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ABSTRACT
Using data from the NASA spacecraft Kepler, we study solar-like oscillations in red-giant
stars in the open cluster NGC 6811. We determine oscillation frequencies, frequency separations
and period spacings of mixed modes for eight cluster giants. The oscillation parameters show
that these stars are helium-core-burning red giants. The eight stars form two groups with very
diﬀerent oscillation power spectra; the four stars with lowest ∆ν-values display rich sets of mixed
l = 1 modes, while this is not the case for the four stars with higher ∆ν. For the four stars
with lowest ∆ν, we determine the true period spacing of the mixed modes, ∆P, which together
with the masses we derive for all eight stars suggest that they belong to the so-called secondary
clump. Based on the global oscillation parameters, we present initial theoretical stellar modeling
which indicate that we can constrain convective-core overshoot on the main sequence and in the
helium-burning phase for these ∼2 M⊙ stars. Finally, we discuss our results in the light of recent
theories concerning the suppression of certain oscillation modes in red giants.
Subject headings: stars: clusters — stars: oscillations — stars: red giants — stars: convection

1.

Introduction

interior and hence the evolutionary stage of the
star.
Stello et al. (2013) showed that ∆P-∆ν (period
spacing, large frequency separation) diagrams using both the median period spacing, derived from
the observed oscillation spectra, and the asymptotic, or true period spacing from theoretical models, separate red giants of diﬀerent mass and evolutionary stage. The evolution of the true period
spacing as a function of mass and age depends
on the amount of convective-core overshoot, which
means that period spacings of evolved stars oﬀer
the opportunity of constraining theoretical stellar
models, including the amount of convective-core
overshoot on the main sequence for ∼1.2–4.0 M⊙
stars (Montalbán et al. 2013; Constantino et al.
2015).

The NASA spacecraft Kepler (Borucki et al.
2010) has provided photometric time-series of unprecedented quality for solar-type and red-giant
stars, and asteroseismic analysis of these data have
led to remarkable results as reviewed by Chaplin & Miglio (2013). The asteroseismic analysis allows for a determination of the evolutionary
stage of evolved stars, as period spacings of mixed
oscillation modes separate hydrogen-shell-burning
and helium-core-burning red giants (Bedding et
al. 2011; Mosser et al. 2011; Stello et al. 2013).
Mixed modes are dipole (l = 1) modes which behave both like p-modes, probing the outer layers
of the star, and like g-modes, probing the deep
1 toar@phys.au.dk
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It has also been found that non-radial modes
are nearly absent in a subset of the red giants observed with Kepler (Mosser et al. 2012a). This
has recently been suggested to be associated with
strong internal magnetic fields (Fuller et al. 2015;
Stello et al. 2016a,b), which means that asteroseismology of red giants might also oﬀer the opportunity of investigating magnetic fields at the
center of giant stars.
Evolved stars in open clusters observed with
Kepler have been studied using asteroseismology
by several groups, e.g., Stello et al. (2011); Corsaro et al. (2012); Miglio et al. (2012). NGC 6811
is a cluster of intermediate age (∼ 1 Gyr) which
contains pulsating stars, binaries and red giants,
as discussed in detail by Molenda-Żakowicz et al.
(2014). The presence of both oscillating red giants and detached eclipsing binaries in the same
cluster, sharing common parameters such as age,
distance and metallicity, oﬀers unique possibilities
for testing theoretical stellar models.
As described in Brogaard et al. (2016), our
long-term aim is to combine asteroseismology of
giant stars with information derived from detached eclipsing binaries, in order to test asteroseismic scaling relations and challenge stellar
models. The asteroseismic scaling relations relate the global properties of solar-like oscillations
(frequency of maximum power νmax and large frequency separation ∆ν) to stellar mass, radius and
eﬀective temperature (see Sect. 6). They are used
for deriving stellar properties of (faint) stars for
which only this global asteroseismic information
is available and are therefore important to test.
In this paper we present an analysis of Kepler
light-curves of eight oscillating red giants in
NGC 6811 to derive the global oscillation parameters to be used for testing the asteroseismic scaling
relations, as presented in Sections 2–5. From the
asteroseismic parameters we derive masses and
evolutionary stages for these stars, we present
comparisons of true period spacings ∆P with initial stellar modeling, and we use those period
spacings to show that convective-core overshoot
both on the main sequence and in the heliumcore-burning phase can be constrained for these
stars using the asteroseismic parameters (Sections
6 and 7). Another main result is that we find
that the power spectra of the eight stars fall in
two groups of four, with very diﬀerent oscilla-

tion properties. We discuss in Sect. 8 if this could
be explained by the magnetic eﬀects mentioned
above.
2.

