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ABSTRACT

Context. Observations during the first long run (∼150 days) in the exo-planet field of CoRoT increase the number of G-K giant
stars for which solar-like oscillations are observed by a factor of 100. This opens the possibility to study the characteristics of their
oscillations in a statistical sense.
Aims. We aim to understand the statistical distribution of the frequencies of maximum oscillation power (νmax ) in red giants and to
search for a possible correlation between νmax and the large separation (Δν).
Methods. Red giants with detectable solar-like oscillations are identified using both semi-automatic and manual procedures. For these
stars, we determine νmax as the centre of a Gaussian fit to the oscillation power excess. For the determination of Δν, we use the
autocorrelation of the Fourier spectra, the comb response function and the power spectrum of the power spectrum.
Results. The resulting νmax distribution shows a pronounced peak between 20−40 μHz. For about half of the stars we obtain Δν with
at least two methods. The correlation between νmax and Δν follows the same scaling relation as inferred for solar-like stars.
Conclusions. The shape of the νmax distribution can partly be explained by granulation at low frequencies and by white noise at
high frequencies, but the population density of the observed stars turns out to be also an important factor. From the fact that the
correlation between Δν and νmax for red giants follows the same scaling relation as obtained for sun-like stars, we conclude that the
sound travel time over the pressure scale height of the atmosphere scales with the sound travel time through the whole star irrespective
of evolution. The fraction of stars for which we determine Δν does not correlate with νmax in the investigated frequency range, which
confirms theoretical predictions.
Key words. stars: oscillations – methods: observational – techniques: photometric

1. Introduction
Before the CoRoT era, the presence of solar-like oscillations was
firmly established for a few red (G-K) giant stars only. We refer
to De Ridder et al. (2009) for an overview of these results. With
this low number of firm detections, diﬀerent authors reached different conclusions in terms of the presence of only radial modes
with short lifetimes or radial and non-radial oscillation modes
with much longer lifetimes.

The CoRoT space mission which was developed and is operated by
the French space agency CNES, with participation of ESA’s RSSD and
Science Programmes, Austria, Belgium, Brazil, Germany, and Spain.
Light curves can be retrieved from the CoRoT archive:
http://idoc-corot.ias.u-psud.fr

Table 1 is only available in electronic form at the CDS via
anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsweb.u-strasbg.fr/cgi-bin/qcat?J/A+A/506/465

Observations with CoRoT increased the number of giants
with a clear detection of solar-like oscillations by almost a factor of 100. Using these observations, De Ridder et al. (2009) recently presented the discovery of non-radial oscillations modes
with long lifetimes (≥50 days). This result is important for red
giant seismology, not only because the frequencies of modes
with long lifetimes can be more precisely determined, but also
because non-radial modes contain more information about the
internal structure of giants than radial modes only.
Subsequently, Kallinger et al. (2008) derived for 31 giants
in the sample of De Ridder et al. (2009), the frequency of maximum power and the large separation, and used these values to
estimate the mass and the radius.
In the present paper, we exploit the fact that we now have,
for the first time, a large sample of red giants with established
solar-like oscillations, which opens up the possibility to analyse the characteristics of the power spectrum in a statistical way.
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Fig. 1. Uncorrected (top) and corrected (bottom) power spectrum of the
star with CoRoT-ID 100697490. The peak at about 23 μHz is twice the
daily frequency.

In particular, we investigate the distribution of the frequency of
maximum oscillation power νmax , and the large frequency separations Δν, i.e. the frequency diﬀerence between modes with the
same degree and consecutive orders. These parameters change
with stellar age, and their histogram can therefore provide insight into the population of observed giants.

