
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Asteroseismic inferences on red giants in open clusters NGC 6791, NGC 6819,
and NGC 6811 using Kepler

Hekker, S.; Basu, S.; Stello, D.; Kallinger, T.; Grundahl, F.; Mathur, S.; Garcia, R.A.; Mosser,
B.; Huber, D.; Bedding, T.R.; Szabo, R.; de Ridder, J.; Chaplin, W.J.; Elsworth, Y.; Hale, S.J.;
Christensen-Dalsgaard, J.; Gilliland, R.L.; Still, M.; McCauliff, S.; Quintana, E.V.
DOI
10.1051/0004-6361/201016303
Publication date
2011
Document Version
Final published version
Published in
Astronomy & Astrophysics

Link to publication

Citation for published version (APA):
Hekker, S., Basu, S., Stello, D., Kallinger, T., Grundahl, F., Mathur, S., Garcia, R. A., Mosser,
B., Huber, D., Bedding, T. R., Szabo, R., de Ridder, J., Chaplin, W. J., Elsworth, Y., Hale, S.
J., Christensen-Dalsgaard, J., Gilliland, R. L., Still, M., McCauliff, S., & Quintana, E. V. (2011).
Asteroseismic inferences on red giants in open clusters NGC 6791, NGC 6819, and NGC
6811 using Kepler. Astronomy & Astrophysics, 530. https://doi.org/10.1051/0004-
6361/201016303

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://doi.org/10.1051/0004-6361/201016303
https://dare.uva.nl/personal/pure/en/publications/asteroseismic-inferences-on-red-giants-in-open-clusters-ngc-6791-ngc-6819-and-ngc-6811-using-kepler(9dcc1ac1-29a7-4684-84f7-b313e238f69f).html
https://doi.org/10.1051/0004-6361/201016303
https://doi.org/10.1051/0004-6361/201016303


A&A 530, A100 (2011)
DOI: 10.1051/0004-6361/201016303
c© ESO 2011

Astronomy
&

Astrophysics

Asteroseismic inferences on red giants in open clusters
NGC 6791, NGC 6819, and NGC 6811 using Kepler

S. Hekker1,2, S. Basu3, D. Stello4, T. Kallinger5, F. Grundahl6, S. Mathur7, R. A. García8, B. Mosser9, D. Huber4,
T. R. Bedding4, R. Szabó10, J. De Ridder11, W. J. Chaplin2, Y. Elsworth2, S. J. Hale2, J. Christensen-Dalsgaard6 ,

R. L. Gilliland12, M. Still13, S. McCauliff14, and E. V. Quintana15

1 Astronomical Institute “Anton Pannekoek”, University of Amsterdam, Science Park 904, 1098 XH Amsterdam, The Netherlands
e-mail: S.Hekker@uva.nl

2 School of Physics and Astronomy, University of Birmingham, Edgbaston, Birmingham B15 2TT, UK
3 Department of Astronomy, Yale University, PO Box 208101, New Haven CT 06520-8101, USA
4 Sydney Institute for Astronomy (SIfA), School of Physics, University of Sydney, NSW 2006, Australia
5 Department of Physics and Astronomy, University of British Colombia, 6224 Agricultural Road, Vancouver, BC V6T 1Z1, Canada
6 Department of Physics and Astronomy, Building 1520, Aarhus University, 8000 Aarhus C, Denmark
7 High Altitude Observatory, NCAR, PO Box 3000, Boulder, CO 80307, USA
8 Laboratoire AIM, CEA/DSM-CNRS, Université Paris 7 Diderot, IRFU/SAp, Centre de Saclay, 91191 Gif-sur-Yvette, France
9 LESIA, UMR8109, Université Pierre et Marie Curie, Université Denis Diderot, Observatoire de Paris, 92195 Meudon Cedex,

France
10 Konkoly Observatory of the Hungarian Academy of Sciences, Konkoly Thege Miklós út 15-17, 1121 Budapest, Hungary
11 Instituut voor Sterrenkunde, K.U. Leuven, Celestijnenlaan 200D, 3001 Leuven, Belgium
12 Space Telescope Science Institute, 3700 San Martin Drive, Baltimore, MD 21218, USA
13 Bay Area Environmental Research Institute/Nasa Ames Research Center, Moffett Field, CA 94035, USA
14 Orbital Sciences Corporation/Nasa Ames Research Center, Moffett Field, CA 94035, USA
15 SETI Institute/Nasa Ames Research Center, Moffett Field, CA 94035, USA

Received 13 December 2010 / Accepted 19 April 2011

ABSTRACT

Context. Four open clusters are present in the Kepler field of view and timeseries of nearly a year in length are now available.
These timeseries allow us to derive asteroseismic global oscillation parameters of red-giant stars in the three open clusters NGC 6791,
NGC 6819 and NGC 6811. From these parameters and effective temperatures, we derive masses, radii and luminosities for the clusters
as well as field red giants.
Aims. We study the influence of evolution and metallicity on the observed red-giant populations.
Methods. The global oscillation parameters are derived using different published methods and the effective temperatures are derived
from 2MASS colours. The observational results are compared with BaSTI evolution models.
Results. We find that the mass has significant influence on the asteroseismic quantities Δν vs. νmax relation, while the influence of
metallicity is negligible, under the assumption that the metallicity does not affect the excitation/damping of the oscillations. The
positions of the stars in the H-R diagram depend on both mass and metallicity. Furthermore, the stellar masses derived for the field
stars are bracketed by those of the cluster stars.
Conclusions. Both the mass and metallicity contribute to the observed difference in locations in the H-R diagram of the old metal-rich
cluster NGC 6791 and the middle-aged solar-metallicity cluster NGC 6819. For the young cluster NGC 6811, the explanation of the
position of the stars in the H-R diagram challenges the assumption of solar metallicity, and this open cluster might have significantly
lower metallicity [Fe/H] in the range −0.3 to −0.7 dex. Also, nearly all the observed field stars seem to be older than NGC 6811 and
younger than NGC 6791.

