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CoRoT:

Kepler : ~500 dwarfs & subgiants	


14000 giants	



giants in 4 clusters

!
a few bright solar-like 	



pulsators in the seismofield	


~20000 giants in the exo-field	



4 giants in NGC6633
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22 1 Introducing Asteroseismology

Fig. 1.9. A power spectrum of radial velocity variations in the Sun seen as a star
for 9.5 years of data taken with the Birmingham Solar Oscillation Network (BiSON)
telescopes. The equivalent amplitude noise level in this diagram is 0.5 mm s−1. Figure
courtesy of the BiSON team.

with them unambiguously such that the large and small separations may
be deduced with confidence. That step alone leads to determinations of the
fundamental parameters of mass and age for some kinds of stars.

Figure 1.11 shows an “asteroseismic HR Diagram” (Christensen-Dalsgaard
1993a) where the large separation clearly is a measure of mass (largely because
of the relationship between mass and radius), and the small separation is most
sensitive to the central mass fraction of hydrogen, hence age. Now that many
solar-type oscillators have been found, it is possible to begin to model them
using the large and small separations (see Section 7.2 for case studies). The
pattern of high overtone even and odd l modes is also observed in some roAp
stars, although their interpretation for those stars is more complex because of
the strong effects of their global magnetic fields on the frequency separations
(see Section 7.3.4).
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νmax

EVOLUTION OF DWARF AND SUB-GIANT       
SPECTRUM



SOLAR-LIKE PULSATIONS	


non-radial modes
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Tassoul 1980; Gough 1986

acoustic modes: 

