph HARPS for a flux given by t (s) = 2.512mv. This spectroexp
et al. (2000) (ABV, graph, installed at the ESO 3.6-m telescope, covers a spectral
Aov and ACM) and range of 3000 Å with a resolution of 90,000 and a total efficiency
one model devel- peak of 4.5%.
oped by Guenther &
to observe targets brighter than 3rd or
Demarque (2000) (AGD) The observa4th magnitude. But ESO has developed
tional constraints for the model calibraand develops spectrographs fully
tions and the properties of the calibratadapted for Doppler asteroseismology.
ed models are given in Table 3. The two
The FEROS spectrograph based on
sets of models differ essentially by the
the 1.52-m telescope at La Silla obserestimated mass and the age of the star.
vatory has recently shown its capability
For α Cen A, our observations clearto obtain high-precision radial velocity
ly suggest a model with properties
measurements (Setiawan et al. 2000)
intermediate between the two sets of
with the simultaneous thorium method.
models, i.e. a mass near 1.13 M. The
Considering its very high efficiency, the
age of α Cen A seems to be close to 5
estimated gain is 2 magnitude comGyr. New models of α Cen A are prespared to CORALIE.
ently developped by the OCA team (ProThe state of the art will be the future
vost, Berthomieu, Morel and Thevenin)
spectrograph HARPS (High Accuracy
with different properties in order to betRadial velocity Planetary Searcher)
ter interpret the observed oscillations.
which will be installed on the 3.6-m
ESO telescope at La Silla observatory
6. Future Prospects
(Queloz et al. 2001). This instrument is
with ESO Instruments
optimised and dedicated to high-precision radial velocity measurements and
This result on a Cen A demonstrates
it is designed to reach 1 m s–1 precision.
the power of the simultaneous thorium
A detailed photon noise study for
radial velocity method and shows that
HARPS can be found in Bouchy et al.
Doppler asteroseismology can be fur(2001). The expected radial velocity erther developed from the ground. With
rors due to the photon noise for a 100 s
the CORALIE spectrograph installed on
exposure time on a 5th-magnitude star
a small 1.2-m telescope, we are limited
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Figure 11: Radial velocity uncertainty predictions for HARPS versus magnitude for a star
spectrum with Teff = 4500 K and v sin i = 0 km s–1.

is presented in Figure 10 versus effective temperature and rotational broadening. Figure 11 shows the photon
noise uncertainty versus stellar magnitude for the best stellar case (Teff =
4500 K, v sin i = 0 km s–1) for various
exposure times. This quantity is less
than 1 m s–1 for exposure time of 1 mn
on stars with magnitude lower than 8.
Typically, a gain of 5 magnitudes is expected compared to CORALIE.
UVES (Ultraviolet and Visual Echelle
Spectrograph) is a cross-dispersed
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The photon-noise study for HARPS has
been extrapolated to UVES and shows
a gain between 1 and 2 magnitudes.
All these prospects show that Doppler ground-based asteroseismology will
undergo intensive developments these
next years and will be able to enlarge
our understanding on stellar physics.
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1. The Synthesis of Elements
Heavier than Iron in Stars
In a seminal paper, Burbidge et al.
(1957) lay the foundations of our understanding of the origin of the elements heavier than iron: these elements cannot be formed by the mainstream nucleosynthesis processes

feeding the stellar energy. They require
instead that pre-existing seed nuclei,
like the abundant iron-group elements,
form heavier and heavier nuclei by successive captures of neutrons. In this
neutron-capture chain, unstable nuclei
are formed. Depending on the respective time scales for β-decay and neutron-capture (respectively τβ and τn),

the neutron-capture process will either
be dubbed slow (s-process: τβ < τn) or
rapid (r-process: τβ > τn). The r-process
occurs during the supernova event, and
is able to produce heavy elements up to
the actinides (Th, U). These actinides
are injected into the interstellar medium
by the supernova remnant, and are
subsequently incorporated into the next
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