Key words. stars: late-type – open clusters and associations: general – methods: observational – techniques: photometric –
asteroseismology

1. Introduction

Asteroseismology is a powerful tool to obtain information about
the internal structure of stars. For stars exhibiting solar-like os-
cillations, i.e., stars with a turbulent outer layer, global oscil-
lation parameters can be used to derive the mass and radius
of a star. This provides preliminary information on the evolu-
tionary state of a star and for an ensemble of stars this can be
used to investigate the population structure (e.g. Miglio et al.
2009). Using asteroseismology to its full extent and deriving

the internal structure of stars in detail from the observed oscilla-
tions requires accurate knowledge of atmospheric stellar param-
eters, such as effective temperature, surface gravity, luminosity
and metallicity. Many projects are striving to determine these
atmospheric stellar parameters with the necessary accuracy (e.g.
Uytterhoeven et al. 2010; Molenda-Żakowicz et al. 2010), which
is an immense task for the large number of relatively faint stars
for which we currently have asteroseismic results thanks to the
CoRoT (Baglin et al. 2006) and Kepler (Borucki et al. 2009)
satellites. Note that both CoRoT and Kepler consortia provide

Article published by EDP Sciences A100, page 1 of 9

http://dx.doi.org/10.1051/0004-6361/201016303
http://www.aanda.org
http://www.edpsciences.org


A&A 530, A100 (2011)

large databases with atmospheric stellar parameters of all ob-
served stars, i.e. EXODAT (Meunier et al. 2007) and the Kepler
Input Catalogue (KIC, Brown et al. 2011). However, these data
are primarily collected for exo-planet target selection and the
accuracy and precision of these data are often not sufficient for
asteroseismic purposes.

There are limitations to the accuracy with which atmospheric
stellar parameters can be obtained for single field stars. For stars
in a binary or in a cluster additional constraints are available
from the binary or cluster nature. In the work presented here we
focus on clusters and will take advantage of having both field
and cluster red giants in the Kepler field of view. All stars in a
certain cluster are formed at the same time from the same cloud
of gas and dust and therefore we assume that all stars in the
cluster have the same age, distance and metallicity. This knowl-
edge is used in the asteroseismic investigation of the clusters.
Several authors have already endeavoured to perform asteroseis-
mic investigations of cluster stars. Indeed, evidence for solar-
like oscillations in K giants has been reported in the open clus-
ters M67 (Stello et al. 2007) and with the first Kepler data in
NGC 6819 (Stello et al. 2010), and the globular clusters 47 Tuc
(Edmonds & Gilliland 1996) and NGC 6397 (Stello & Gilliland
2009). However, the asteroseismic data obtained for cluster stars
prior to Kepler could only reveal the presence of the oscillations,
but were not precise enough to obtain reliable global oscillation
parameters. Results for field red giants observed using CoRoT
or Kepler data have already been presented by De Ridder et al.
(2009); Hekker et al. (2009); Kallinger et al. (2010b); Mosser
et al. (2010); Bedding et al. (2010); Hekker et al. (2011); Huber
et al. (2010); Kallinger et al. (2010a).

We concentrate here on new data from the NASA Kepler
mission. This NASA mission was launched successfully in
March 2009 and is taking data of unprecedented quality in a
large field of 105-square degrees in the direction of Cygnus
and Lyra. In this field there are four open clusters present.
For three of them, red-giant stars with magnitudes VRG in
the range observable with Kepler are present: NGC 6811
(9.5 < VRG < 12.0), NGC 6819 (13.5 < VRG < 14.3) and
NGC 6791 (13.7 < VRG < 17.5). NGC 6811 has an age of
0.7 ± 0.1 Gyr (Glushkova et al. 1999) and contains only a hand-
ful of red giants. The older clusters NGC 6819 and NGC 6791
with ages of about 2.5 and 10 Gyr, respectively, have a consider-
able population of red-giant stars. The fourth and youngest clus-
ter NGC 6866 has an age of about 0.56 Gyr (Frolov et al. 2010)
and no red giants have been observed in this cluster.

1.1. NGC 6791

NGC 6791 is one of the oldest, most massive and most metal-
rich open clusters known (Origlia et al. 2006; Carretta et al.
2007; Anthony-Twarog et al. 2007), and contains a population
of hot blue stars (Liebert et al. 1994; Landsman et al. 1998)
and white dwarfs extending to the end of the cooling sequence
(Bedin et al. 2005, 2008; Kalirai et al. 2007). For these rea-
sons NGC 6791 has been studied extensively. Nevertheless, lit-
tle agreement concerning its basic parameters has been reached.
Normally, a colour−magnitude diagram is used to derive the age
of the cluster. The non-negligible reddening increases the uncer-
tainty of the age for NGC 6791. Therefore, other probes have
been used, such as eclipsing binary systems (see e.g., Grundahl
et al. 2008; Brogaard et al. 2011) and the white dwarf cooling
sequence (Bedin et al. 2005, 2008; Kalirai et al. 2007).