+�⌫n`

gravity/mixed modes: AGE



Chaplin & Miglio 2013

νmax

EVOLUTION OF GIANT SPECTRUM

νmax decreases
and complexity increases
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Figure 2
Échelle diagrams of the oscillation spectra of five stars observed by Kepler. Annotations mark the angular degrees, l. (a) The
main-sequence star 16 Cyg A, showing vertically aligned ridges of oscillation power. Note the faint (but significant) power of the l = 3
ridge. (b) The subgiant KIC 6442183 showing a beautiful avoided crossing of the l = 1 modes at a frequency of ∼1,000 µHz. (c) The
first-ascent red-giant branch (RGB) star KIC 6949816, which shows clusters of closely spaced l = 1 mixed modes in its spectrum.
(d,e) RGB (KIC 3100193) and red clump (RC) (KIC 7522297) stars that have similar surface properties (note the complexity of the l =
1 modes in the spectrum of KIC 7522297 compared to KIC 3100193).
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Figure 2
Échelle diagrams of the oscillation spectra of five stars observed by Kepler. Annotations mark the angular degrees, l. (a) The
main-sequence star 16 Cyg A, showing vertically aligned ridges of oscillation power. Note the faint (but significant) power of the l = 3
ridge. (b) The subgiant KIC 6442183 showing a beautiful avoided crossing of the l = 1 modes at a frequency of ∼1,000 µHz. (c) The
first-ascent red-giant branch (RGB) star KIC 6949816, which shows clusters of closely spaced l = 1 mixed modes in its spectrum.
(d,e) RGB (KIC 3100193) and red clump (RC) (KIC 7522297) stars that have similar surface properties (note the complexity of the l =
1 modes in the spectrum of KIC 7522297 compared to KIC 3100193).
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Échelle diagrams of the oscillation spectra of five stars observed by Kepler. Annotations mark the angular degrees, l. (a) The
main-sequence star 16 Cyg A, showing vertically aligned ridges of oscillation power. Note the faint (but significant) power of the l = 3
ridge. (b) The subgiant KIC 6442183 showing a beautiful avoided crossing of the l = 1 modes at a frequency of ∼1,000 µHz. (c) The
first-ascent red-giant branch (RGB) star KIC 6949816, which shows clusters of closely spaced l = 1 mixed modes in its spectrum.
(d,e) RGB (KIC 3100193) and red clump (RC) (KIC 7522297) stars that have similar surface properties (note the complexity of the l =
1 modes in the spectrum of KIC 7522297 compared to KIC 3100193).
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Figure 2
Échelle diagrams of the oscillation spectra of five stars observed by Kepler. Annotations mark the angular degrees, l. (a) The
main-sequence star 16 Cyg A, showing vertically aligned ridges of oscillation power. Note the faint (but significant) power of the l = 3
ridge. (b) The subgiant KIC 6442183 showing a beautiful avoided crossing of the l = 1 modes at a frequency of ∼1,000 µHz. (c) The
first-ascent red-giant branch (RGB) star KIC 6949816, which shows clusters of closely spaced l = 1 mixed modes in its spectrum.
(d,e) RGB (KIC 3100193) and red clump (RC) (KIC 7522297) stars that have similar surface properties (note the complexity of the l =
1 modes in the spectrum of KIC 7522297 compared to KIC 3100193).
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Figure 2
Échelle diagrams of the oscillation spectra of five stars observed by Kepler. Annotations mark the angular degrees, l. (a) The
main-sequence star 16 Cyg A, showing vertically aligned ridges of oscillation power. Note the faint (but significant) power of the l = 3
ridge. (b) The subgiant KIC 6442183 showing a beautiful avoided crossing of the l = 1 modes at a frequency of ∼1,000 µHz. (c) The
first-ascent red-giant branch (RGB) star KIC 6949816, which shows clusters of closely spaced l = 1 mixed modes in its spectrum.
(d,e) RGB (KIC 3100193) and red clump (RC) (KIC 7522297) stars that have similar surface properties (note the complexity of the l =
1 modes in the spectrum of KIC 7522297 compared to KIC 3100193).
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Figure 2
Échelle diagrams of the oscillation spectra of five stars observed by Kepler. Annotations mark the angular degrees, l. (a) The
main-sequence star 16 Cyg A, showing vertically aligned ridges of oscillation power. Note the faint (but significant) power of the l = 3
ridge. (b) The subgiant KIC 6442183 showing a beautiful avoided crossing of the l = 1 modes at a frequency of ∼1,000 µHz. (c) The
first-ascent red-giant branch (RGB) star KIC 6949816, which shows clusters of closely spaced l = 1 mixed modes in its spectrum.
(d,e) RGB (KIC 3100193) and red clump (RC) (KIC 7522297) stars that have similar surface properties (note the complexity of the l =
1 modes in the spectrum of KIC 7522297 compared to KIC 3100193).
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Figure 2
Échelle diagrams of the oscillation spectra of five stars observed by Kepler. Annotations mark the angular degrees, l. (a) The
main-sequence star 16 Cyg A, showing vertically aligned ridges of oscillation power. Note the faint (but significant) power of the l = 3
ridge. (b) The subgiant KIC 6442183 showing a beautiful avoided crossing of the l = 1 modes at a frequency of ∼1,000 µHz. (c) The
first-ascent red-giant branch (RGB) star KIC 6949816, which shows clusters of closely spaced l = 1 mixed modes in its spectrum.
(d,e) RGB (KIC 3100193) and red clump (RC) (KIC 7522297) stars that have similar surface properties (note the complexity of the l =