2. Data
The CoRoT data used in this work are the reduced (N2)
monochromatic light curves (Auvergne et al. 2009) provided by
the CoRoT data centre of the first long run (LRc01) of about
150 days from May to October 2007, when the satellite was
pointed towards the galactic centre ((α, δ) = (290.89◦, 0.46◦ )).
For information on the CoRoT data reduction, we refer to Baglin
& Chaintreuil (2006). The data used for the present investigation
are obtained in the so-called exofield. The light curves consist of
approximately 330 000 points with a typical time step of 32 s.
Although the light curves of some of the targets of interest contain fewer data points, with a cadence of 512 s. In all data sets,
we removed all points that were flagged as unreliable.
Many of the light curves show signs of instrumental eﬀects.
A proper treatment of these eﬀects would require an in-depth
knowledge of the instrument and is currently under investigation by the CoRoT data centre. For the purpose of this paper it
suﬃces to mitigate the instrumental eﬀects as follows. First, we
eliminated possible trends by fitting and subtracting a secondorder polynomial. Secondly, the occasional jumps due to highenergy particles were first detected by comparing flux-levels in
consecutive time intervals at least 10 times larger than the expected oscillation periods, and were then removed by fitting and
subtracting a polynomial background on each side of the jump.
Finally, outliers were removed using a 4-sigma clipping around
the mean flux value. Comparing the power spectra of the corrected time series with power spectra of the uncorrected time
series, revealed that the instrumental eﬀects are not dominant,
see Fig. 1 for an example. To see the eﬀect at low frequencies,
we looked at the power spectra of B stars, for which the noise at
low frequencies should be dominated by instrumental noise, as
there is no surface granulation for these stars. Assuming that the
instrumental noise for B stars is roughly the same as for giants,
we could conclude that the low-frequency noise in the red giant
power spectra is not dominated by instrumental noise, with only
a few exceptions in cases with a large number of jumps.

Fig. 2. Colour–magnitude diagram of the observed field stars using the
J and K photometric passbands (Deleuil et al. 2006). The red dots represent the semi-automatic selected red giants and the blue crosses the
ones selected by eye only. The black dots represent all other targets in
the field. Note that these photometric data have not been dereddened.

3. Identification of oscillations in red giants
Visual and near-IR photometry are available for all stars observed in the exo-field during run LRc01 (Deleuil et al. 2006).
These colours are aﬀected by reddening, but as shown by
Bessell & Brett (1988) near-IR colours are least aﬀected, and
provide a first estimate of the spectral type. A J − K versus
K colour−magnitude diagram is shown in Fig. 2.
Red giants with solar-like oscillations cannot (yet) be classified with the automated supervised classification algorithm developed for CoRoT (Debosscher et al. 2007). This is mainly due
to the low amplitudes of these oscillations and the low number
of detections prior to CoRoT observations. These low numbers
hamper a reliable class definition, which is needed by the classification algorithm used by Debosscher et al. (2007).
We used the same semi-automatic procedure as described by
De Ridder et al. (2009) to select red-giant stars for which we can
detect solar-like oscillations. In addition, for reasons explained
below, we also inspected the Fourier spectra by eye to check for
oscillation features in stars not selected with the semi-automatic
procedures. In the selection by eye we inspected the power spectrum between 0 and 120 μHz for broad power excess (in case
of modes with short lifetimes) or a cluster of several individual
frequency peaks at intervals of a few μHz (modes with long lifetimes). At ∼163 μHz a strong frequency peak due to the orbital
period of CoRoT is present which has sidelobes at intervals of
11.57 μHz down to about 120 μHz. These features in the power
spectrum limit the frequency range for which we search for oscillation signatures.
To validate our selection we fitted a model to the smoothed
power spectrum consisting of a power law and a Gaussian representing the oscillation power excess respectively, see Eq. (1),
with ν the frequency, A the amplitude of the background, B the
characteristic timescale, C the slope of the power law, D the
height of the oscillation power excess, νmax the frequency of
maximum oscillation power, σ the width of the oscillation excess and E the white noise. The smoothing is performed using
a moving average with a varying width of 4 times the expected
large separation at each frequency (Kjeldsen et al. 2008). See
Sect. 4 for the correlation between Δν and νmax . We take frequency changes in the oscillation spectrum into account in the
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Fig. 3. The height of the oscillation power excess (D in Eq. (1)) is
shown as a function of νmax with black dots (outliers are indicated with
smaller dots). The solid red line represents the linear fit in log space
D = 6.3−2.2νmax , with the 3σ interval indicated with red dashed lines.
The blue crosses represent white noise (E in Eq. (1), further discussed
in Sect. 4.1).