The ages proposed for NGC 6791 range from 7 to 12 Gyr
(see e.g., Basu et al. 2011; Grundahl et al. 2008), which is longer

than the dynamical relaxation time, i.e., the time in which indi-
vidual stars exchange energies and thier velocity distribution ap-
proaches a Maxwellian equilibrium. Thus, NGC 6791 is dynam-
ically relaxed (Durgapal & Pandey 2001). In addition, there are
four independent studies available to determine the metallicity
of this cluster. They found [Fe/H] = +0.39 ± 0.05 (Carraro et al.
2006, high-resolution spectroscopy), [Fe/H] = +0.35 ± 0.02
(Origlia et al. 2006, high-resolution spectroscopy), [Fe/H] =
+0.45 ± 0.04 (Anthony-Twarog et al. 2007, multi-colour pho-
tometry) and [Fe/H] = +0.29 ± 0.03 (random) ±0.07 (system-
atic) (Brogaard et al. 2011, spectroscopy). As pointed out by
Carretta et al. (2007), comparing these values is complicated as
different subsets of stars are observed in each study. It seems
likely that the differences are mainly caused by differences in
the adopted reddening, i.e., either E(B−V) = 0.09 (Stetson et al.
2003) or E(B − V) = 0.15 (an average of literature determina-
tions, Carretta et al. 2007). These reddening values are used to
derive atmospheric stellar parameters from photometry. The re-
sulting different atmospheric stellar parameters are used in the
different spectroscopic metallicity studies.

1.2. NGC 6819

NGC 6819 is a very rich open cluster with roughly solar metal-
licity of [Fe/H] = +0.09 ± 0.03 (Bragaglia et al. 2001), an age
of about 2.5 Gyr (Kalirai et al. 2001; Kalirai & Tosi 2004) and
reddening E(B − V) = 0.15. There is reasonable agreement on
the metallicity, reddening and age of this cluster and therefore
NGC 6819 has been used to study other phenomena, such as the
initial-final mass relation using the population of white dwarfs
present in this cluster (e.g. Kalirai et al. 2008). There is also
clear evidence for mass segregation in NGC 6819, i.e., the gi-
ants and upper main-sequence stars are concentrated in the inner
regions, whereas the lower main-sequence stars distribute almost
uniformly throughout the cluster. This results from the fact that
the age of NGC 6819 is about 10 times larger than its dynamical
relaxation time (Kang & Ann 2002).

1.3. NGC 6811

NGC 6811 is a young, sparse, not particularly well studied clus-
ter. Studies on this cluster tended to focus on membership or
variability of stars and no direct metallicity studies are available.
Solar metallicity has been used as an initial guess.

1.4. Current investigation

In the present study we compare asteroseismic global parame-
ters νmax (the frequency of maximum oscillation power) and Δν
(the large frequency spacing between modes of the same degree
and consecutive order) of solar-like oscillations in red-giant stars
in the three open clusters NGC 6791, NGC 6819 and NGC 6811,
and of field giants, all observed with Kepler. In this paper, we
subsequently derive stellar parameters, such as mass and radius,
from the asteroseismic parameters and investigate the influence
of evolution and metallicity on the observed red-giant popula-
tions. The Kepler data of the cluster stars are also being used to
investigate mass loss along the red-giant branch (Miglio et al.,
in prep.), the ages of the clusters (Basu et al. 2011) and cluster
membership (Stello et al. 2011). The latter will be an extension
of the study of NGC 6819 recently presented by Stello et al.
(2010).
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Fig. 1. Colour–magnitude diagram of NGC 6791 (Stetson et al. 2003).
Target stars used in the present study are indicated with red asterisks.

2. Observations

2.1. Cluster target selection

To select the stars in NGC 6819 we used the radial velocity study
by Hole et al. (2009). It gives membership probabilities for all
stars in the cluster vicinity down to V = 15.0, which includes
all stars targeted in this paper. All stars with high membership
probability (PRV > 80%) were chosen. With this purely kine-
matic criterion we avoid any biases in our selection that could
otherwise affect the distributions of the measured atmospheric
stellar parameters. Due to the lack of a similarly complete kine-
matic membership study for NGC 6791, we followed a slightly
different selection procedure for this cluster. Based on the photo-
metric study by Stetson et al. (2003) we selected stars that were
clearly photometric members, meaning they are located close to
the cluster sequence including the red-giant branch and the red
clump (see Fig. 1). While this does not introduce significant bi-
ases in selecting particular populations of stars within the cluster,
it does have the potential of leaving out members that are some-
what off the prime cluster sequence. However, this selection ef-
fect is not likely to play a major role in the interpretation of the
results in this paper. Finally, the stars selected in NGC 6811 were
the only red giant candidate members from a preliminary radial
velocity study of the cluster (Meibom, priv. comm.).

We note here that for all clusters, non-members based on the
asteroseismic studies by Stello et al. (2010, 2011), have been
removed from the present investigation.

2.2. Kepler data

Timeseries data obtained during the first one-month (Q1) and
subsequent three-months quarterly rolls (Q2, Q3, Q4) with the
Kepler satellite in long-cadence mode (Jenkins et al. 2010b,
29.4-min near-equidistant sampling) are used to obtain the as-
teroseismic parameters. The Kepler data suffer from some in-
strumental effects. The most prominent effects are caused by
1) downlinking science data when the spacecraft changes its at-
titude; 2) safe-mode events during which the satellite warms up
and the subsequent thermal relaxation affects the photometry;
and 3) attitude adjustments necessary to compensate for drift of
the satellite. The first two effects cause a gradual thermal drift
that diminishes over time, while the latter effect causes jumps
in the data. The Kepler mission Science Operations Centre de-
veloped software to eliminate these effects (e.g. Jenkins et al.
2010a) in the pre-search data conditioning (PDC) process.

Table 1. Adopted parameters, and data sources for the clusters in the
present study.