The data and the target stars

We used Kepler long-cadence data (∼30 min.
sampling, Koch et al.
2010) to study eight
red giants in the open cluster NGC 6811. Five
stars (KIC9716522, 9655101, 9655167, 9534041,
9716090) are listed as red giants in Stello et al.
(2011), KIC9532903, 9776739 had their first asteroseismic study by Hekker et al. (2011) and
were identified as cluster members by MolendaŻakowicz et al. (2014) while KIC9409513 was
found in our own investigations of the cluster, and
is also included in Sandquist et al. (2016) who
also show that it is unlikely to find more clustermember giants. The giants have V ∼ 11 allowing spectroscopic studies (Molenda-Żakowicz et al.
2014).
Each time series includes more than 60,000 data
points and spans ∼1400 days (BJD 2454953 2456391, Kepler quarters Q1 – Q17) from datarelease 22. The data were extracted from Kepler
pixel-data using reduction software kindly provided to us by S. Bloemen. We manually defined
large pixel apertures for each star. The extracted
light-curves were filtered with the KASOC filter
(Handberg & Lund 2014) to prepare the data for
asteroseismic analysis. The filter operates with
two timescales, one long and one short, to remove
trends and signals that do not originate from the
stellar oscillations. To test the robustness of the
filtering, we have worked with two versions of the
filtered data, one with long and short timescales of
30 d and 3 d, and one with 10 d and 1 d, see Handberg & Lund (2014) for details. We find consistent
results using the two versions of the time series,
as the results of our asteroseismic analysis diﬀer
only within the 1 σ uncertainties, and we adopt
the mean values from the two versions as our final
values.
The list of analyzed stars is found in Table 1
and the power spectra of their light curves are presented in Fig. 1. The stars are arranged in order
of increasing large frequency spacing ∆ν and frequency of maximum power, νmax , in both Table 1
and Fig. 1. We will describe how we determine
these asteroseismic parameters below, however al-
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ready at this point we notice the remarkable feature in the power spectra of the eight stars shown
in Fig. 1 which may be caused by magnetic suppression; the top four stars all have higher amplitudes and richer oscillation spectra as compared
to the four bottom stars. We return to this below.
3.

stars in Table 1 with νmax above 100 µHz, diﬀerences in νmax between background models were
up to 5µHz. We trust the model above (Eq. 1)
for three reasons; 1) it is found by Handberg et
al. (2016) to be optimal for this type of stars,
2) the fit converges better (faster) than for the
other models and 3) the results show the expected
correlation between ∆ν and νmax , see for example
Stello et al. (2009), which is not the case when
we use other models.

The stellar background

The stellar backgrounds originating from convection (granulation, activity) were fitted in the
power spectra using a two-component model
(Handberg et al. 2016), including the attenuation factor η(ν) which is needed with Kepler
long-cadence data (Kallinger et al. 2014), of the
following form:
N (ν) = η(ν) ·

2
∑
k=1

4σk2 τk
+ K.
1 + (2πντk )2 )2

4.

The frequency of maximum power νmax was determined for the eight stars using the fitting procedure described in the previous section. To estimate the uncertainty on νmax we split each time
series (two time series for each star, filtered using
two diﬀerent timescales as described above) in two
halves, fitted each half separately using Eq. 2, and
adopted the uncertainty estimates as the largest
diﬀerences between the values of νmax derived from
the fit to the full series and from the fits to the half
series. The results are seen in Table 1.
Solar-like oscillations in the red giants follow approximately the asymptotic relation (Vandakurov 1967; Tassoul 1980; Gough 1986)

(1)

Here, η(ν) = sinc2 (∆Tint · ν) and ∆Tint =
1765.5 s for the Kepler long-cadence data. K is
the white-noise level, ν is the frequency, and τk
and σk are the timescales and amplitudes of each
component.
We include a Gaussian envelope to account for
the oscillation signal and to determine the frequency of maximum power (νmax ), such that the
power spectrum is modelled using this expression
(Handberg et al. 2016):
(
P (ν) = N (ν) + η(ν) · aenv · exp

−(ν − νmax )2
2
2σenv

The asteroseismic analysis

νn,l ≈ ∆ν(n +

)

1
l + ϵ) − l(l + 1)D0 ,
2

(3)

. (2)

where ν is the frequency, n is the radial order
of the oscillations and l is the angular degree, ∆ν
is the large frequency separation between modes
with the same l-value, ϵ is a dimensionless parameter which is sensitive to the surface layers, and
D0 = 16 δ02 , where δ02 is the small frequency separation between modes of l = 0 and l = 2.
To determine the large frequency separation
∆ν, we first applied a method described in
Christensen-Dalsgaard et al. (2008), which was
developed with the aim of analyzing solar-like oscillations in Kepler data. Briefly, for a range of
trial ∆ν-values, the region of the power spectrum
containing the oscillations is for each ∆ν-value
cut in bins of ∆ν/2, these bins are then stacked
and the highest peak in the summed spectrum is
found. This peak will be at its maximum height
when the correct ∆ν value is used, as the l = 0, 1
modes in this case will add up and create a single,
very strong peak in the summed spectrum.

Here, aenv and σenv are the height and width of
the envelope. Three examples of power spectra
with their background fits and Gaussian envelopes
superimposed are shown in Fig. 2.
It is known that fitting the stellar background
is a diﬃcult task, see e.g. Handberg et al. (2016)
for a discussion. We have tried diﬀerent versions
of the background fit, but found the model above
to give the best results, in agreement with Handberg et al. (2016) who empirically, on the basis
of extensive statistical tests on a number of red giants in the open cluster NGC 6819 observed with
Kepler, found this model to be optimal for stars
with νmax in the range of our stars. We found that
the value of νmax is aﬀected by the choice of background model and may diﬀer by several µHz from
one model to the other. The diﬀerence is within
the uncertainties for most stars, but for the two

