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The Synergy:   
(1)  Search for Earth sized planets requires similar 

precisions and monitoring length as asteroseismology.
(2) Asteroseismology provides information on host 
stars, in particular tight constraints on stellar radius.

Asteroseismology:  Study of stellar interior properties 
via observations of oscillations visible at the surface in 

direct analogy to seismology studying the Earth interior.  



Why does the Sun Oscillate?

• Near surface convection produces velocities comparable to sound speed.

• Turbulence in outer convection zone continually pumps energy into random 
sound waves.

• Regions of the Sun form a natural acoustical resonant cavity -- waves traveling 
inwards are refracted back toward the surface by increasing sound speed, 
rapidly changing conditions near the surface reflect waves.

• The solar eigenmodes form a set of resonant waves characterized by 
different n -  number of nodes in the interior, and l - number of nodes around 
the circumference.  Also known as p-modes since restoring force is pressure.

• Observed without spatial resolution (Sun as star) we see modes only of l = 
0,1,2,3.

• The low-l modes penetrate nearly to the stellar core and therefore are 
sensitive to global properties.

• In this talk I am only discussing oscillations in “solar-like” stars, there will also 
be a significant number of classical pulsators (RR Lyrae, δ Scuti, etc.) for 
which the unique CoRoT and Kepler observations can provide fundamental 
results.



Characteristics of Solar Oscillations

• These data are courtesy of 
Thiery Toutain and Claus 
Frӧhlich -- IPHIR 
photometric data over 31 
days from the Phobos 
(Russian Mars) mission. 

• Peak of solar oscillations 
near 5 minutes ~ 3 mHz

• Obvious picket fence effect

• Two sets of mode 
separations are labeled -- 
to be defined next.

• Amplitudes are a few ppm 
in photometry (shown), and 
a few 10’s of cm/s in 
velocity.

• Mode lifetimes are several 
days to a few weeks.
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Physical Interpretation of Frequency Splittings

The regular spacing of modes in radial order n and angular degree l is (for n ≫ l):
1
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The large splitting is simply related to the sound travel time through the star:

The degeneracy of n and l/2 is broken by a 2nd order term, the small separation,
  which is sensitive to sound speed gradients near the stellar core:                 
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The Asteroseismic HR diagram.
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J. Christensen-Dalsgaard, 1993, ASP Conf. Series 42. 



Current status of Asteroseismology

• Promise has been recognized for two decades, major progress only in last few 
years using high precision RV capabilities developed for exoplanet searches 
(see Bedding and Kjeldsen, May 2007 astro-ph/0705.1376 for current review).

• Excellent results are available for α Cen A and B, μ Ara, β Vir, β Hyi, ν Ind -- 
large splitting secure, power spectra comparable to my solar example, many 
individual frequencies available.  These are F, G, K dwarfs and subgiants.

• For a somewhat larger list of stars observations are available sufficient to 
provide the large splitting.

• Observations are best if conducted from two sites at different longitudes 
over at least 7-10 days, and even then the less than ideal window function 
hampers conclusions given a high density of modes, some of which naturally 
have spacings comparable to 1/day aliases.  Need RV precisions to ~ 1 m/s.

• CoRoT will now be producing results based on stable photometric 
monitoring over extended periods.



Example of μ Arae

• Bouchy et al. 2005, 
and Bazot et al. 2005.

• 8 nights with HARPS 
for asteroseismology 
campaign

• Detected new planet 
at P = 9.55 days, 14 M

• Over 40 p-modes 
detected.

• Attempt test of high 
metallicity of host 
throughout, or just in 
convective envelope 
by accretion
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Fig. 3. Zoom of radial velocity measurements showing the presence of
p-modes in the time series with periods of around 8 min. The semi-
amplitude of about 2 m s−1 does not represent the individual amplitude
of p-modes but comes from the interference of several modes.

Fig. 4. Typical Cross Correlation Function of HD 160691 with loca-
tion of the intervals used to compute the bisector velocity span Vt−Vb.