1 modes in the spectrum of KIC 7522297 compared to KIC 3100193).
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Figure 2
Échelle diagrams of the oscillation spectra of five stars observed by Kepler. Annotations mark the angular degrees, l. (a) The
main-sequence star 16 Cyg A, showing vertically aligned ridges of oscillation power. Note the faint (but significant) power of the l = 3
ridge. (b) The subgiant KIC 6442183 showing a beautiful avoided crossing of the l = 1 modes at a frequency of ∼1,000 µHz. (c) The
first-ascent red-giant branch (RGB) star KIC 6949816, which shows clusters of closely spaced l = 1 mixed modes in its spectrum.
(d,e) RGB (KIC 3100193) and red clump (RC) (KIC 7522297) stars that have similar surface properties (note the complexity of the l =
1 modes in the spectrum of KIC 7522297 compared to KIC 3100193).
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Figure 2
Échelle diagrams of the oscillation spectra of five stars observed by Kepler. Annotations mark the angular degrees, l. (a) The
main-sequence star 16 Cyg A, showing vertically aligned ridges of oscillation power. Note the faint (but significant) power of the l = 3
ridge. (b) The subgiant KIC 6442183 showing a beautiful avoided crossing of the l = 1 modes at a frequency of ∼1,000 µHz. (c) The
first-ascent red-giant branch (RGB) star KIC 6949816, which shows clusters of closely spaced l = 1 mixed modes in its spectrum.
(d,e) RGB (KIC 3100193) and red clump (RC) (KIC 7522297) stars that have similar surface properties (note the complexity of the l =
1 modes in the spectrum of KIC 7522297 compared to KIC 3100193).
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Figure 2
Échelle diagrams of the oscillation spectra of five stars observed by Kepler. Annotations mark the angular degrees, l. (a) The
main-sequence star 16 Cyg A, showing vertically aligned ridges of oscillation power. Note the faint (but significant) power of the l = 3
ridge. (b) The subgiant KIC 6442183 showing a beautiful avoided crossing of the l = 1 modes at a frequency of ∼1,000 µHz. (c) The
first-ascent red-giant branch (RGB) star KIC 6949816, which shows clusters of closely spaced l = 1 mixed modes in its spectrum.
(d,e) RGB (KIC 3100193) and red clump (RC) (KIC 7522297) stars that have similar surface properties (note the complexity of the l =
1 modes in the spectrum of KIC 7522297 compared to KIC 3100193).
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Figure 2
Échelle diagrams of the oscillation spectra of five stars observed by Kepler. Annotations mark the angular degrees, l. (a) The
main-sequence star 16 Cyg A, showing vertically aligned ridges of oscillation power. Note the faint (but significant) power of the l = 3
ridge. (b) The subgiant KIC 6442183 showing a beautiful avoided crossing of the l = 1 modes at a frequency of ∼1,000 µHz. (c) The
first-ascent red-giant branch (RGB) star KIC 6949816, which shows clusters of closely spaced l = 1 mixed modes in its spectrum.
(d,e) RGB (KIC 3100193) and red clump (RC) (KIC 7522297) stars that have similar surface properties (note the complexity of the l =
1 modes in the spectrum of KIC 7522297 compared to KIC 3100193).
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Figure 2
Échelle diagrams of the oscillation spectra of five stars observed by Kepler. Annotations mark the angular degrees, l. (a) The
main-sequence star 16 Cyg A, showing vertically aligned ridges of oscillation power. Note the faint (but significant) power of the l = 3
ridge. (b) The subgiant KIC 6442183 showing a beautiful avoided crossing of the l = 1 modes at a frequency of ∼1,000 µHz. (c) The
first-ascent red-giant branch (RGB) star KIC 6949816, which shows clusters of closely spaced l = 1 mixed modes in its spectrum.
(d,e) RGB (KIC 3100193) and red clump (RC) (KIC 7522297) stars that have similar surface properties (note the complexity of the l =
1 modes in the spectrum of KIC 7522297 compared to KIC 3100193).
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Figure 2
Échelle diagrams of the oscillation spectra of five stars observed by Kepler. Annotations mark the angular degrees, l. (a) The
main-sequence star 16 Cyg A, showing vertically aligned ridges of oscillation power. Note the faint (but significant) power of the l = 3
ridge. (b) The subgiant KIC 6442183 showing a beautiful avoided crossing of the l = 1 modes at a frequency of ∼1,000 µHz. (c) The
first-ascent red-giant branch (RGB) star KIC 6949816, which shows clusters of closely spaced l = 1 mixed modes in its spectrum.
(d,e) RGB (KIC 3100193) and red clump (RC) (KIC 7522297) stars that have similar surface properties (note the complexity of the l =
1 modes in the spectrum of KIC 7522297 compared to KIC 3100193).
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Figure 2
Échelle diagrams of the oscillation spectra of five stars observed by Kepler. Annotations mark the angular degrees, l. (a) The
main-sequence star 16 Cyg A, showing vertically aligned ridges of oscillation power. Note the faint (but significant) power of the l = 3
ridge. (b) The subgiant KIC 6442183 showing a beautiful avoided crossing of the l = 1 modes at a frequency of ∼1,000 µHz. (c) The
first-ascent red-giant branch (RGB) star KIC 6949816, which shows clusters of closely spaced l = 1 mixed modes in its spectrum.
(d,e) RGB (KIC 3100193) and red clump (RC) (KIC 7522297) stars that have similar surface properties (note the complexity of the l =
1 modes in the spectrum of KIC 7522297 compared to KIC 3100193).