3

We then found the frequencies for the individual oscillation modes following a method largely
based on Mosumgaard (2014). Solar-like oscillations are stochastic which means that each individual oscillation mode is represented by a number of
peaks in the power spectrum, together forming a
Lorentzian shape. The power spectra were therefore smoothed using IDL’s smooth function, taking care that the smoothing was as mild as possible
to ensure that the mean positions of the oscillation modes remained unaﬀected. In the smoothed
power spectra, we detected the oscillation frequencies using an automated procedure where each frequency value in the end was determined from a
Gaussian fit to the top part of the corresponding peak in the power spectrum. Each oscillation frequency was then manually inspected, using
for each star the power spectra from both filtered
versions of the time series. We again estimated
uncertainties by dividing each time series in two
halves and compared the frequencies determined
from these diﬀerent spectra. In this way, we detected between 28 and 51 frequencies in the eight
analyzed stars. We note that the search for frequencies in these stars is not a blind search, as
the frequency peaks follow Eq. 3, at least approximately. In the process of searching for the frequencies, we took advantage of Eq. 3, in the sense
that the l = 0, 2 modes form a regular pattern,
providing additional support for modes with low
signal-to-noise. A small number of the retained
modes are therefore not strictly significant when
seen as isolated peaks, having signal-to-noise ratios of ∼ 2.5 − 3.0 in amplitude, however they fit
in the expected mode structure and are therefore
included, although a few of them may be noise
peaks.
For each star, we then constructed échelle diagrams using the first value of the large frequency
separation determined above. An example of such
an échelle diagramme is shown in the left panel of
Fig. 3. In the échelle diagramme, the oscillation
modes are separated along the x-axis into ridges
according to the degree (l-value) of the modes, and
along the y-axis according to the radial order (nvalue) of the modes. In this diagramme, modes of
l = 0, 1, 2 can therefore be identified. We are particularly interested in the mixed-mode structure at
l = 1, which we will return to in the following section. Here, we mention that the final value of the

large frequency separation is determined from a
weighted linear fit to the four central l = 0 modes,
using the uncertainties on the individual frequencies as weights and for the final error determination, see Table 1.
Although we only have measurements for eight
stars in NGC 6811, we can still investigate the relation between ∆ν and νmax . Fitting a power law
to the data, we find the following relation:
(0.812±0.003)
.
∆ν = (0.193 ± 0.003) · νmax

(4)

The coeﬃcients found here are slightly diﬀerent from those of other studies, e.g. Stello et
al.
(2009), or Handberg et al.
(2016) who
found a constant of 0.248 ± 0.009 and a power of
0.766±0.008 for the giants in NGC 6819. However,
our results are only based on eight stars, and the
relationship between ∆ν and νmax is furthermore
mass-dependent (Mosser et al. 2010; Huber et al.
2010).
The small frequency separation (δ02 ) is found
from the central l = 0, 2 modes, see the left panel
of Fig. 3. Finally the value of ϵ is determined
from the l = 0 modes using Eq. 3. These values
are listed for completeness in Table 1, along with
surface gravities determined from the asteroseismic parameters, but are not used for the analysis
in the present paper.
The échelle diagrams are shown for all eight
stars in Fig. 4. The four leftmost panels plot the
échelle diagrams of the stars with rich oscillation
spectra, while the rightmost panels show the four
stars with less pronounced l = 1 modes. The differences already noted in the power spectra are
obvious from the échelle diagrams as well. There
is a wealth of information present in the oscillation
spectra and échelle diagrams for these stars, however the detailed asteroseismic analysis (including
amplitudes, line widths, mode lifetimes, comparison of individual frequencies with model frequencies etc.) will be presented in a forthcoming paper,
where the results for the eclipsing binary stars in
the cluster will aid the analysis by pinpointing the
cluster isochrone and place additional constraints
on the theoretical stellar models.
5.

Period spacings

The mixed oscillation modes in evolved stars
are characterized by a near equidistance in period
4

(Christensen-Dalsgaard 2011). The so-called observed period spacing ∆Pobs , which is some average of all observed individual period diﬀerences,
diﬀer from the period spacing of the pure g-modes,
∆P, however in some cases the latter can be inferred from the observed value (Bedding et al.
2011; Mosser et al. 2011; Corsaro et al. 2012).
Bedding et al. (2011) showed that the observed
period spacing can be used for distinguishing between hydrogen-shell-burning giants with ∆Pobs
values of ∼50 seconds and helium-core-burning giants with ∆Pobs values of ∼100 – 300 seconds and
that the period spacings depend on both mass and
evolution.
We have determined ∆Pobs for our eight giants, again using an analysis largely based on Mosumgaard (2014). In the left panel of Fig. 3 we
show, as already discussed, the echelle diagramme
for one of the stars (KIC9532903), separating the
l = 0, 2 modes from the mixed l = 1 modes.
In the rightmost panel of Fig. 3, we show a histogram of the period diﬀerences between neighboring l = 1 modes. The x-axis plots the period
spacing of neighboring modes (|Pi − Pj |) while the
y-axis plots a measure of the power (amplitude)
of the modes represented in each bin. If a pair of
modes (Pi ,Pj ) have mode heights in the smoothed
power spectrum of √
(Hi ,Hj ), then that pair contributes a value of (Hi · Hj ) to the sum of the
power in the corresponding bin. In this way, the
analysis will be dominated by pairs where both
modes have high signal-to-noise, and the region in
the power spectrum where the oscillation power is
highest is also weighted highest. The histogram is
then smoothed, again using IDL, and a Gaussian
fit is used for determining the value of the average
period diﬀerence, ∆Pobs . This is a diﬀerent approach than the one used by Stello et al. (2013),
however we have checked that the diﬀerences in
the obtained values are only marginal.
The ∆Pobs -values are listed in Table 1. They
are in the range of ∼100 – 150 seconds, which implies that these red giants are burning helium in
their cores (Bedding et al. 2011).
Four of the stars have a suﬃciently high number of detectable mixed (l = 1) modes to allow a determination of the true period spacing
∆P (Christensen-Dalsgaard 2011; Stello 2012).
We used an empirical method described by Stello
(2012) to determine ∆P; Fig. 5 plots the individual