(dividing the CCF in 100 slices). We defined the “bottom” ve-
locity Vb and “top” velocity Vt by averaging the values in the
range 10–35% and 70–95% of the CCF depth, respectively. The
difference Vt−Vb is equivalent to the bisector velocity span and
is used to measure the variations of the line profile. The result
of our bisector analysis is presented in Fig. 5 at the same scale
as Fig. 1. The dispersion of the velocity span on an individual
night is about 2 m s−1. No variation appears in phase with the
radial-velocity variations of period of 9.55 days. We checked
that no high frequency signals are present in the velocity span
showing that p-modes induce a pure Doppler variation on the
spectral lines. The dispersion of the night-averaged-velocity
span is 0.8 m s−1. This result indicates that the periodic-radial-
velocity change is not due to an blended background binary (as
HD 41004 – see Santos et al. 2002) nor a dark photospheric
stellar spot (as HD 166435 – see Queloz et al. 2001).

We also checked the magnetic activity of HD 160691 by
computing the chromospheric activity index S based on the
relative flux level on CaII H and K lines (see Fig. 6). We mea-
sured the flux in two 1 Å pass bands centered on the H and
K lines normalized by two 20 Å wide sections of photospheric
flux centered at 3900 and 4000 Å. The index S , computed on
the 2104 available spectra, has values in the range 0.120–0.125.
Once in the Mount Wilson scale (Vaughan et al. 1978), this

Fig. 5. Bisector velocity span of the CCF profile of HD 160691. White
circles correspond to the night average.

Fig. 6. CaII H and K lines for HD 160691 showing no chromospheric
activity.

corresponds to a log R′HK = −5.034± 0.006 (Noyes et al. 1984).
As mentioned by Santos et al. (2004b) this value, in close
agreement with the one obtained by Henry et al. (1996), is typ-
ical of an inactive solar type star.

Finally our acoustic spectrum analysis (see Sect. 4) al-
lows us to estimate the rotational period at ∼22 days which
definitively eliminates any stellar activity origin in the 9.55 day
signal.

We noticed that the residuals around the best Keplerian fit
have a rms of 0.43 m s−1 for the 8 night-averaged measure-
ments made during our asteroseismologic campaign (average
of more than 200 individual observations) and have a rms of
1.3 m s−1 for the other nights (average of 15 observations). This
is due to the presence of low frequency (few hours) modula-
tions in the Doppler signal (see Fig. 2) with semi-amplitudes
of 1–2 m s−1 which are not averaged by 15 consecutive inde-
pendent observations. We checked that this noise did not ap-
pear in the Thorium signal. We also checked that this noise was
not introduced by a chromatic effect on the fiber entrance due
to atmospheric-dispersion-correction residuals with change of
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seeing or change of fiber centering. The flux ratio between blue
and red spectral orders do not present a correlation with the low
frequency modulation seen in the Doppler signal. The origin of
this noise is still unclear, but considering that it does not seem
to be an instrumental effect and that its amplitude change with
time, we strongly suspect that it could have a stellar origin (like
granulation noise).

A third exoplanet with a low mass (14 M⊕) and short period
(9.55 days) was not completely unexpected and was considered
as a possible chance by-product of this asteroseismologic cam-
paign. Statistics of the exoplanet sample show that the probabil-
ity of finding a new exoplanet is higher around a planet-hosting
star (more than 10% of known exoplanets are in a multiple sys-
tem), even if the host star is overmetallic. We show here that
the only way to find such a companion with a semi-amplitude
of only 4.1 m s−1 is to perform such an intensive campaign of
radial velocity measurements in order to average properly and
completely the stellar oscillations.

4. Acoustic spectrum analysis

In order to compute the power spectrum of the velocity time
series of Fig. 1 (corrected for the orbital motion), we used
the Lomb-Scargle modified algorithm (Lomb 1976; Scargle
1982) for unevenly spaced data. The resulting LS periodogram,
shown in Fig. 7, exhibits a series of peaks between 1.3 and
2.5 mHz modulated by a broad envelope, which is the typi-
cal signature of solar-like oscillations. This signature also ap-
pears in the power spectrum of each individual night. The mean
white noise level computed in the range 0.7–1.2 mHz is 2.6 ×
10−3 m2 s−2. Considering Gaussian noise, the mean noise level
in the amplitude spectrum is 4.5 cm s−1. Considering that the
time series is based on 2104 measurements, the corresponding
velocity accuracy thus corresponds to 1.17 m s−1. The uncer-
tainty due to photon noise is estimated to be 0.52 m s−1 indi-
cating that we are not photon-noise limited. The origin of the
external noise level of∼1 m s−1 is still unclear. The main instru-
mental limitation of HARPS could come from the guiding and
centering errors on the optical fiber input but tests made during
commissioning indicated error sources at the level of 0.2 m s−1

(Mayor et al. 2003). We strongly suspect a stellar origin for this
noise (like granulation noise).