Cluster [Fe/H] E(B − V) E(V − K) V_source
NGC 6791 +0.30 ± 0.1 0.16 ± 0.02a 0.432 Stetson et al. (2003)
NGC 6819 0.0 ± 0.1 0.15 0.405 Hole et al. (2009)
NGC 6811 0.0 ± 0.1 0.16 0.435 Webdab

Notes. (a) Brogaard et al. (2011); (b) http://www.univie.ac.at/
webda/

However, this software was not designed specifically for astero-
seismic purposes and in some cases the signal from the oscilla-
tions and the related granulation were affected by the PDC cor-
rections, which we took into account in the following way.
In these cases either the raw data were used, data were corrected
in the same manner as the field stars (see below and García et al.
2011), data were high-pass filtered, bad points were removed or
a polynomial fit was removed, either for the complete timeseries
or for individual segments separately.

The timeseries of the field stars have been corrected with
a different philosophy in which we try to preserve, as much as
possible, the low-frequency trends that could have a stellar ori-
gin. These corrections are applied to the raw data and based on
principles developed for GOLF/SoHO thermal and high voltage
corrections (García et al. 2005). The corrections contain three
steps and are described in more detail by García et al. (2011).
First, a multiplicative correction is performed for the ranges af-
fected by thermal drift using a third order polynomial in the af-
fected part and a second order polynomial in the adjacent part(s)
of the timeseries. Then, jumps are detected from spurious differ-
ences in the mean power of adjacent segments of the light curve
spanning one day. Additionally, we checked for the presence of
jumps at known times of attitude adjustments.

Point-to-point sigma clipping has been applied with a sigma
clipping threshold chosen in combination with the other correc-
tions applied to the data and depends on the sensitivity of the
correction method. It is important to note that only a handful
of data points (out of the ∼14 000 points of the time series) are
affected by the sigma-clipping.

Tests have been performed to investigate potential differ-
ences in the resulting power spectra of all stars with light curves
corrected with the two different methods. Although there are dif-
ferences in the individual frequency peaks, the Δν and νmax are
the same for data corrected with both methods.

3. Estimates of Teff for the stars

To estimate the effective temperatures for our targets we use
the colour-temperature calibrations by Ramírez & Meléndez
(2005, hereafter RM05). All targets are sufficiently bright to
have JHK photometry from the 2MASS catalog (Skrutskie et al.
2006) allowing us to determine the temperatures based on the
(V − K) colour. For each cluster we obtained the V band pho-
tometry and the reddening from the sources given in Table 1.
Using the RM05 colour-temperature relations we find that for
the giants an error of 0.m02 in (V − K) leads to an error of 15 K.
An error of 0.1 dex in [Fe/H] leads to an error in the temperature
of ∼5 K.

We adopt a random error of 0.01 for the V magnitude for all
stars, which we consider a safe upper limit for most stars (par-
ticularly in NGC 6791). The 2MASS catalog (Skrutskie et al.
2006) provides an error estimate for the K magnitude of each
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star, for the (V − K) error we shall add these two in quadrature.
For NGC 6791 the median of the (V−K) errors is 0.026, or 20 K.

In addition to the random errors we also try to assign an
estimate of the possible bias in the temperatures for the stars.
This reflects our inability to properly account for the correct ze-
ropoint of the temperature scale. The contributions to the bias
come from: zeropoint errors in the photometry, reddening and
the temperature calibration used. We consider the bias to have
a “box-like” (=uniform) distribution and provide below the esti-
mated half-length of the box.

For the V and K photometry we shall adopt a value of
0.02 mag (∼15 K) for each filter. This is our estimate of how
well our V and K magnitudes are transformed to the standard
system (filter, CCD and stellar types are typically different from
the instruments defining the standard system). See Stetson et al.
(2003) for a discussion.

The reddening estimate also carries a bias, which we es-
timate to be 0.02 mag in E(B − V) – leading to 0.054 mag
in E(V − K), or ∼40 K. We do not consider the ±0.02 error
reported for NGC 6791 in Brogaard et al. (2011) to be a ran-
dom error; this is because reddening estimates are often based
on several different methods which may carry systematic inher-
ent differences. Furthermore, for NGC 6791 the estimates of red-
dening have a long and varied history, essentially spanning val-
ues between 0.1 and 0.2 in E(B − V) (see Stetson et al. 2003).
Of the three clusters studied here, NGC 6791 is the best stud-
ied. Finally, we also include a possible bias due to the specific
choice of colour-Teff relation used here. RM05 gives a discussion
of their calibration in comparison to other studies. Although it is
difficult to give a single value based on their discussion we shall
here adopt a value of 40 K.

To arrive at the final bias estimate we thus have: 15 K (V) +
15 K (K) + 40 K (reddening) + 40 K (RM05) = 110 K. This
is clearly dominant over the random errors which range be-
tween 15 K and 50 K for stars in NGC 6791. Thus we shall
overall adopt random (star-to-star) errors which are smaller
than 50 K, whereas our estimates above suggest that a bias up
to ∼110 K in the zeropoint of the temperatures within a cluster
can be a real possibility.

For the field stars we use the effective temperature from
the KIC (Brown et al. 2011) with a total uncertainty estimate
of 150 K.

4. Results

The timeseries, prepared as described above, were analysed for
global oscillation parameters, i.e. the frequency of maximum os-
cillation power (νmax) and frequency separation between modes
of the same degree but consecutive orders (Δν), using five differ-
ent methods, namely SYD (Huber et al. 2009), COR (Mosser
& Appourchaux 2009), CAN (Kallinger et al. 2010b), A2Z
(Mathur et al. 2010) and OCT (Hekker et al. 2010). For a com-
parison of these methods see Hekker et al. (2011). We first
looked at all five sets of results and computed for each star the
(unweighted) mean and variance of both Δν and νmax. Only stars
for which at least four methods produced consistent results for
both parameters were taken into account. We use the unweighted
means because different methods give very different estimates of
the formal errors in each quantity. However, the results obtained
from the different methods show that, the results themselves are
not widely scattered. Hence we think it is justified to continue
with the following procedure: for each cluster and for the field
stars separately, we computed the total squared deviation from
the means, i.e.