period spacings versus the mean value of the corresponding two frequencies, for the four stars for
which ∆P is determined. Following Stello (2012),
the data are fitted using the true period spacing of
the g-modes, ∆P, and a series of Lorentzian profiles separated in frequency by ∆ν, and for which
the width and depth, and the changes with frequency in the width and depth, are fitted as free
parameters. The fits are overplotted in Fig. 5 and
the true period spacings listed in Table 1. We
tested the robustness of these fits, for example by
varying initial guesses and omitting data points,
and found the fits to be very stable. We compare
the derived period spacings to theoretical models
below.
For the remaining four stars, we were not able
to obtain stable fits to the individual period spacings versus frequency, due to the much lower oscillation amplitudes of especially the l = 1 modes.
For these stars, we set lower limits on the true period spacings based on the few individual period
spacings we deemed trustworthy (i.e., where the
individual frequency peaks in the power spectra
have relatively high amplitude). These limits are
listed in Table 1 as well.
We note that Buysschaert et al. (2016) compared the method of Stello (2012) for deriving ∆P
to the method of Mosser et al. (2012b) which relies on the asymptotic relation. The conclusion of
Buysschaert et al. (2016) is that the two methods
provide very similar results. Our measurements
are furthermore in good agreement with the predictions for ∆Pobs and ∆P in Montalbán et al.
(2013), their Fig. 1 (lower panel with overshoot,
values in the range ∼ 100 − 150 s for ∆Pobs and
∼ 160 − 230 s for ∆P), except for KIC9409513,
where our measured ∆Pobs seems higher than expected. Finally, We remark that the fitted profiles for the two more evolved stars are diﬀerent
from the profiles of the two less evolved stars, as
the more evolved stars have more narrow minima. This is related to the properties of the mixed
modes as the stars evolve, however detailed studies of this eﬀect requires individual modeling of
the stars in question and will therefore be done
at a later stage, when we can include constraints
from the binary stars in the cluster.
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6.

Stellar masses

current analysis. The results for the masses and
radii are listed in Table 1, indicating masses for
the red giants of just above 2 M⊙ .
The scaling relations provide a model-independent
estimate of stellar properties that can be refined from our knowledge of stellar evolution.
With this in mind, we fit the observed asteroseismic and atmospheric quantities to a grid of
BaSTI (Pietrinferni et al. 2004) isochrones using
the BAyesian STellar Algorithm (BASTA, Silva
Aguirre et al. 2015). We take into account deviations in the scaling relations as a function of
metallicity, eﬀective temperature, and evolutionary phase using the corrections from Serenelli 2016
(in preparation), and determine the stellar properties given in Table 2. These results indicate
a mass-sequence among the eight stars, where
lower νmax , ∆ν means higher mass, and that the
masses are slightly higher than 2M⊙ and in agreement with those derived from the scaling relations
above. In this we have assumed a common age for
all eight stars of 1.0 ± 0.1 Gyr following the results
of Molenda-Żakowicz et al. (2014). We note that
the formal model uncertainty estimates in Table 2
become unrealistically low for the bottom couple
of stars, however as we only use the models for
corroborating the estimated masses, this is not
important for the present paper.

From the asteroseismic parameters, we can estimate the masses and radii of the eight red giants
by using the relations between the asteroseismic
parameters and stellar mass and radius, see e.g.
Miglio et al. (2012):
M
≃
M⊙

(

R
≃
R⊙

νmax
νmax,⊙
(

)3 (

νmax
νmax,⊙

∆ν
∆ν

)(

)−4 (

∆ν
∆ν

Teﬀ
Teﬀ,⊙

)−2 (

)3/2

Teﬀ
Teﬀ,⊙

(5)

,
)1/2
.

(6)

For the solar values, we used νmax,⊙ = 3090 µHz,
∆ν⊙ = 135.1 µHz (Huber et al.
2011) and
Teﬀ,⊙ = 5777K. The eﬀective temperatures listed
in Table 1 are, for five of the stars, derived using
the so-called SME-method in Molenda-Żakowicz
et al. (2014). A Teﬀ correction was needed for
KIC9534041 and 9716522 as these stars were not
included in Molenda-Żakowicz et al. (2014), but
were analyzed in Molenda-Żakowicz et al. (2013)
using spectra from a diﬀerent instrument and the
program ROTFIT, which provided temperatures
for the two stars of 5061 and 4860K, respectively.
Three of the other stars from Table 1 were included in both Molenda-Żakowicz et al. (2013)
and Molenda-Żakowicz et al. (2014), and were in
both papers analyzed using the ROTFIT method,
with a resulting, systematic diﬀerence between the
ROTFIT temperatures for these three stars between the two papers of 80K. Molenda-Żakowicz
et al. (2014) quote an oﬀset of 114K between
the ROTFIT- and SME-methods, so in order
to bring the temperatures of the two stars to
the SME-scale of the five stars, we apply the
ROTFIT oﬀset of +80K between the two articles and the ROTFIT-SME oﬀset from MolendaŻakowicz et al. (2014) of −114K to KIC9534041
and 9716522, resulting in eﬀective temperatures
of 5027 and 4826K, respectively. For KIC9409513,
we found its eﬀective temperature along with that
of KIC9695101 in the APOKASC catalog (Pinsonneault et al. 2014), and used the temperature
of KIC9695101 to place KIC9409513 on the scale
of Molenda-Żakowicz et al. (2014). Although it
is desirable to measure the eﬀective temperatures
of all the stars in a homogeneous way for later
detailed studies, the temperatures obtained using
the corrections described here are suﬃcient for our

7.