Fig. 4. The histogram of the frequencies at maximum oscillation power
for all oscillating red-giant candidates is shown in black. The red dashed
and blue dash-dot histograms show the νmax distribution for oscillating
red giants selected with the semi-automatic procedure and the ones selected manually, respectively.

smoothing to pursue a homogeneous analyses for all stars in
the sample.

the first parameter of interest we investigate here. The νmax distribution is plotted in Fig. 4. This distribution shows a clear maximum between 20−40 μHz. Before interpreting this distribution,
we first investigate possible selection / observational biases that
might influence it.
We first investigate possible selection eﬀects imposed by the
semi-automatic procedure. Therefore, we inspected all Fourier
spectra by eye. We checked the Fourier spectra for excess power,
as explained above, and were able to identify additional stars
with power excess (blue symbols in Fig. 2). We identified more
stars with oscillations at lower frequencies, where our semiautomatic procedure was truncated because of possible contamination with power excess due to granulation. In general these
additional stars have a similar distribution of νmax as the ones
selected with the semi-automatic procedure, see Fig. 4. Based
on this, we discard the possibility that the peaked distribution is
due to the identification method we used to select red giants with
power excess due to solar-like oscillations.
In terms of observational biases, it is known that granulation is present in red-giant stars with power at low frequencies
in the Fourier spectrum. In addition to the increase of granulation power, the width w of the oscillation power excess decreases with decreasing νmax , as this scales as w ∼ |νmax − νac |
(Kjeldsen & Bedding 1995). Both the increase of granulation
and the smaller width of the power excess make it increasingly
diﬃcult to detect oscillations at low frequencies. Therefore the
number of stars at low νmax is most likely underestimated.
To further investigate the low number of stars with νmax <
20 μHz, we checked whether stars with νmax < 20 μHz lay in a
specific part of the colour−magnitude diagram. In Fig. 5, the redgiant branch is shown with the stars for which we obtained νmax
indicated in red, green and blue for stars with νmax < 20 μHz,
stars with 20 μHz ≤ νmax ≤ 40 μHz and stars with νmax > 40 μHz,
respectively. Clearly, the stars with lowest νmax appear in the reddest and brightest part of the colour−magnitude diagram. This
part of the colour−magnitude diagram is also less well populated, which decreases the probability of observing these stars.
The low number of stars with νmax < 20 μHz can therefore be
explained by detection diﬃculties due to both granulation and
decreasing width of the power excess, and low population density of stars with oscillations in this frequency range.

P(ν) =

(νmax −ν)2
A
+ D · e 2σ2 + E.
C
(1 + (B · ν) )

(1)

This fitting procedure is a simplification of the background fitting used by Aigrain et al. (2004), which is suﬃcient as we only
use it to validate the presence of the oscillations and pinpoint
their frequency of maximum oscillation power (Sect. 4.1).
For the validation of our candidates, we first removed stars
with non-converging or spurious fits from the sample. Then we
looked into the fitted height of the power excess (D in Eq. (1)).
Chaplin et al. (2009) recently presented a scaling relation for
mode lifetimes and they find that the maximum mode height of
the oscillations (H) depends predominantly on the surface gravity of stars (g), i.e., H ∼ g−2 . Furthermore, it is known that
−1/2
, with νac the acoustic cut oﬀ frequency
νmax ∼ νac ∼ gT eﬀ
(Brown et al. 1991; Kjeldsen & Bedding 1995). Combining
these 2 relations, in which we approximate the eﬀective temperature (T eﬀ ) to be constant, we expect that H ∼ ν−2
max and thus
also that the height of the Gaussian fit to the oscillation power
excess decreases with increasing νmax . In Fig. 3, we indeed see
the expected trend and the best fit provides us with an exponent
of −2.2 instead of −2, which is predicted by the scaling relation. This may be due to the fact that the scaling relation for H
is based on narrow band photometry, while we use the height of
the power excess in broadband photometry.
As we expect that the scaling relations should be valid for
all stars at hand, we exclude stars with fit parameters which fall
outside the 3σ interval around the correlation between the fitted
height of the oscillation excess and the frequency of maximum
oscillation power. This left us with 778 oscillating red giant candidates, which are indicated in Fig. 2 and in the online Table 1.

4. Characteristics of solar-like oscillation
in red giants
4.1. Frequency of maximum oscillation power

The frequency of maximum oscillation power, defined as the
centre of the Gaussian fitted to the oscillation power excess, is
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Fig. 5. The red giant branch of the colour−magnitude diagram as shown
in Fig. 2 The black dots represent all targets in the field. Stars with
νmax < 20 μHz, 20 μHz ≤ νmax ≤ 40 μHz, νmax > 40 μHz are indicated
with red, green and blue dots respectively.