∑
j(
∑

i(〈x〉 j − xi j)2) with xi j an observable of

star j determined with method i, 〈x〉 j indicates the mean value
computed over all methods of an observable x of star j. So we
compute for each star the dispersion between results of differ-
ent methods for both Δν and νmax independently. For each clus-
ter/population of field stars, the results of the method with the
smallest total deviations from the mean are used in this study.
It turned out that the same method gave the lowest deviation for
each variable, and hence the results of Δν and νmax did not need
to be joined. To capture the statistical fluctuations within the se-
lected methods and between the different methods, we computed
the final uncertainty in each parameter for each star as the in-
trinsic uncertainty of the selected method, to which we added
in quadrature the dispersion (variance) in the central values re-
turned by all methods. The latter accounts for the fact that the
formal errors returned by individual methods are often smaller
than the dispersion between the results obtained by the different
methods. This procedure provided us with 46, 42, 4 and 662 stars
for NGC 6791, NGC 6819, NGC 6811 and the field stars, using
methods SYD, OCT, SYD and COR, respectively. Results ob-
tained in the same way and using the same methods have also
been used by Basu et al. (2011).

For some stars the global oscillation parameters Δν and νmax
determined by different methods were not in agreement. These
stars are not taken into account in the analysis performed in this
work, but we investigated why it was more difficult to obtain
consistent oscillation parameters for these stars. In a number of
stars, signatures of oscillations at very low frequencies are vis-
ible by eye, but determining reliable parameters is not yet pos-
sible with the limited timespan of the data we currently have
at our disposal. Furthermore, for some of the fainter stars the
noise level due to shot noise, at the frequency of the oscillations
makes accurate determinations of Δν and νmax difficult. Both
these issues can be overcome with longer timeseries, which are
currently being acquired by Kepler.

4.1. Oscillations and stellar parameters

As indicated above, for the cluster red giants we have reliable
determinations of Δν and νmax for 46, 42 and 4 red-giant stars in
the clusters NGC 6791, NGC 6819 and NGC 6811, respectively.
For these stars we also have effective temperatures from multi-
colour photometry. Following the investigations by Hekker et al.
(2009); Stello et al. (2009); Mosser et al. (2010) we have fitted a
polynomial of the form:

Δν ≈ aνbmax, (1)

to the results of each cluster. The values of a and b for the respec-
tive clusters and field stars are listed in Table 2. These results
show that the values for b are consistent within the uncertain-
ties of the different samples of stars, while the values for a are
significantly different. The top left panel of Fig. 2 shows the cor-
relation between Δν and νmax for each of the clusters. Similar
results for the field stars are shown in Fig. 3.

With the values of Δν, νmax and the effective temperatures
(see Sect. 2.3) the scaling relations described by Kjeldsen &
Bedding (1995) have been used to compute the masses and radii
of the stars:

νmax ≈ νmax�
M/M�

(R/R�)2
√

Teff/Teff�
, (2)

Δν ≈ Δν�
√

M/M�
(R/R�)3

, (3)
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Fig. 2. Observed and derived parameters for the clusters NGC 6791 (black), NGC 6819 (red) and NGC 6811 (blue). The top panels show Δν vs.
νmax (left) and the derived luminosity vs. Teff (right). The uncertainties in the individual points in the H-R diagram are only the intrinsic uncertainties
(50 K, see text), the possible offset due to systematic uncertainties in the effective temperatures (110 K) is indicated with the black horizontal bar
in the top left corner. Isochrones for NGC 6791 and NGC 6819 are shown in cyan. The results for the field stars are shown in gray without
uncertainties. The histograms of the asteroseismic mass (left) and radius (right) are shown in the bottom panels for the clusters NGC 6791 (black
solid line), NGC 6819 (red dashed line), NGC 6811 (blue dotted-dashed line) and in gray hatched for the field stars.

Table 2. Values for the parameters a and b (Eq. (1)) for the three clusters
and the field stars, as well as the number of stars taken into account in
the respective clusters and in the field.

Cluster a b N
NGC 6791 0.28 ± 0.01 0.75 ± 0.01 46
NGC 6819 0.24 ± 0.01 0.77 ± 0.01 42
NGC 6811 0.20 ± 0.06 0.79 ± 0.06 4

field 0.266 ± 0.004 0.761 ± 0.004 662

with Teff� = 5777 K, and the solar values Δν� = 134.88 μHz and
νmax� = 3120 μHz taken from Kallinger et al. (2010a).

Normalised histograms of both masses and radii are shown in
the bottom panels of Fig. 2. The radii and temperatures are used
to compute the luminosities as L ∝ R2T 4

eff, which are used for the
H-R diagram shown in the top right panel of Fig. 2. Isochrones
are also shown for the clusters NGC 6791 and NGC 6819, which
are further discussed by Stello et al. (2011) and Miglio et al.
(in prep.). Results for field stars are shown in gray in the H-
R diagram and in the histograms of the masses and radii. These
results are obtained from Kepler data observed during Q1, Q2,
Q3 and Q4 in the same way as the results for the clusters and are
similar to results presented previously for red giants observed
with Kepler (Bedding et al. 2010; Hekker et al. 2011; Huber et al.
2010; Kallinger et al. 2010a) and CoRoT (De Ridder et al. 2009;
Hekker et al. 2009; Kallinger et al. 2010b; Mosser et al. 2010).