358 Chaplin · Miglio

AA51CH09-Chaplin ARI 16 June 2013 12:6

Fr
eq

ue
nc

y 
(µ

H
z)

Frequency modulo 103.94 µHz 

2,000

2,500

3,000

1,500

0 20 6040 80 100

KIC 12069424a b

d e

c

02 3 1

KIC 6442183

800

1,000

1,200

1,400

1,600

0 10 20 30 40 50 60

Frequency modulo 65.33 µHz 

Fr
eq

ue
nc

y 
(µ

H
z) 02 3 1

KIC 6949816

0 2 4 6

50

60

70

80

90

100

Fr
eq

ue
nc

y 
(µ

H
z)

Frequency modulo 7.81 µHz 

02 3 1

KIC 3100193

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
10

20

30

40
Fr

eq
ue

nc
y 

(µ
H

z)
021

Frequency modulo 3.53 µHz 

KIC 7522297

0 1 2 3

Fr
eq

ue
nc

y 
(µ

H
z)

Frequency modulo 4.10 µHz 

021

20

30

40

4

Figure 2
Échelle diagrams of the oscillation spectra of five stars observed by Kepler. Annotations mark the angular degrees, l. (a) The
main-sequence star 16 Cyg A, showing vertically aligned ridges of oscillation power. Note the faint (but significant) power of the l = 3
ridge. (b) The subgiant KIC 6442183 showing a beautiful avoided crossing of the l = 1 modes at a frequency of ∼1,000 µHz. (c) The
first-ascent red-giant branch (RGB) star KIC 6949816, which shows clusters of closely spaced l = 1 mixed modes in its spectrum.
(d,e) RGB (KIC 3100193) and red clump (RC) (KIC 7522297) stars that have similar surface properties (note the complexity of the l =
1 modes in the spectrum of KIC 7522297 compared to KIC 3100193).
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average seismic parameters:

2078 A. Miglio et al.

expected for this cluster, and to the lack of an independent and accurate distance determination.
In the near future, additional constraints from frequencies of individual pulsation modes and
spectroscopic effective temperatures will allow further stringent tests of the !ν and νmax

scaling relations, which provide a novel, and potentially very accurate, means of determining
stellar radii and masses.

Key words: asteroseismology – stars: late-type – stars: mass-loss – open clusters and associ-
ations: individual: NGC 6791 – open clusters and associations: individual: NGC 6819.

1 IN T RO D U C T I O N

The mass-loss rates of evolved stars are of primary importance for
stellar and galactic evolution models, but neither the theory nor the
observations are adequate to place reliable direct quantitative con-
straints. The mass-loss from asymptotic giant branch (AGB) stars
is reasonably well understood in terms of global pulsations lifting
gas out to distances above the photosphere where dust forms (e.g.
Wood 1979; Bowen 1988), and the action of radiation pressure on
the dust that further drives dust and gas away (e.g. Höfner 2009, and
references therein). In contrast, there is no reliable theory for the
mass-loss of cool, dust-free red giants, and even the wind accelera-
tion mechanism remains unknown for the red giant branch (RGB).
For these stars, no known mechanisms can yet satisfactorily explain
the observed wind characteristics (for further discussion, see Lafon
& Berruyer 1991; Harper 1996).

Indirect information is, however, available on the integrated mass-
loss on the first giant branch (see e.g. Catelan 2009, for a recent
review). This is important because it may involve a substantial
amount of mass, especially for the lower mass stars undergoing the
helium core flash, and thus may affect the initial to final mass rela-
tion and the amount of mass recycled into the interstellar medium.
In the case of globular cluster (GC) stars, mass-loss along the RGB,
and its spread, affects the distribution of stars along the horizontal
branch (HB). This is because the morphology of the core-helium-
burning track depends on the ratio between the helium core mass
and the hydrogen-rich envelope mass, or, in other words, on the
relative roles played by the core-helium-burning and the hydrogen
shell burning (e.g. Sweigart & Gross 1976). The indirect evidence
tells us that in GCs more mass is lost on the RGB than the AGB,
since the typical stellar mass on the HB is ∼0.6 M⊙, with turn-off
masses of ∼0.8 M⊙, and white dwarfs masses of ∼0.5–0.55 M⊙
(Kalirai et al. 2009).

The standard picture that the mass distribution along the HB
matches mass-loss on the RGB has been questioned in the last
decade. The ubiquitous presence of multiple populations in GCs
has now become evident (e.g. Gratton et al. 2001; Piotto et al. 2007;
Carretta et al. 2009), and the proposal that the stellar helium content
of the different populations also has a role in determining the HB
morphology (D’Antona et al. 2002; D’Antona & Caloi 2004) was
confirmed by the presence of multiple main sequences in some GCs
(Piotto et al. 2005, 2007).