In solar-like stars, p-mode oscillations are expected to pro-
duce a characteristic comb-like structure in the power spectrum
with mode frequencies νn,l,m reasonably well approximated by
the simplified asymptotic relation (Tassoul 1980):

νn,l,m ≈ ∆ν ·
(
n +

l
2
+ ε

)
− δν02 ·

l(l + 1)
6
−Ω · m. (1)

The two quantum numbers n and l correspond to the radial
order and the angular degree of the modes, respectively. For
stars for which the disk is not resolved, only the lowest-degree
modes (l ≤ 3) can be detected. In case of stellar rotation,
p-modes need to be characterized by a third quantum num-
ber m called the azimuthal order (−l ≤ m ≤ l). Quantities ∆ν,
δν02 and Ω correspond to the large spacing, the small spacing
and the rotational splitting, respectively.

Fig. 7. Power spectrum of radial velocity measurements of
HD 160691.

Fig. 8. Sum of the echelle diagram showing the modes l = 0, 1, 2, 3
and their side-lobes.

The power spectrum, shown in Fig. 7, presents a clear and
unambiguous periodicity of 90 µHz both on its autocorrela-
tion or in the comb response. In order to identify the angu-
lar degree l of each mode individually, we divided the power
spectrum into slices of 90 µHz and summed them. The re-
sult, which corresponds to the sum of the echelle diagram, is
presented in Fig. 8 and allows us to unambiguously identify
modes l = 0, 1, 2, 3 and their side-lobes due to the daily aliases
at ±11.57 µHz.

We selected the strongest peaks with a signal-to-noise ra-
tio greater than 3 in the amplitude spectrum and identified
them as p-modes with n value based on the asymptotic rela-
tion (see Eq. (1)) assuming that the parameter ε is near the so-
lar value (ε' ∼ 1.5). The frequency and amplitude of these
33 p-modes are listed in Tables 2 and 3. The amplitude was
determined by assuming that none of the p-modes are re-
solved and corresponds to the height of the peak in the power
spectrum after quadratic subtraction of the mean noise level.
Considering that the frequency resolution of our time series is
1.56 µHz, we adopted an uncertainty on no-resolved oscillation
modes of 0.78 µHz. Such an uncertainty can be considered as
conservative in the case of infinite time-life modes with high
signal-to-noise ratio (≥3.5). A second inspection of the power
spectrum with selection of peaks with signal-to-noise ratio in
the range 2.5–3 (with amplitude in the range 11–13.5 cm s−1)
allowed us to propose 10 additional p-modes. We are aware
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Fig. 2. Same as Fig. 1 for the observational constraints on µ Ara. Here
the evolutionary track is drawn for the “accretion" assumption. The
seismic constraints are represented for the accretion case as in Fig. 1.

HR diagram (cf. Figs. 1 and 2), namely models with luminosi-
ties and effective temperatures as given by spectroscopy. We
then searched for those models that could precisely reproduce
the observed echelle diagram.

For each track, only models with computed large separa-
tions of exactly 90 µHz could fit the observed echelle diagram.
A difference of only 0.5 µHz in the large separations destroys
the agreement. The oblique solid lines in Figs. 1 and 2 represent
the location in the HR diagram of the models that correctly fit
the echelle diagram and lie in the spectroscopic error box. The
two other curves (dot-dashed ones) indicate models for which
the large separations are respectively 89 and 91 µHz, which no
longer fit the echelle diagram.

We present here two models which, given our basic as-
sumptions, fit reasonably well the observed frequencies and
echelle diagram. We computed a reduced χ2 for both cases.
The echelle diagrams are given in Figs. 3 and 4, respectively
for the overmetallic and the accretion cases. These models cor-
respond to the crosses in Figs. 1 and 2. Their characteristics are
given in Table 2. The accretion model is labeled AC and the
overmetallic one OM. The internal distributions of elements in
these models are displayed in Fig. 5: in the AC model the over-
metallicity lies only in the outer layers while it is present in the
whole OM model. The initial helium mass fraction Y0 is larger
for the overmetallic model than for the accretion model as we
assume here that the original interstellar matter was overabun-
dant in metals and helium according to the chemical evolution
of galaxies (Izotov & Thuan 2001, see BV04 for a discussion
of this assumption). From spectroscopy and photometry both
stars would appear nearly identical, within the observational
uncertainties, but their internal structures are quite different.
The most striking fact is the presence of a convective core in
the overmetallic model, with a radius of ∼0.07 R" (R" being
the radius of the star).