Fig. 3. Δν vs. νmax for field red giants with the fit through all the data in
red. The upper green dashed line is a for the low-mass sample and the
lower green dashed line is a fit for the high mass stars (see text for an
explanation of the samples).

4.2. Influence of reddening on results

We also investigated the influence of uncertainties in redden-
ing on the computed luminosities, masses and radii. We com-
puted the temperatures of NGC 6819 with E(B − V) of 0.10,
0.15 and 0.18. Using the resulting different temperatures we
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computed luminosities, masses and radii. We find that for
a difference in E(B − V) of 0.01 we get a difference of 23 K,
1.2 L�, 0.013 M� and 0.025 R�, in Teff, luminosity, mass and
radius, respectively. Indeed the temperature only appears to the
power 1/2 in Eq. (2), and thus both mass and radius depend only
weakly on Teff and the uncertainties on the masses and radii due
to reddening are therefore negligible for the clusters, considering
reddening uncertainties of the order of 0.01 or less. The lumi-
nosity depends strongly on the effective temperature and hence
uncertainties due to reddening are non-negligible.

For field stars the reddening is not as well determined as
for cluster stars. Therefore the uncertainties due to reddening
on both the temperature and luminosities are not negligible. The
rather unstructured shape of the gray dots in the top right panel
of Fig. 2 is most likely caused by large uncertainties in the ef-
fective temperatures. With reddening uncertainties of the order
of 0.1 or higher, the influence on the masses and radii are most
likely also non-negligible. If we assume that E(B − V) values
have large uncertainies, but that these are not systematically bi-
ased, then the distributions of mass and radius are still valid for
field stars, but maybe narrower than shown.

5. Discussion

5.1. Δν vs. νmax relation

As already described by Stello et al. (2009) and Huber et al.
(2010), the ratio of Δν to ν0.75

max depends on mass and effective
temperature only in the following way:

Δν

ν0.75
max
=
Δν�
ν0.75

max�

(
M
M�

)−0.25 (
Teff

Teff�

)0.375

· (4)

Note that this relation assumes no dependence on metallicity in
the scaling relations. Additionally, no adiabatic effects are in-
cluded in the scaling relations used here, which could explain
the slightly higher values of b found in the observations, com-
pared to the value of 0.75 in Eq. (4). To investigate this mass
dependence further, we first use the field red giants and Eq. (1).
The parameters [a, b] for the complete sample are roughly mid-
way between the values for NGC 6791 and NGC 6819. We now
divide the field sample into a low-mass sample, in which stars
with M < 1.5 M� are selected, and a high-mass sample with
M ≥ 1.5 M�. The parameters [a, b] now become [0.282 ± 0.003,
0.754 ± 0.002], [0.262 ± 0.005, 0.753 ± 0.005], respectively.
These values of a are more in line with those obtained for the
lower mass cluster stars in NGC 6791 and the higher mass clus-
ter stars in NGC 6819, respectively. The difference in the value a
between the high mass field stars and NGC 6819 could be due
to 1) stars with masses <1.5 M� in NGC 6819 and 2) the differ-
ent mass distributions.

The mass dependence is also apparent when Δν/ν0.75
max is plot-

ted as a function of (Teff/Teff�)0.375 (see Fig. 4). Indeed, the stars
of the three clusters occupy different locations in this diagram.
Isomass lines are computed from Eq. (4). This way of presenting
the data shows a clear separation of the clusters and allows one
to constrain the mass ranges within them. Differences in mass
between the clump and red-giant branch stars are investigated
by Miglio et al. (in prep.).

We also investigated the influence of mass and metallicity
on the Δν vs. νmax relation using BaSTI evolution models (e.g.,
Pietrinferni et al. 2004; Cordier et al. 2007). We used mod-
els with a fixed mass of 1.3 M� and a range of metallicities,
i.e. [Fe/H] = [+0.4, +0.26, +0.06, −0.25, −0.35, −0.66]. The

Fig. 4. Δν/ν0.75
max vs. (Teff/Teff�)0.375 for the cluster stars (same colour cod-

ing as in Fig. 2). The dashed lines indicate isomass lines derived from
Eq. (4) and the observations of the clusters (see text for more details).

metallicity dependence of the Δν−νmax relation is not significant
(top left panel of Fig. 5). Note that this is true under the assump-
tion that the metallicity does not influence excitation/damping
of the oscillations (see e.g. Houdek et al. 1999; Samadi et al.
2010, for investigations of metallicity on excitation and damp-
ing). Additionally, we selected models with [Fe/H] = 0.06 and
masses ranging from 0.5 to 2.7 M�. The mass dependence of
the Δν − νmax relation derived from modelling agrees with the
scaling relation given in Eq. (4), i.e. higher masses give lower
Δν values (bottom left panel of Fig. 5). Fits through models with
mass and νmax ranges similar to the ones for the stars observed
in the respective clusters give for NGC 6791 the same values
for a and b in Eq. (1) as the observations (see Table 3), while
the values for NGC 6819 are consistent within 2σ. The range
in νmax taken into account in the fit described in Eq. (1) is impor-
tant for the determination of the parameters a and b due to the
increased effects of mass on stars with higher νmax, i.e. in general
less evolved stars.

The masses of the stars in NGC 6811 are even higher than
for NGC 6819 and their position in the top left panel of Figs. 2
and 4 are consistent with this. The small number of stars, result-
ing in relatively large uncertainties in a and b, is insufficient for
a quantitative comparison with fits through the models.