The decrease in the number of stars with νmax at frequencies >40 μHz is partly caused by the fact that at higher frequencies the height of the power excess decreases, as can be seen in
Fig. 3, and as is predicted by the scaling relations of Kjeldsen &
Bedding (1995). When we look at the white noise (E in Eq. (1)),
whose values are shown as blue crosses in Fig. 3, we indeed see
that at νmax ∼ 40 μHz the height of the oscillation power excess
starts to decrease below the noise level of some stars with oscillations at lower frequencies. So for stars with νmax > 40 μHz
we can only detect solar-like oscillations for stars with low noise
levels.
Naively, one would expect that the number of stars with a
noise level below 100 ppm2 would not depend on the frequency
of maximum oscillation power. This would imply that we would
be able to detect oscillations in a similar number of stars with
these low noise levels irrespective of νmax . Interestingly, the density of stars with a white noise level ≤100 ppm2 is much larger
in the range 20 μHz ≤ νmax ≤ 40 μHz than at higher νmax values,
see the blue crosses in Fig. 3. This might again indicate that the
population of observed stars with νmax > 40 μHz is smaller than
for stars with 20 μHz ≤ νmax ≤ 40 μHz.
Population synthesis simulations to study the probability of
observing a star at a certain position in the HR diagram are
performed by Miglio et al. (2009). In their study, Miglio et al.
(2009) simulate the composite stellar population of the observed
field, using a population synthesis code that takes into account
the morphology of the galaxy and star formation history. For
further details we refer to Miglio et al. (2009) and references
therein. The results for νmax of these population synthesis simulations are in agreement with the observations presented here.
4.2. Large separation

A second interesting parameter is the large separation (Δν) between frequencies of modes with the same degree and consecutive overtones of the radial order. A theoretical investigation by
Dupret et al. (2009) shows that the power spectra of the redgiant stars are diﬀerent for diﬀerent evolutionary phases. For
more evolved stars only oscillations trapped in the outer cavity (p modes) can reach observable amplitudes at the surface of
the star and for high-order low-degree modes these can show
asymptotic, i.e., regular behaviour (Tassoul 1980). Other (less
evolved) stars show a more dense and/or an irregular frequency

Fig. 6. Δν as a function of νmax , the small dots indicate Δν values with
a standard deviation ≤0.1 μHz, but outside the 0.5 μHz interval (red
dashed lines) around the correlation Δν = Δν · (νmax /νmax )0.784±0.003
(red solid line). The large dots are the 367 stars with Δν values along the
correlation and with standard deviation between the diﬀerent measures
≤0.2 μHz.

pattern, which can be explained by the fact that the observed oscillations are influenced by their behaviour in both the p-mode
and g-mode cavity.
Due to the orbital frequencies of CoRoT at ∼163 μHz with
several side lobes at 11.57 μHz intervals we were not able to
investigate the less evolved stars at frequencies 150−200 μHz
(model A, Dupret et al. 2009). Therefore, we expect to observe
mainly more evolved stars for which theory predicts regular frequency patterns.
To study Δν, we first selected the frequency range in which
we will compute Δν. This range is scaled from the Sun and defined as νmax ± 0.5 · (νmax /νmax ) · w , with w the width of the
oscillation excess in the Sun. In this range, we compute the autocorrelation of the Fourier spectrum, the comb response function
(Kjeldsen et al. 1995) and the autocorrelation of the time series
(which is equivalent to the power spectrum of the power spectrum) (Roxburgh & Vorontsov 2006). For each of these methods
we identified the highest peak as the possible Δν (for the power
spectrum of the power spectrum we assume Δν/2, see Roxburgh
& Vorontsov 2006). Then we computed the average Δν and its
standard deviation from the three values we obtained, taking the
possibility that we identified Δν/2 or 2Δν into account. If one
of the values is oﬀ by more than the standard deviation then it
is excluded.
Resulting Δν values with a standard deviation ≤0.1 μHz are
considered to be more reliable and show a clear correlation
with νmax , see Fig. 6. This correlation follows the power law
Δν = Δν ·(νmax /νmax )0.784±0.003 , which agrees well with the predictions and results of Stello et al. (in prep.) that have been made
for solar-like main-sequence and sub-giant stars. All stars with
a Δν consistent with the described power law and additionally a
standard deviation between the diﬀerent measures ≤0.2 μHz are
considered to have oscillation frequencies that occur at regular
intervals.
Figure 7 shows the fraction of stars in each νmax bin
for which we could determine Δν as described above. With
a two-sided Kolmogorov-Smirnov test (Press 2002), we find
a 3% probability that the distribution is flat, i.e., that the fraction of stars for which we compute a reliable Δν is the same
for all νmax bins. Nevertheless, there is no correlation present
between the fraction of stars for which we obtain Δν and νmax .
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Fig. 7. Fraction of stars in each νmax interval for which we could determine Δν. The error bars are calculated assuming Poisson statistics
(i.e., the fraction of stars for which we obtain Δν divided by the square
root of the number of stars for which we obtain Δν). Note that the dip in
this distribution between 20 and 40 μHz coincides with most stars for
which we obtained Δν with at least two methods with a standard deviation ≤0.1 μHz, but which did not follow the power law, see the small
dots in Fig. 6.