In order to describe the mass-loss along the RGB, researchers rely
on empirical laws like that of Reimers (1975a,b) which is based on
observations of Population I giants, and which describes mass-loss
rates as a function of stellar luminosity, radius and surface grav-
ity. While subsequent work (Mullan 1978; Goldberg 1979; Judge
& Stencel 1991; Catelan 2000; Schröder & Cuntz 2007) led to
slight refinements, a variant of the ‘Reimers law’ is generally used
to compute stellar evolution models of cool stars at all ages and
metallicities.

Several observational indications on the RGB mass-loss have
emerged in recent years. Origlia et al. (2002) detected the circum-
stellar matter around GC red giants using the ISOCAM camera
onboard the ISO satellite, and derived mass-loss rates for a few
RGB stars. A first empirical mass-loss law was proposed by Origlia
et al. (2007), based on the observations by IRAC, onboard Spitzer,
of the GC 47 Tuc. They found mass-loss to be episodic, depending
less on luminosity than in Reimers law, and occurring predomi-
nantly in the upper ∼2 mag of the RGB (Origlia et al. 2010). These
findings were questioned by Boyer et al. (2010) and McDonald
et al. (2011a,b), who found no evidence for dust production in stars
with L < 1000 L⊙. By comparing with HB models, they showed
that mass-loss on the RGB of 47 Tuc is likely to be smaller than
0.24 M⊙. Constraints on the dust production and mass-loss are now
becoming available for giants belonging to other GCs (Boyer et al.
2009; McDonald et al. 2009, 2011c, and the survey by Origlia et al.),
and will eventually provide a complete investigation of the differ-
ential mass-loss among clusters with different metallicities and HB
morphologies.

Asteroseismology promises to shed new light on this problem by
directly measuring the masses of giant stars in open clusters. The
NASA Kepler mission, which was launched successfully in 2009
March, includes in its field of view two old open clusters, NGC 6791
and 6819. In these clusters, solar-like oscillations were detected in
about 100 giants (see Stello et al. 2010; Basu et al. 2011; Hekker
et al. 2011, and Fig. 1), providing independent constraints on the
masses and radii of stars on the RGB, as well as on the distance to
the clusters and their ages (Basu et al. 2011).

The goal of this paper is to constrain the RGB mass-loss by
comparing the average mass of stars in the red clump (RC) with
the low-luminosity portion of the RGB [i.e. with L ! L(RC)]. The
structure of the paper is as follows. In Section 2, we describe the
procedures used to estimate the masses of stars from the available
seismic and non-seismic constraints. We then address the specific
case of NGC 6791 in Section 3, and of NGC 6819 in Section 4. A
first comparison with model predictions is presented in Section 5,
while a brief summary and future prospects are given in Section 6.

2 ESTIMATING STELLAR MASSES

To estimate stellar masses, we use the average seismic parameters
that characterize solar-like oscillation spectra: the so-called average
large frequency separation (!ν) and the frequency corresponding
to the maximum observed oscillation power (νmax). The large fre-
quency spacing is expected to scale as the square root of the mean
density of the star:

!ν ≃
√

M/M⊙
(R/R⊙)3

!ν⊙, (1)

where !ν⊙ = 135 µHz. The frequency of maximum power is ap-
proximatively proportional to the acoustic cut-off frequency (Brown
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Figure 1. CMD of NGC 6791 (left-hand panel) and NGC 6819 (right-hand panel). Photometric data are taken from Stetson, Bruntt & Grundahl (2003) and
Hole et al. (2009), respectively. RGB stars used in this work are marked by open squares and RC stars by open circles. See Section 3.2 for a description of the
target selection.

et al. 1991; Kjeldsen & Bedding 1995; Mosser et al. 2010; Belkacem
et al. 2011), and therefore

νmax ≃ M/M⊙
(R/R⊙)2

√
Teff/Teff,⊙

νmax,⊙ , (2)

where νmax,⊙ = 3100 µHz and Teff,⊙ = 5777 K.
These scaling relations are widely used to estimate masses and

radii of red giants (see e.g. Stello et al. 2008; Kallinger et al. 2010;
Mosser et al. 2010), but they are based on simplifying assumptions
that remain to be independently verified. Recent advances have been
made on providing a theoretical basis for the relation between the
acoustic cut-off frequency and νmax (Belkacem et al. 2011), and
preliminary investigations with stellar models (Stello et al. 2009)
indicate that the scaling relations hold to within ∼3 per cent on the
main sequence and RGB (see also White et al. 2011).