5.2. Mass and radius distribution

The mass distributions of the three clusters clearly show that the
oldest cluster NGC 6791 contains low-mass stars, whereas the
younger clusters NGC 6819 and NGC 6811 contain stars with
higher masses. This is as expected because for the younger clus-
ters only the higher mass stars have had time to evolve to giants.
For the older cluster the lower-mass stars have also had time to
evolve to become giants, while the higher-mass stars have al-
ready evolved further and are no longer red giants. We note that
the distribution of masses derived in this work for stars in the
clusters NGC 6791 and NGC 6819 are consistent with the ones
derived using a grid-based method (Basu et al. 2011), when tak-
ing into account the higher uncertainties in the direct method
used here. Additionally, the stellar masses of NGC 6791 are also
in agreement with the turn-off mass obtained from the primary
component in the binary V20, i.e. MV20 = 1.087 ± 0.004 M�
(Brogaard et al. 2011).
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Fig. 5. Δν vs. νmax correlations (left) and H-R diagrams (right) obtained from BaSTI evolution models with 1.3 M� and variable metallicity (top)
and with [Fe/H] = 0.06 dex and variable mass (bottom). Note that in for the Δν vs. νmax correlations only stars with Teff < 5250 K have been taken
into account.

Table 3. Observed mass and νmax ranges for the clusters NGC 6791 and NGC 6819 and the parameters a and b derived from observations
and models.

Cluster Mass νmax aobs bobs amod bmod

NGC 6791 0.9 < M/M� < 1.5 5 μHz < νmax < 100 μHz 0.28 ± 0.01 0.75 ± 0.01 0.280 ± 0.001 0.753 ± 0.001
NGC 6819 1.4 < M/M� < 2.1 5 μHz < νmax < 150 μHz 0.24 ± 0.01 0.77 ± 0.01 0.256 ± 0.001 0.756 ± 0.001

The distribution of field giants is peaked at masses of 1.2
to 1.3 M�. Hardly any field giants with masses lower than the
lowest masses of NGC 6791 or as high as the highest mass stars
in NGC 6811 are present. This distribution allows us to make
a comment on the likely ages of the field stars with respect to
the clusters. The low fraction of high-mass giants might be due
to the fact that these stars evolve relatively quickly and do not
reside very long in a giant phase and thus that the field stars in
the Kepler field of view are all older than NGC 6811. Similarly,
the low fraction of field giants with lower masses than stars in
NGC 6791 implies that the oldest observed field stars are of the
same age or younger than NGC 6791. Metallicity might also
have some influence on the mass distribution through its influ-
ence on the effective temperature (see top right plot of Fig. 5),
which is used to compute stellar masses (Eq. (2)). However,
the mass only depends on the square-root of the temperature,
and this effect is not expected to be significant enough to alter
the inference on the relative age of the field stars. Additionally,
we expect that the range of metallicities present among the field
stars includes the metallicities of the clusters.

The radius distributions of the three clusters and the field
stars overlap, with a bimodal distribution most prominent for
stars in NGC 6791. In general, the stars with radii in the range
5−9 R� are most likely less-evolved H-shell burning stars as-
cending the red-giant branch, while the stars with radii ∼11 R�
are most likely He-core burning red-clump stars (Miglio et al.
2009; Kallinger et al. 2010a; Mosser et al. 2010). This shows
that for the clusters, a significant fraction of stars are still in the
(less-evolved) H-shell burning phase, while for the field stars
the majority of the stars are in the He-core burning red-clump
phase. This is also confirmed by the locations of the stars in the
colour−magnitude diagram in Fig. 1.

5.3. H-R diagram

The H-R diagrams of the different clusters look very similar
but with an offset with respect to one another, most notably
in log Teff, but also in log L/L� (see Fig. 6). For an explanation of
this we have again used models. From the right panels of Fig. 5
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Fig. 6. H-R diagram of the clusters with NGC 6791 in black, NGC 6819
in red and NGC 6811 in blue. The gray symbols indicate NGC 6819
shifted to the positions of NGC 6791 and NGC 6811, respectively.
The dashed line roughly indicates the red-giant branch of NGC 6819.
The dashed-dotted line indicates the position of the red-giant branch of
NGC 6819 when only the mass is increased to 2.6 M� (NGC 6811).
The dashed-dotted-dotted-dotted line illustrates the position of the red-
giant branch of NGC 6819 when a mass of 2.6 M� and a metallicity
of −0.35 dex are assumed (see text for more details).

it is clear that both mass and metallicity influence the location
of a star in the H-R diagram. When leaving all other parameters
the same, stars with higher metallicities shift to lower effective
temperatures and luminosities, while higher masses give higher
effective temperatures and luminosities. NGC 6791 has a signif-
icantly higher metallicity and consists of lower mass stars com-
pared to NGC 6819 (see Table 1 and lower left panel of Fig. 2).
So both mass and metallicity add to the separation of the location
of the two clusters in the H-R diagram.

To quantify this shift further we computed the change in
both effective temperature and luminosity for models in the
range 1.0 < log L/L� < 2.0 and 3.6 < log Teff < 3.75 due to a
change in mass or metallicity. We change the mass from∼1.7 M�
(NGC 6819) to ∼1.3 M� (NGC 6791) for models with constant
metallicity of 0.06 dex (similar to the metallicity of NGC 6819).
This change in mass induces a change in log Teff of −0.016 and
in log L/L� of 0.05. For the metallicity we compute the differ-
ence in log Teff for models with M = 1.3 M� (NGC 6791) due
to a metallicity change from 0.06 dex (NGC 6819) to 0.4 dex
(NGC 6791). This change in metallicity induces a difference
in log Teff of −0.014 and in log L/L� of 0.03. Applying the to-
tal shifts log Teff = −0.03 and log L/L� = 0.02 to the data of
NGC 6819 indeed places the data roughly at the position of the
observations of NGC 6791 (see gray dots on the right-hand side
of Fig. 6). From this analysis we can conclude that both the
metallicity and mass difference between the clusters contribute
to the observed shift in the position in the H-R diagram.