Fig. 3. Echelle diagram for the overmetallic model. The lines represent
the theoretical frequencies, the solid line is for l = 0, the dotted line
for l = 1, the dashed line for l = 2 and the long-dashed line for l = 3.
The symbols represent their observational counterpart. Open squares,
full squares, open triangles and full triangles stand for l = 0, l = 1,
l = 2, l = 3, respectively. Their size is proportionnal to the signal to
noise ratio (see Paper I).

Fig. 4. Same as Fig. 3 for the accretion model. Only the mode with the
lowest frequency differs from Fig. 3 (see text).

The accretion scenario, with χ2 = 4.3, provides a bet-
ter match for the observations than the overmetallic model,
for which we obtained χ2 = 7.6. These values are still high.
However, we discuss below other possible seismic tests.

The lowest frequency has been identified as a l = 2 mode
(see Paper I). It is in good agreement with the accretion model.
However, the overmetallic model gives a slightly better fit if

M. Bazot et al.: Asteroseismology of µ Arae 617

Fig. 2. Same as Fig. 1 for the observational constraints on µ Ara. Here
the evolutionary track is drawn for the “accretion" assumption. The
seismic constraints are represented for the accretion case as in Fig. 1.

HR diagram (cf. Figs. 1 and 2), namely models with luminosi-
ties and effective temperatures as given by spectroscopy. We
then searched for those models that could precisely reproduce
the observed echelle diagram.

For each track, only models with computed large separa-
tions of exactly 90 µHz could fit the observed echelle diagram.
A difference of only 0.5 µHz in the large separations destroys
the agreement. The oblique solid lines in Figs. 1 and 2 represent
the location in the HR diagram of the models that correctly fit
the echelle diagram and lie in the spectroscopic error box. The
two other curves (dot-dashed ones) indicate models for which
the large separations are respectively 89 and 91 µHz, which no
longer fit the echelle diagram.

We present here two models which, given our basic as-
sumptions, fit reasonably well the observed frequencies and
echelle diagram. We computed a reduced χ2 for both cases.
The echelle diagrams are given in Figs. 3 and 4, respectively
for the overmetallic and the accretion cases. These models cor-
respond to the crosses in Figs. 1 and 2. Their characteristics are
given in Table 2. The accretion model is labeled AC and the
overmetallic one OM. The internal distributions of elements in
these models are displayed in Fig. 5: in the AC model the over-
metallicity lies only in the outer layers while it is present in the
whole OM model. The initial helium mass fraction Y0 is larger
for the overmetallic model than for the accretion model as we
assume here that the original interstellar matter was overabun-
dant in metals and helium according to the chemical evolution
of galaxies (Izotov & Thuan 2001, see BV04 for a discussion
of this assumption). From spectroscopy and photometry both
stars would appear nearly identical, within the observational
uncertainties, but their internal structures are quite different.
The most striking fact is the presence of a convective core in
the overmetallic model, with a radius of ∼0.07 R" (R" being
the radius of the star).

Fig. 3. Echelle diagram for the overmetallic model. The lines represent
the theoretical frequencies, the solid line is for l = 0, the dotted line
for l = 1, the dashed line for l = 2 and the long-dashed line for l = 3.
The symbols represent their observational counterpart. Open squares,
full squares, open triangles and full triangles stand for l = 0, l = 1,
l = 2, l = 3, respectively. Their size is proportionnal to the signal to
noise ratio (see Paper I).

Fig. 4. Same as Fig. 3 for the accretion model. Only the mode with the
lowest frequency differs from Fig. 3 (see text).

The accretion scenario, with χ2 = 4.3, provides a bet-
ter match for the observations than the overmetallic model,
for which we obtained χ2 = 7.6. These values are still high.
However, we discuss below other possible seismic tests.