Depending on the observational constraints available, we may
derive mass estimates from equations (1) and (2) alone, or via their
combination with other available information from non-seismic ob-
servations. When no information on distance/luminosity is avail-
able, which is usually the case for field stars, equations (1) and (2)
may be solved to derive M and R (see e.g. Kallinger et al. 2010;
Mosser et al. 2010):

M

M⊙
≃

(
νmax

νmax,⊙

)3 (
"ν

"ν⊙

)−4 (
Teff

Teff,⊙

)3/2

, (3)

R

R⊙
≃

(
νmax

νmax,⊙

) (
"ν

"ν⊙

)−2 (
Teff

Teff,⊙

)1/2

. (4)

In the case of clusters, we can use the distance/luminosities esti-
mated with independent methods (i.e. via isochrone fitting or eclips-
ing binaries) as an additional constraint. Including this information
allows M to be estimated also from equation (1) or equation (2)

alone (see equations 5 and 6, respectively), or in combination lead-
ing to a mass estimate with no explicit dependence on Teff (as in
equation 7):

M

M⊙
≃

(
"ν

"ν⊙

)2 (
L

L⊙

)3/2 (
Teff

Teff,⊙

)−6

, (5)

M

M⊙
≃

(
νmax

νmax,⊙

) (
L

L⊙

) (
Teff

Teff,⊙

)−7/2

, (6)

M

M⊙
≃

(
νmax

νmax,⊙

)12/5 (
"ν

"ν⊙

)−14/5 (
L

L⊙

)3/10

. (7)

In the following sections, we use equations (3)–(7) directly to
estimate M (and R) without adding any extra dependence on stellar
models. As illustrated in detail e.g. by Gai et al. (2011), additional
(so-called ‘grid-based’) methods to estimate M and R can be de-
signed. These procedures are also based on equations (1) and (2)
but, by searching solutions for M and R in grids of evolutionary
tracks, have the advantage of reducing uncertainties on the derived
mass and radius, at the price of some model dependence that we
prefer to avoid in this study.

2.1 Error estimates

The formal uncertainties (σ i) on the masses (Mi) of the stars were
used to compute a weighted average mass for stars belonging to the
RGB and for stars in the RC:

M =
∑N

1 Mi/σ
2
i∑N

1 1/σ 2
i

.
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relation: (
νmax

νmax,⊙

)

=
(

M

M⊙

) (
R

R⊙

)−2
(

Teff

Teff,⊙

)−0.5

. (2)

3 Estimation of M and R

3.1 Direct method of estimation

If ∆ν, νmax and Teff are known, Equations (1) and (2) represent two equations in two unknowns,
and we may therefore re-arrange and solve for M and R in what we call the “direct” method of
estimation of the stellar properties. This gives (S21):

(
R

R⊙

)
=

(
νmax

νmax,⊙

) ( ∆ν

∆ν⊙

)−2
(

Teff

Teff,⊙

)0.5

, (3)

and (
M

M⊙

)
=

(
νmax

νmax,⊙

)3 ( ∆ν

∆ν⊙

)−4
(

Teff

Teff,⊙

)1.5

. (4)

The results presented in the paper were estimated by the direct method. We used νmax,⊙ = 3150µHz
and ∆ν⊙ = 134.9µHz. Estimates of Teff were derived by An et al., (in preparation) from the
multicolor photometry available in the Kepler Input Catalog. The median fractional precision in the
temperatures is about 1 %.

We obtained from the direct method a median fractional uncertainty of just over 10 % in M and
about 5.5 % in R. That the fractional uncertainties on M are larger than those on R is apparent
from the propagation of the uncertainties on the observables, i.e.,

(
δR

R

)2

=
(

δνmax

νmax

)2

+
(

2
δ∆ν

∆ν

)2

+
(

0.5
δTeff

Teff

)2

. (5)

and (
δM

M

)2

=
(

3
δνmax

νmax

)2

+
(

4
δ∆ν

∆ν

)2

+
(

1.5
δTeff

Teff

)2

, (6)

The direct method is very attractive because it provides mass and radius estimates that are indepen-
dent of stellar evolutionary models, and this is clearly of great benefit for instructive comparisons
with the population synthesis models. However, the direct method does give larger uncertainties on
M and on R than would be obtained from a “grid-based” method of estimation (here about twice as
large; see Section 3.2 below). Although the uncertainties are larger than for the grid-based method,
this does mean that they are expected to largely capture any uncertainties in Equations (1) and (2)
due to, for example, metallicity effects.