This is consistent with the theoretical models B−E of Dupret
et al. (2009), for which regular frequency patterns are expected.
The reason why we only detect Δν for 367 stars might be due to
noise/granulation peaks which could hamper the automatic determination. It might also be due to less well trapped  = 1 modes
as predicted by Dupret et al. (2009) for stars intermediate in the
red giant branch. Furthermore, in the scaling relation used here,
no dependence on stellar parameters is included.
We note here that for an additional 303 stars a value for Δν
within the 0.5 μHz interval around the correlation could be obtained with only one of the methods. Including these less reliable
values in the fraction of stars in each νmax interval sustains the
conclusion that no correlation is present between the fraction of
stars for which we determine Δν and νmax in the frequency range
considered here.
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influenced by a varying population density. Evidence for this
conclusion is also demonstrated by population synthesis studies,
for which we refer to Miglio et al. (2009).
For about half of the stars (367) we could obtain consistent values for Δν with at least two methods. These values follow the power law Δν ∼ (νmax )0.784±0.003 . A similar result has
already been found for solar-like main-sequence and sub-giant
stars (Stello et al., in prep.). This correlation is equivalent with
Δν ∼ cs /R ∼ (cs /Hp )0.784±0.003 , where cs is the sound speed, R
the radius and Hp the pressure scale height of the atmosphere
(Kjeldsen & Bedding 1995). From the fact that this relation
holds for both solar-like stars and red giants, we conclude that
the sound travel time over the pressure scale height of the atmosphere scales with the sound travel time through the whole star
in the same way in both evolutionary states.
Furthermore, we find that the fraction of stars for which we
obtain a regular spectrum varies in a complicated way with νmax
in the frequency range up to 100 μHz. This is in agreement with
the predictions by Dupret et al. (2009) as we observe mainly
stars intermediate or high in the red giant branch. For these stars
modes trapped in the outer cavity can reach observational amplitudes and for high-order low-degree modes the frequencies will
follow the asymptotic relation (Tassoul 1980).
The results obtained for red giants with CoRoT are important
for improving our understanding of solar-like oscillations in redgiant stars. These observations allow us to study, for instance,
the excitation and damping of these oscillations and the time
scales at which these processes occur. Studying these parameters
as a function of evolution will also be possible with the large
number of red giants showing oscillations. Furthermore, nonradial modes with long lifetimes (De Ridder et al. 2009) open a
way to study the internal structure of individual giants in detail.
These studies are currently underway.
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5. Summary and conclusions
We were able to detect power excess resembling solar-like oscillations in 778 stars observed in the CoRoT exofield LRc01
at frequencies typical for solar-like oscillations in red (G-K) giants. These detections were made with a semi-automatic procedure with which we were able to detect oscillation power excess
for the brightest stars at frequencies >20 μHz. For fainter stars,
with a less pronounced power excess, and more luminous stars,
with an excess at lower frequencies, the semi-automatic procedure was less successful and an inspection by eye is performed
to investigate the presence of red-giant stars with solar-like oscillations in these frequency regimes.
This large number of detections increases the number of redgiant stars with observed solar-like oscillations by a factor of 100
and allows for a statistical investigation into the general properties of these stars.
From the distribution of νmax , it becomes clear that it is
most likely to observe red giants with oscillation power between 20 and 40 μHz. Apart from the fact that we suﬀer from
biases due to granulation/decreasing width of the oscillation excess at low frequencies and white noise at high frequencies,
the increase/decrease in the number of stars with νmax is also
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