Comparison with theoretical models

The stellar properties determined in the previous section are based on the acoustic global seismic parameters νmax and ∆ν, which are sensitive
to the ratio of the stellar mass and radius. More
detailed information about the stellar core can
be obtained from the analysis of gravity modes
that penetrate deep into the stellar interior. Montalbán et al. (2013) studied the correlations between period spacings in red giants and the characteristics of the helium core, based on theoretical models. The stellar masses derived above imply that the red giants in NGC 6811 have masses
close to the so-called transition mass, separating
stars into those that go through a helium flash
and those that ignite helium under non-degenerate
conditions. This means that these stars have relatively low helium-core masses and belong to the
secondary clump (Girardi 1999). This conclusion
is corroborated by our four derived true period
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spacings in the range 180 – 220 s, which is in agreement with the values expected for masses close to
the transition mass, see Fig. 1 in Montalbán et al.
(2013).
Period spacings of red giants have the potential of constraining convective-core overshoot in
theoretical stellar models (Bedding et al. 2011;
Montalbán et al. 2013). To have a first look
at this for NGC 6811, we calculated sequences of
models of evolved stars in order to compare our
derived values of νmax , ∆ν and ∆P with those
of the models. The models were computed with
the Garching Stellar Evolution Code (GARSTEC,
Weiss & Schlattl 2008) at solar metallicity using the Grevesse & Sauval (1998) mixture, the
OPAL equation of state (Rogers, Swenson & Iglesias 1996; Rogers & Nayfonov 2002), OPAL
opacities for high temperatures (Iglesias & Rogers
1996) and those of Fergusen et al. (2005) for low
temperatures, the NACRE compilation of nuclear
reaction rates (Angulo et al. 1999) including the
updated 14 N (p, γ)15 O reaction from Formicola et
al. (2004), and the mixing-length theory of convection as described in Kippenhahn, Weigert &
Weiss (2012). Overshoot is implemented as a diffusive process using an exponential decay of the
convective velocities based on 2D simulations of
stellar atmospheres (Freytag et al. 1996), with
the diﬀusion constant given by:
Dov (z) = D0 exp

−2z
.
ξHp

to allow a higher degree of control in the amount
of mixing beyond the formal convective boundary
to reproduce the measured period spacing values
(see below). For this reason the eﬃciency values
quoted for the core helium-burning phase are not
directly comparable to the ξ = 0.016 eﬃciency applied in the main sequence. The asymptotic period
spacings for selected models in the helium-coreburning phase were determined from the integral
of the Brunt-Väisälä frequency, while estimates of
the large frequency separation and frequency of
maximum power were obtained from the scaling
relations.
We have calculated models of 2.2 M⊙ stars,
based on the masses derived from the scaling relations above, and 2.4 M⊙ models for comparison.
The models have been computed with 1) overshoot
both on the main sequence (ξ = 0.016) and in the
core-helium-burning phase (see above for details),
2) with overshoot only in either the main-sequence
(ξ = 0.016) or in the helium-burning phase (ξ variable), and 3) without any overshoot at all. In
Fig. 6 we compare three of the models to the values of ∆ν and νmax for our eight stars. Two of the
models (green and blue) include convective overshoot on both the main sequence and in the corehelium-burning phase but diﬀer in mass, while the
last model (red) has the same mass as the green,
but has no overshoot. A model with overshoot
only in the core-helium-burning phase is very similar to the model without any overshoot, just as a
model with overshoot in the main sequence only is
very similar to the model with overshoot in both
phases. These models are therefore not shown in
Fig. 6.
These plots indicate that the 2.2 M⊙ model
with overshoot matches the data better than the
corresponding 2.4 M⊙ model, and that, assuming
that a mass of 2.2 M⊙ is indeed representative for
our stars, a model without overshoot, or with overshoot in the core-helium-burning phase only, cannot reproduce the measured values of νmax and
∆ν. Convective-core overshoot on the main sequence (with an eﬃciency of the order of the calibrated ξ = 0.016 value) therefore seems necessary for matching the observed asteroseismic parameters of νmax and ∆ν for the secondary-clump
stars in NGC 6811, while these parameters are not
suﬃcient for constraining overshoot in the corehelium-burning phase. We note that it is possible

(7)

Here z is the distance to the convective border, D0 is a constant derived from the mixinglength theory convective velocities, Hp is the pressure scale height and ξ is an eﬃciency parameter. The code includes a geometrical cut-oﬀ factor to limit the amount of overshoot if convective
cores are small and is calibrated to prevent the
survival of the pre-main-sequence convective core
appearing from non-equilibrium 3 He burning in
a solar model. Under this prescription the calibrated main-sequence overshoot eﬃciency from
isochrone fits to open clusters turn-oﬀ is ξ = 0.016
(see, e.g., Magic et al. 2010; Silva Aguirre et
al.
2011, for details), and it is the value we
used for main-sequence overshoot in all the models where this eﬀect is taken into account. However, in the present analysis we removed the geometrical cut-oﬀ during the helium-burning phase
7

that a model with diﬀerent mass and amount of
overshoot may also match our measurements, it is,
however, beyond the scope of the present paper to
explore this any further.
In Fig. 7 we compare the measured values
of (∆ν,∆P) with theoretical models with diﬀerent amounts of convective-core overshoot in the
helium-core-burning phase. The black model has
overshoot on the main sequence only, using the
calibrated ξ = 0.016 value, while the other models
(labeled all OS 1, OS 2 and OS 3) have increasing
amounts of overshoot in the helium-burning phase,
resulting in diﬀerent sizes of the convective cores,
see the figure caption for details of the evolution
of these models. The figure shows that models
with overshoot on the main sequence only does
not reproduce the measured combinations of ∆ν
and ∆P, at least not in all parts of the diagram.
The models can be tweaked by adding overshoot in
the core-helium-burning phases, which have been
done for three additional models also included in
the figure, but we are at this point not able to
find a single model that fits all the data; the green
model (labeled all OS 2) fits two of the data points
reasonably well, whereas the black model seems to
be the better fit for the two more evolved stars
with lowest ∆ν. Further refinement is again beyond the scope of the the present paper, as the
eclipsing binaries will provide further constraints
for the stellar models, however Fig. 7 demonstrates
the potential of red-giant period-spacings for constraining the amount of mixing beyond the core in
the helium-burning phase as well as in the main
sequence.
The models presented here display so-called
breathing pulses which are sudden changes in evolution due to instabilities at the core, resulting
in mixing of additional helium into the core and
hence increasing the time spent in the heliumburning phase slightly. It is still a matter of debate
whether these instabilities actually occur in stars,
see e.g. (Cassisi 2005); Fig. 7 suggests that further
investigation, using measured (∆ν,∆P)-values and
dedicated modeling, will provide input to this discussion. The breathing pulses seen in our Fig. 7
seems very large and have a significant eﬀect on
the evolutionary tracks at low ∆ν; Constantino et
al. (2015) show a diagram similar to ours (their
Fig. 19), however their models are not shown down
to suﬃciently low ∆ν, and we therefore cannot