For NGC 6811 no direct metallicity determination is avail-
able and so far solar metallicity has been assumed, similar to
the metallicity of NGC 6819. In that respect the offset of the
NGC 6811 compared to NGC 6819 should be mostly due to the
difference in mass. From the models with [Fe/H] = 0.06 dex
we find that an increase in mass from 1.7 M� (NGC 6819) to
2.6 M� (NGC 6811) would cause an offset in log Teff of the or-
der of 0.03 and an offset in log L/L� of about 0.05. Shifting the
position of the red-giant branch of NGC 6819 (dashed line in
Fig. 6) by these amounts would result in the position indicated

with the dashed-dotted line in Fig. 6. This location is not con-
sistent with the observations and indicates that the metallicity
of NGC 6811 is subsolar. Therefore, we used a metallicity for
NGC 6811 of −0.35 dex. The additional shift induced by this
metallicity would shift the red-giant branch of NGC 6819 to the
position indicated with the dashed-dotted-dotted-dotted line in
Fig. 6. This could be consistent with the observations, if we as-
sume that the observed stars of NGC 6811 are red-clump stars.
However, if the stars in NGC 6811 are ascending the red-giant
branch, it would mean that the observed offset of the locations
of the stars with respect to NGC 6819 is even larger and a metal-
licity of −0.66 dex is used. This metallicity value would shift
the position of NGC 6819 indeed approximately to the posi-
tion of NGC 6811 (gray dots on the left-hand side of Fig. 6).
We thus find that the metallicity of NGC 6811 is subsolar in the
range −0.3 to −0.7 dex. This result is based on observations of
only a few stars in the cluster, and a direct determination of the
metallicity is needed to confirm which of the described scenarios
is to be favoured.

It is also interesting to view the results for the clusters in
light of the results obtained by Kallinger et al. (2010a) from a de-
tailed comparison between field giants and models. They found
that most of the red-clump stars have an initial composition sim-
ilar to the Sun, while stars in the bump are more consistent
with metal-enhanced stars. The bump is a higher concentration
of stars on the ascending red-giant branch in the H-R diagram
(Alves & Sarajedini 1999). The bump luminosity corresponds
to the evolutionary phase during which the outward moving
H-burning shell passes through the mass marking the maximum
extent of the bottom of the convection zone in slightly earlier
evolution phases. At this point there is a discontinuity in the hy-
drogen abundance, and when the burning shell moves into the
region of higher hydrogen abundance the luminosity decreases
slightly before the star continues to ascend the giant branch. The
metallicity effect mentioned by Kallinger et al. (2010a) could be
caused by a too high mixing-length parameter used to construct
the models, i.e., a slightly less efficient convection would shift
the solar-metallicity bump models towards lower temperatures
in the direction of the observed bump. However, if the metallic-
ity effect is real, it would be very interesting. In addition, Nataf
et al. (2011) discuss the detectability of the bump in the galac-
tic bulge and compare the bump features with bumps detected in
globular clusters. They find that the relative brightness of clump
and bump stars is strongly correlated with metallicity.

One could conclude from this that it would seem that a
bump is more likely to be detected in a metal-rich open clus-
ter, such as NGC 6791, than in a solar-metallicity open cluster,
such as NGC 6819. However, there are many factors that make it
difficult to draw any firm conclusions in this instance. The sam-
ple of red-giant stars in the open clusters investigated here is not
very rich; conclusions for field stars and globular clusters are
not necessarily correct for stars in open cluster; the findings by
Kallinger et al. (2010a) have yet to be confirmed with additional
modelling; and so far no bump has been detected in any open
cluster. We should also add that we did not detect a bump in any
of the open clusters in the Kepler field of view from the current
analysis.

6. Summary and conclusions

From the global asteroseismic parameters and derived stellar pa-
rameters (luminosity, effective temperature, mass, and radius)
of red giants in three open clusters NGC 6791, NGC 6819 and
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NGC 6811 and in the field, we have investigated the influence of
evolution and metallicity on the red-giant star populations. From
this investigation we conclude the following:

– Mass has a significant influence on the Δν − νmax relation,
while the influence of metallicity is negligible, under the
assumption that the metallicity does not influence the exci-
tation/damping of the oscillations. This has been predicted
from models, but now also clearly shown in observed data.

– It is well known that both mass and metallicity have influ-
ence on the position of stars in the H-R diagram. The dif-
ferent positions of the old metal-rich cluster NGC 6791 and
the middle-aged solar-metallicity cluster NGC 6819 can in-
deed be explained by the observed differences in metallicity
and mass. With this confirmation of the theory, we also in-
vestigated the metallicity of NGC 6811, for which cluster
no direct metallicity measurements are available. The loca-
tion of the young cluster NGC 6811 cannot be explained if
we assume solar metallicity for this cluster. A metallicity of
about −0.35 dex is needed to explain the position if the ob-
served stars are He-core burning red-clump stars. However,
if these stars are H-shell burning stars ascending the red-
giant branch, the location of the stars in the H-R diagram can
only be explained when the cluster has a subsolar metallicity
of about −0.7 dex.

– The distributions of the masses of the cluster stars also al-
lowed us to say something about the relative age of the field
stars: the observed field stars are all of the same age or
younger than NGC 6791 and older than NGC 6811.
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