The lowest frequency has been identified as a l = 2 mode
(see Paper I). It is in good agreement with the accretion model.
However, the overmetallic model gives a slightly better fit if

M ~ 1.1, L = 1.9, R = 1.37, T = 5813 
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Asteroseismology with 

• 512 targets will be followed with 1-minute integrations -- allows sampling of 
p-modes for solar-like stars.

• A subset will be reserved for asteroseismology, a comparably large 
number will be used to provided better sampling on interesting transits.

• At  V = 11.4 the collection of 10   photons per month allows photon noise of 
1ppm sufficient to identify large splitting, and for favorable cases small splitting 
and individual modes.   Note:  TrES-2 has V = 11.4.

• At the bright limit for Kepler power spectra will approach the quality shown 
earlier for the Sun.

• Benefit to exoplanet research:  Assume prior knowledge (photometry, 
spectroscopic analysis) provides estimates of stars to δM ~ 10%, δR ~ 20%.  

Asteroseismology will provide δ(Δν ) to 0.2%, hence mean density to 0.4% 
and the error on the radius would now be dominated by the cube root of 
assumed mass error, or δR ~ 3%.

• Asteroseismology with Kepler will be conducted via an international 
consortium of interested astronomers and managed at the Kepler 
Asteroseismic Science Operations Center in the Department of Physics and 
Astronomy, University of Aarhus,  Denmark.   See http://astro.phys.au.dk/
KASC/ for information on workshop 29-31 Oct. 2007 to start this.
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• HR diagram of calculated models, 
masses in solar units showing 
evolutionary tracks and limiting 
magnitudes for which one year of 
Kepler data allowed correct large 
separation to be derived in all 10 
simulations.

• J. Christensen-Dalsgaard et al 2007, 
astro-ph/0701323

• For stars near the listed limits 
detections would be only of large 
splitting and asteroseismology would 
serve as tool for providing improved 
stellar radii.

• At one magnitude brighter would 
obtain small splitting and many 
individual frequencies as well.

6 Asteroseismology with the Kepler mission

power spectrum of the time-series using cross-correlation and peak comb analy-
sis, and having obtained that, the small separation can be obtained by a folding
of the power spectrum based on the large separation.
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Figure 3: HR diagram of calculated models, with masses in solar units, indicating
the limiting magnitudes to which the correct large separation could be retrieved from
simulations of one year of Kepler data (see text).

The solar-like oscillations occur in stars across the HR diagram, with increas-
ing amplitudes and decreasing periods for increasing luminosity (e.g. Kjeldsen
& Bedding 1995). In order to test our ability to extract stellar parameters using
solar-like oscillations, we calculated oscillation spectra from theoretical stellar
models, and simulated 1-year Kepler time-series including stochastic excitation
of the oscillations, realistic levels of photon-noise, and granulation. We calcu-
lated time-series for a total of 99 models in the mass-range 0.7–1.5M! from
the main sequence to the giant branch. For each one, we added noise corre-
sponding to V = 9 − 14 in steps of 0.2 mag, and for each magnitude value
we simulated 10 time-series using different random numbers for generating the
noise. We then used the analysis briefly discussed above to extract the large
frequency separation to find, for each model, the limiting magnitude to which
we could extract the correct separation in all 10 realisations of the noise. The
results are shown in Fig. 3: from one year of Kepler data we will be able to
determine the large separation, and hence stellar radii, in a very large fraction
of the relevant stars in the Kepler field observed at the one-minute cadence.

Detection Limits for Assuming One Year Observations



Intrinsic Asteroseismic Results from  

• Over the 3.5 year Kepler mission asteroseismic targets might be:  60 stars 
observed for full 3.5 years, 160 stars observed for 1 year,  and 1,000 stars 
observed for 90 days.

• For most of the above we would expect to not only detect the large 
splitting, but also the small (hence accurate age constraint), and a large 
number of individual frequencies.

•  The oscillation frequencies can be measured much more accurately than 
other observables, and they are intimately tied to interior structure, 
composition distribution, and rotation.

• Having accurate oscillation frequencies for a large number of stars densely 
distributed over the HR diagram will allow testing fine details of stellar 
structure and evolution theory.

• Measurements of power distributions with frequency and amplitudes over 
the HR diagram will yield important constraints on the physics related to 
excitation and damping of these oscillations.