judge if their models display breathing pulses or
not and how their models compare with our measurements at low ∆ν. For their model with maximal overshoot, it seems unlikely that they would
be able match our data points as the predicted
period spacings are too high.
We finally note that according to our measured
period spacings, the two most evolved stars (with
lowest νmax and ∆ν) are still burning helium in
their cores as actual AGB stars will have much
lower period spacings, similar to those of the RGB
stars. Stello et al. (2013) describes how the ∆Pvalues will very quickly (within 1 Myr) drop at the
end of core-helium burning, which is also found by
Constantino et al. (2015), who discuss how stars
leaving the secondary clump to become AGB stars
are in fact still burning helium in their cores; this
is supported by our 2.2 M⊙ model which indicate
that the most evolved of these two stars still has
about 10 % helium left in its core.
8.

Suppressed modes

As is evident from Fig. 1, the power spectra
of our eight stars split them in two groups with
the four most evolved stars (lowest νmax ) showing
rich spectra while the other four show suppressed
modes, which is the reason we were not able to
derive the true period spacings for the latter. The
stellar parameters for these stars are very similar,
especially for the six stars with ∆ν values above
7 µHz, rendering an explanation based on structural diﬀerences unlikely. It is therefore reasonable
to look for other explanations and, as mentioned
in the introduction, mode suppression of l = 1 and
higher order modes have been suggested to arise
due to strong internal magnetic fields.
Before we discuss this in further detail, we investigate whether our four stars actually do show
suppressed modes. This is done by measuring the
squared mode visibilities (Mosser et al. 2012a),
following the methods described in Stello et al.
(2016a,b). For each of the eight stars, we extracted
a region of the power spectrum containing the four
central l = 0 peaks (see Fig. 4 for judging the frequency ranges for the individual stars). These regions were then folded using the large frequency
separations, resulting in the diagrams shown in
Fig. 9. Again following Stello et al. (2016a,b),
the folded diagrams were divided in regions as-
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sociated with l = 0 − 3, and the summed power
in each region were calculated. The mode visibilities of the non-radial modes were calculated as the
summed power in the region corresponding to the
given l-value, divided by the summed power in the
region of l = 0. The results are given in Table 3
for l = 1 and l = 2 (we have not identified l = 3
modes). Comparing the visibilities of l = 1 and
l = 2 for the two groups of stars, we see that for
l = 1 (first data column in Table 3), the modes of
the four least evolved stars are indeed suppressed,
as the mode visibilities are significantly lower than
for the four more evolved stars. The visual impression of less oscillation power in four of the stars as
seen in Fig. 1 is indeed related to mode suppression. For l = 2 the situation is diﬀerent, as we see
no diﬀerence in mode visibilities between the two
groups (third data column in Table 3).
For comparison, Cantiello et al. (2016) published predictions for magnetic suppression of l =
1 and l = 2 modes for core-helium burning giants.
According to their Fig. 1, the squared visibilities
relative to those of stars with no mode suppression should be in the range 0.05 − 0.20 for l = 1
and 0.40 − 0.75 for l = 2 for core-helium burning
stars with masses between 2.0 and 2.5 M⊙ and radial mode lifetimes of 10-30 days. In Fig. 9 we
show the smoothed versions of the folded spectra
as black solid lines. The widths of the individual
peaks can be used for judging the mode lifetimes of
the oscillations; although a detailed analysis would
require a correction for the curvature seen in the
echelle diagrams, we can conclude that the widths
seen for, e.g., the l = 0 peaks in each of the eight
stars, are in good agreement with mode lifetimes
of the order of tens of days. Although there can be
an eﬀect of curvature, this would be very small for
the four central l = 0 modes which show very little
curvature, as judged from Fig. 4. By comparing
the peaks for l = 0, we also see that the mode
lifetimes are similar in all eight stars. This will be
further investigated in a forthcoming paper.
To compare with the result of Cantiello et al.
(2016), we have in data column two in Table 3
divided the measured visibilities with the mean
value for l = 1 for the four stars that do not show
mode suppression. Although we do measure suppression of l = 1, it is much less than predicted
by the magnetic suppression theory, and for l = 2
we do not see any suppression at all. Thus, the