For the present, the lack of precise independent constraints on the metallicities (e.g., on [Fe/H])
means that the grid method is vulnerable to systematic bias in the estimates of M (although not R).
Once we have those tight independent constraints on all the stars – from complementary ground-
based observations being made in support of Kepler – we will be able to take full advantage of the
grid-based method and the significantly better precision it offers, as we now go on to discuss.

3.2 Grid-based method of estimation

We also applied the so-called grid-based method to estimation of the M and R of the Kepler stars.
This is essentially the well-used approach in stellar astronomy of matching the observations to stellar
evolutionary tracks, but with the powerful diagnostic information contained in the seismic ∆ν and
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Figure 4. Radius and mass distributions of stars in LRa01 (blue) and
LRc01 (red) obtained using the method described in Sec. 1. Upper panels:

N3 sample, Lower panels: N2 sample

the interstellar dust) are smoothly distributed and quite uniform in their distributions of
ages/metallicities.

Simulations with both TRILEGAL and the Besançon Model (see Fig. 5 and 6) show
that, although a similar distribution of radius is expected in LRa01 and LRc01, the age
(hence mass) distribution of the two populations of giants is expected to di↵er. Stars in
LRc01 are expected to be older -on average- than those in LRa01.

To check whether in the synthetic populations the di↵erence between LRc01 and LRa01
is due to a di↵erent latitude, we simulated with TRILEGAL CoRoT fields at decreasing
latitudes, and fixing the longitude to that of LRa01 and LRc01 (see Fig. 7). The expected
distribution of mass and age are presented in Figure 8 to 9. In the magnitude range
observed by CoRoT, while a broad spectrum of age / mass is expected for giants in low-
latitude fields, only old stars are expected to populate high-latitude fields. In these models
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Figure 10. Radius (upper-left panel), mass (upper-right panel) and age
(lower panel) distribution of stars with most reliable seismic constraints.
Fields considered: LRc01 (573 targets), LRa01 (172 targets).
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Figure 4. Radius and mass distributions of stars in LRa01 (blue) and
LRc01 (red) obtained using the method described in Sec. 1. Upper panels:

N3 sample, Lower panels: N2 sample

the interstellar dust) are smoothly distributed and quite uniform in their distributions of
ages/metallicities.

Simulations with both TRILEGAL and the Besançon Model (see Fig. 5 and 6) show
that, although a similar distribution of radius is expected in LRa01 and LRc01, the age
(hence mass) distribution of the two populations of giants is expected to di↵er. Stars in
LRc01 are expected to be older -on average- than those in LRa01.

To check whether in the synthetic populations the di↵erence between LRc01 and LRa01
is due to a di↵erent latitude, we simulated with TRILEGAL CoRoT fields at decreasing
latitudes, and fixing the longitude to that of LRa01 and LRc01 (see Fig. 7). The expected
distribution of mass and age are presented in Figure 8 to 9. In the magnitude range
observed by CoRoT, while a broad spectrum of age / mass is expected for giants in low-
latitude fields, only old stars are expected to populate high-latitude fields. In these models
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Challenges
Test seismic scaling relations:	



vs	



models (Δν) and/or independent measurements 
of R and M

relation: (
νmax

νmax,⊙

)

=
(

M

M⊙

) (
R

R⊙

)−2
(

Teff

Teff,⊙

)−0.5

. (2)

3 Estimation of M and R

3.1 Direct method of estimation

If ∆ν, νmax and Teff are known, Equations (1) and (2) represent two equations in two unknowns,
and we may therefore re-arrange and solve for M and R in what we call the “direct” method of
estimation of the stellar properties. This gives (S21):

(
R

R⊙

)
=

(
νmax

νmax,⊙

) ( ∆ν

∆ν⊙

)−2
(

Teff

Teff,⊙

)0.5

, (3)

and (
M

M⊙

)
=

(
νmax

νmax,⊙

)3 ( ∆ν

∆ν⊙

)−4
(

Teff

Teff,⊙

)1.5

. (4)

The results presented in the paper were estimated by the direct method. We used νmax,⊙ = 3150µHz
and ∆ν⊙ = 134.9µHz. Estimates of Teff were derived by An et al., (in preparation) from the
multicolor photometry available in the Kepler Input Catalog. The median fractional precision in the
temperatures is about 1 %.

We obtained from the direct method a median fractional uncertainty of just over 10 % in M and
about 5.5 % in R. That the fractional uncertainties on M are larger than those on R is apparent
from the propagation of the uncertainties on the observables, i.e.,

(
δR

R

)2

=
(

δνmax

νmax

)2

+
(

2
δ∆ν

∆ν

)2

+
(

0.5
δTeff

Teff

)2

. (5)

and (
δM

M

)2

=
(

3
δνmax

νmax

)2

+
(

4
δ∆ν

∆ν

)2

+
(

1.5
δTeff

Teff

)2

, (6)

The direct method is very attractive because it provides mass and radius estimates that are indepen-
dent of stellar evolutionary models, and this is clearly of great benefit for instructive comparisons
with the population synthesis models. However, the direct method does give larger uncertainties on
M and on R than would be obtained from a “grid-based” method of estimation (here about twice as
large; see Section 3.2 below). Although the uncertainties are larger than for the grid-based method,
this does mean that they are expected to largely capture any uncertainties in Equations (1) and (2)
due to, for example, metallicity effects.

For the present, the lack of precise independent constraints on the metallicities (e.g., on [Fe/H])
means that the grid method is vulnerable to systematic bias in the estimates of M (although not R).
Once we have those tight independent constraints on all the stars – from complementary ground-
based observations being made in support of Kepler – we will be able to take full advantage of the
grid-based method and the significantly better precision it offers, as we now go on to discuss.

3.2 Grid-based method of estimation

We also applied the so-called grid-based method to estimation of the M and R of the Kepler stars.
This is essentially the well-used approach in stellar astronomy of matching the observations to stellar
evolutionary tracks, but with the powerful diagnostic information contained in the seismic ∆ν and
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TESTING SCALING RELATIONS 
from models

0.7 Msun

2.4 Msun
Depends on:	



evolutionary state	


stellar mass

see also White et al. 2011



TESTING SCALING RELATIONS 
from models

Depends on:	


evolutionary state	



stellar mass

and on 	


chemical composition

[Fe/H]=-1



TESTING SCALING RELATIONS 

empirical tests of scaling relations

interferometry

Kepler dwarfs+ Hipp parallaxes

NGC6791: R and M

a few nearby/CoRoT dwarfs and giants
Bruntt et al. 2011, Miglio 2011, Bedding 2011

Miglio et al. 2012, Brogaard et al. 2012, Sandquist et al. 2013

Huber et al. 2012

Silva Aguirre et al. 2012

e.g.

Eclipsing binaries ~ 4% for Radius	


~10% for Mass



Challenges
Age estimate: inherently model dependent

need to test stellar models!

can seismology help?
evolutionary state

near-core mixing

RGB mass loss 

...



why is it relevant to determine ev. state of a ~10 Rsun giant ?

Period spacing RGB vs RC
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Unknown

age estimates using PARAM (as in Da Silva et al. 2006, Nordstrom et al. 2004)

ev. state

constraints: Δν, νmax, [Fe/H], Teff, ev. state



ENSEMBLE ASTEROSEISMOLOGY	


non-radial modes

�⌫n` / �
Z R

0

dc

dr

dr

r

Kallinger et al. 2012

600 d with Kepler

White et al. 2011

Montalban et al. 2012

See also  poter by 	


 Rasmus Handberg  

Evolutionary state



ENSEMBLE ASTEROSEISMOLOGY	


non-radial mixed modes

Bedding et al. 2011

Stello et al. 2013

Evolutionary state from  	


period spacing of dipole modes



ENSEMBLE ASTEROSEISMOLOGY	


non-radial mixed modes

Δν+νmax	


period spacing 	



metallicity
mixing during MS

asymptotic period spacing	



mixing during He burning	





CONCLUSIONS
Scaling relations have an 
enormous potential, in particular 
to study stellar populations, but 
we need:	



• We need to constraint/calibrate 
the scaling relations, for 
example EB, parallaxes 	



• To exploit the potential of 
scaling relations in the study of 
stellar populations we need 
chemical composition

expected from Gaia for R=16	


Cacciari, 2014

APOGEE ( talk M. Pinsonneault)	


Gaia-ESO Survey (talk M. Valentini)	


GALAH-Hermes @ AAT
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une dernière télécommande

Le travail continue au sol pour de nombreuses années ... e
t encore tant de choses à découvrir…
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Thank you !