theory in its present form is not able to reproduce
our measurements, since the observed suppression
is smaller than predicted. This may be related
to the issue mentioned by Mosser et al. (2016)
that the theory assumes close to full suppression
(Fuller et al. 2015); however we do observe the
mixed l = 1 modes in our stars, which can only be
the case if there are power in the g-modes.
In the following, we consider what conclusions
might be reached by accepting the theory of magnetic suppression despite the issues pointed out
above. Cantiello et al. (2016) make theoretical predictions for what the observations of suppressed modes (or not) in helium-core-burning giants can tell us about the destruction of internal
magnetic fields during the evolution of giant stars.
The basic idea is that the magnetic field will likely
be consumed in convective regions in the star after the main sequence. Therefore, a magnetic field
is only able to survive in regions of the star that
does not become convective at any time after the
main sequence. According to the model calculations by Cantiello et al. (2016), their Fig. 6,
there are no such regions once the star reaches the
helium-burning phase if it is below the transition
mass and goes through the helium flash. But if
the star is above the transition mass there will be
a radiative region above the helium-burning convective core which is left untouched by convection
where a magnetic field could survive.
In Fig. 8 we show the size of the helium core for
the BaSTI-models introduced above. Two model
sequences are shown, one with overshoot on the
main sequence, and one without. As we have
shown, overshoot on the main sequence is necessary to match our observations, indicating that the
stars discussed in this paper have masses close to
the transition mass in the models, which is about
2.1 M⊙ for the models with overshoot.
According to Fig. 1 and Table 3, we see suppressed modes for the lowest-mass stars and
no mode suppression for the higher-mass stars.
Therefore, within the theory of magnetic suppression, the diﬀerence between the two groups is not
related to the transition mass, since that would
create the opposite scenario. Instead, our observations of four stars with suppressed modes in
their early stages of helium core-burning provides
evidence that they are indeed above the transition mass. By extension, the four more evolved
9

stars are also above the transition mass as their
later evolutionary stages dictate that they reached
helium core-burning earlier, which happened because they were more massive.
To explain why the four most evolved stars do
not show mode suppression we need to adopt a
more speculative part of the analysis of Cantiello
et al. (2016). The suggestion is that the consumption by the convective core of the part of the
magnetic field inside the core, will also destabilize and thereby remove the magnetic field from
the radiative regions above the convective core. If
this process takes some time, then it can explain
why the four most evolved stars in our sample do
not show suppressed modes while the four least
evolved ones do; the convective helium-burning
core destroys the magnetic field, but not immediately. Alternatively, since our model comparisons
in Fig. 7 suggest that the transition between suppressed and non-suppressed modes happens close
to the maximum extension of the core, it could be
that at this point the convective core has grown
big enough to eliminate the last regions that has
remained radiative since the main sequence, see
Fig. 6 of Cantiello et al. (2016).
The fact that our stars fall in two groups with
very diﬀerent oscillation characteristic may be by
chance, as mode suppression is only seen in a subset of the red giants. This does not, however,
change the fact that the eight stars presented in
this paper constitutes an interesting sequence of
stars for investigating mode suppression, possibly
including the point in the evolution of secondary
clump stars where the mechanism responsible for
mode suppression becomes ineﬃcient.
9.

other not, points to some evolutionary eﬀect being
at play. This may be mode suppression by internal
magnetic fields, as discussed in recent literature,
however we observe a lower amount of suppression
than currently predicted by theory.
As a next step, we will extend the theoretical
analysis to include comparisons with the observed
period spacings as well as with the individual oscillation frequencies (the échelle diagrammes), and
we will combine the asteroseismic constraints with
those emerging from an ongoing analysis of eclipsing binary stars in NGC 6811.
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Fig. 1.— Power spectra of the eight stars included in this study, arranged in the same order as in Table 1.
Notice that the two top panels have y-scales diﬀerent from the lower 6 panels. Remarkable diﬀerences in
amplitude and richness of modes are seen between the top four and the bottom four power spectra.
13

Fig. 2.— Examples of power spectra with the fit to the stellar activity background and the oscillation envelope
superimposed. The three stars shown are KIC9716522, KIC9532903 and KIC9655101. The frequencies of
maximum power, νmax , are 53.7±1.0 µHz, 92.0±1.5 µHz and 98.7±1.0 µHz, respectively (see Table 1).
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Fig. 3.— Left: Échelle diagramme which plots the detected oscillation frequencies modulo the large frequency
separation ∆ν on the x-axis, and the oscillation frequencies themselves on the y-axis. Ridges of diﬀerent
spherical harmonic degree l = 0 − 2 are identified. The sizes of the symbols correspond to the amplitudes
of the oscillation modes. The complicated mode structure for l = 1 is due to the presence of mixed modes,
which are used for determining the period spacing ∆Pobs . The four encircled l = 0 modes are used for
determining the large frequency separation ∆ν, and the encircled l = 2 mode is used, together with the
neighboring l = 0 mode, for determining the small frequency separation δ02 . Right: Histogram of period
diﬀerences for the l = 1 modes. This plot is described in the text.
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Fig. 4.— Échelle diagrams for all 8 stars. The four left-most stars are those with lowest ∆ν and richest mode
structure. The symbols are scaled to the highest peak in each individual power spectrum. Ridges of modes
of l = 0 − 2 are labeled; the ridges have been shifted to align, for easier visual comparison between the stars.
Several stars show similar ridge structures (curvature) which will be further investigated in a forthcoming
paper. It appears that several of the l = 2 for KIC9409513 are split in two frequency peaks.
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Fig. 5.— Determination of the true period spacing, ∆P, for four red giants in NGC 6811. The plot shows
period diﬀerences as a function of frequency; crosses represent period diﬀerences between neighboring l = 1
modes, for period diﬀerences falling in the range between 50 and 250 s (see the rightmost panel in Fig 2).
The solid line is the best (weighted) fit of a model consisting of a number of a Lorentzians whose width
and depth were allowed to vary with frequency, subtracted from a constant value which is the true period
diﬀerence ∆P, see text for details. The true period diﬀerences are determined from the fits to be (from top
to bottom) 179±4 s, 200±5 s, 227±6 s and 215±3 s.
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Fig. 6.— Comparison between our measured values of ∆ν and νmax and theoretical stellar models, with
diﬀerent masses and convective-core overshoot characteristics. The green and blue tracks diﬀer only in mass,
having convective-core overshoot in both the main-sequence and helium-burning phases, while the red track
does not include any overshoot. The dotted lines indicate fast evolution before the stars settle in the clump.
In the two lower panels, a star evolves from the right hand side towards the lower left, as indicated by the
arrow in the bottom panel, and then up and back towards the upper right hand side. The upper panel is the
usual (νmax ,∆ν)-plot (corresponding to Eq. 4) in the region of the six stars with similar parameters (νmax
above 90 µHz). The tracks are identified in the lower panel with a color coding and a number 1 − 3 which
are repeated in the upper panel. The relative positions of the three tracks in the middle panel correspond
to those in the lower panel. Our measurements are well in agreement with the theoretical track with a mass
of 2.2 M⊙ and including overshoot, however see text for further discussion.
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Fig. 7.— Comparison between our measured values of ∆ν and ∆P and theoretical models in the core-heliumburning phase. The black model includes overshoot on the main sequence only while the remaining three
models include various degrees of overshoot in the core-helium-burning phase as well. As indicated by the
arrows, the evolution starts in the lower right-hand corner; the tracks generally evolves towards the left and
ultimately leaves the diagram on the left-hand side, except for the red track which has not been calculated
all the way through the core-helium-burning phase. During the evolution, the tracks undergo some sudden
changes in the core with sharp increases in the period spacings and reversed evolution in ∆ν as a result,
followed by evolution back towards lower ∆ν again. These are the so-called breathing pulses discussed in the
text; they are shown as dotted lines in the diagram to indicate that they are short phases of the evolution.
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Fig. 8.— Helium core-sizes as a function of stellar mass for the BaSTI models discussed in Sect. 6. The blue
(leftmost) curve is for models where overshoot is included on the main sequence, while the red (rightmost)
curve is for models without overshoot. With a transition mass of 2.1 M⊙ for the models with overshoot on
the main sequence, the results in this paper (Tables 1 and 2) indicate that all eight stars have masses close
to the transition mass. We thank S. Cassisi for providing the data for this figure.
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Fig. 9.— The central regions of the power spectra of the eight stars folded with their large frequency
separations, and arranged in the same order as in Fig. 4. The figure is used for measuring squared visibilities
for the l = 1 and l = 2 modes. Notice that the two upper leftmost panels have y-scales diﬀerent from the
other 6 panels. The diﬀerent colors correspond to regions of diﬀerent l-values and the solid black lines are
smoothed versions of the folded power spectra.
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9716522
9409513
9532903
9776739
9655101
9655167
9534041
9716090

4.88±0.01
6.04±0.02
7.55±0.04
7.65±0.03
7.88±0.02
8.07±0.01
8.35±0.01
8.54±0.02

0.56±0.03
0.63±0.02
0.91±0.01
0.96±0.02
0.88±0.05
0.82±0.02
0.87±0.04
0.92±0.05

0.902±0.003
0.887±0.005
1.025±0.009
1.014±0.006
1.027±0.004
1.032±0.003
1.098±0.003
1.041±0.005

53.7±1.0
69.8±1.0
92.0±1.5
92.9±1.0
98.7±1.0
99.4±2.1
103.8±1.0
107.8±1.4

147±8
190±3
135±3
136±3
134±3
104±8
120±2
100±3

179±4
197±5
227±6
215±3
&170
&140
&155
&125

Table 1: Asteroseismic parameters for the red giants in NGC 6811, see text for details.
KIC
∆ν (µHz) δ02 (µHz)
ϵ
νmax (µHz) ∆Pobs (s) ∆P (s)
4826±100
4985±100
5008±100
4952±100
5005±100
4924±100
5027±100
4980±100

Teﬀ (K)
2.33±0.17
2.29±0.12
2.15±0.12
2.07±0.15
2.24±0.11
2.03±0.15
2.09±0.10
2.10±0.13

Mscal (M⊙ )
12.12±0.30
10.46±0.20
8.83±0.17
8.64±0.21
8.70±0.14
8.29±0.20
8.17±0.13
8.07±0.17

Rscal (R⊙ )
2.64
2.76
2.88
2.88
2.91
2.91
2.93
2.94

log gseis

Table 2: Results from BaSTI grid modeling, with
uncertainties from the model calculations.
KIC
Mmo (M⊙ ) Rmo (R⊙ ) Tmo (K)
9716522

2.33+0.11
−0.06

+0.16
12.21−0.13

4886+39
−39

9409513

2.35+0.07
−0.07

10.61+0.13
−0.11

4990+39
−39

9532903

2.21+0.07
−0.07
2.21+0.06
−0.07
2.23+0.07
−0.09
2.15+0.05
−0.05
2.11+0.01
−0.01
2.10+0.00
−0.00

9.00+0.10
−0.13
8.91+0.10
−0.16
8.75+0.09
−0.17
8.49+0.10
−0.09
8.24+0.06
−0.02
8.07+0.00
−0.00

5003+52
−39

9776739
9655101
9655167
9534041
9716090

4990+26
−39
4990+13
−39
5003+26
−26
4977+52
−00
4990+00
−00
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Table 3: Mode visibilities; the boldface value is Vl=1
norm
KIC

2
Vl=1
2
Vl=0

2
2
Vl=1
/Vl=0
2 /V 2
(Vl=1
l=0 )norm

2
Vl=2
2
Vl=0

9716522
9409513
9532903
9776739
Mean

1.513
1.739
1.631
1.682
1.64±0.10

0.922
1.060
0.994
1.025
1.00±0.06

0.693
0.706
0.707
0.633
0.69±0.04

9655101
9655167
9534041
9716090
Mean

1.155
0.961
1.140
1.095
1.09±0.09

0.704
0.585
0.694
0.667
0.662±0.05

0.606
0.666
0.640
0.807
0.68±0.09
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