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Acoustic glitches in giants

Miglio et al. 2010, A&A

First evidence for a sharp-structure 
variation in a red giant CoRoT target

HR7349

A. Miglio et al.: Evidence for a sharp structure variation inside a red-giant star
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Fig. 4.Mode inertias of radial modes (full dots), ! = 1 modes (asterisks)
and ! = 2 modes (open triangles) for a 1.2 M! red-giant model.
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Fig. 5. Open squares represent ∆νn,! computed from ! = 0, 1, 2 adia-
batic frequencies in a 1.2 M! red giant model. The solid line shows a
sinusoidal component with amplitude decreasing with frequency (see
Monteiro & Thompson 1998; Houdek & Gough 2007) fitted to the
! = 0, 1 large separation determined by Carrier et al. 2010 (dots with
error bars).

5. Conclusions
In summary, we have shown that the acoustic pulsation modes
detected by CoRoT in the red giant star HR7349 bear the sig-
nature of a sharp-structure variation inside the star. Comparison
with stellar models allows us to interpret this feature as caused
by a local depression of the sound speed occurring in the helium
second-ionization region.

Besides representing the first seismic inference of a local fea-
ture in the internal structure of an evolved low-mass star, this de-
tection allows a mass (M = 1.2+0.6

−0.4 M!) and radius (R = 12.2
+2.1
−1.8

R!) estimate based solely on seismic constraints. Moreover, for
this nearby star, we could also check that our radius estimate is
compatible with the one based on luminosity and effective tem-
perature (R = 12.2 ± 1.1 R!). This additional test reinforces the
proposed interpretation and approach, which could be applied to
the thousands of pulsating giants of unknown distance that are
currently being observed with the space satellites CoRoT (see
Hekker et al. 2009 and, in particular, Fig. 6 in Mosser et al. 2010)
and Kepler (Borucki et al. 2010; Gilliland et al. 2010; Bedding
et al. 2010a). A reliable seismic estimate of the mass and ra-
dius of these stars would represent an essential ingredient for
stellar population studies (Miglio et al. 2009) and for character-
izing planets orbiting around these evolved distant stars (see e.g.
Hatzes & Zechmeister 2007).

We finally recall that the detectability of the signature of He
ionization can potentially lead us to a seismic estimate of the en-
velope helium abundance in old stars. Indeed, as shown for the
Sun and solar-like stars, the amplitude of the periodic component
depends on the envelope helium abundance (see e.g. Basu et al.
2004; Houdek & Gough 2007, and references therein). While
CoRoT and Kepler observations will provide other targets and
further reduce the uncertainty on the oscillation frequencies, a
thorough study on the required precision in terms of seismic and
non-seismic observational constraints, as well as and in terms of
models, should be undertaken to aim for reliable seismic esti-
mate of the envelope helium abundance in giants.
Acknowledgements. JM acknowledges the Belgian Prodex-ESA for support
(contract C90310). FC is a postdoctoral fellow of the Funds for Scientific
Research, Flanders (FWO).

References
Baglin, A., Michel, E., Auvergne, M., & The COROT Team. 2006, in
ESA Special Publication, Vol. 624, Proceedings of SOHO 18/GONG
2006/HELAS I, Beyond the spherical Sun

Ballot, J., Turck-Chièze, S., & Garcı́a, R. A. 2004, A&A, 423, 1051
Basu, S., Mazumdar, A., Antia, H. M., & Demarque, P. 2004, MNRAS, 350, 277
Bedding, T. R., Huber, D., Stello, D., et al. 2010a, ApJ, 713, L176
Bedding, T. R., Kjeldsen, H., Campante, T. L., et al. 2010b, ApJ, 713, 935
Borucki, W. J., Koch, D., Basri, G., et al. 2010, Science, 327, 977
Carrier, F., De Ridder, J., Baudin, F., et al. 2010, A&A, 509, A73
Catelan, M. 2009, Ap&SS, 320, 261
Christensen-Dalsgaard, J. 2002, Reviews of Modern Physics, 74, 1073
Christensen-Dalsgaard, J. 2004, Sol. Phys., 220, 137
De Ridder, J., Barban, C., Baudin, F., et al. 2009, Nature, 459, 398
Dupret, M., Belkacem, K., Samadi, R., et al. 2009, A&A, 506, 57
Dziembowski, W. A., Gough, D. O., Houdek, G., & Sienkiewicz, R. 2001,
MNRAS, 328, 601

Eggenberger, P., Miglio, A., Montalban, J., et al. 2010, A&A, 509, A72
Frandsen, S., Carrier, F., Aerts, C., et al. 2002, A&A, 394, L5
Gilliland, R. L., Brown, T. M., Christensen-Dalsgaard, J., et al. 2010, PASP, 122,
131

Girardi, L. & Salaris, M. 2001, MNRAS, 323, 109
Gough, D. O. 1990, Lecture Notes in Physics, Berlin Springer Verlag, 367, 283
Hatzes, A. P. & Zechmeister, M. 2007, ApJ, 670, L37
Hekker, S., Kallinger, T., Baudin, F., et al. 2009, A&A, 506, 465
Houdek, G. & Gough, D. O. 2007, MNRAS, 375, 861
Kippenhahn, R. & Weigert, A. 1990, Stellar Structure and Evolution (Springer-
Verlag)

Kjeldsen, H. & Bedding, T. R. 1995, A&A, 293, 87
Lee, M. G., Freedman, W. L., & Madore, B. F. 1993, ApJ, 417, 553
Mazumdar, A. 2005, A&A, 441, 1079
Mazumdar, A. & Antia, H. M. 2001, A&A, 377, 192
Miglio, A., Christensen-Dalsgaard, J., di Mauro, M. P., Monteiro, M. J. P. F. G.,
& Thompson, M. J. 2003, in Asteroseismology Across the HR Diagram, ed.
M. J. Thompson, M. S. Cunha, & M. J. P. F. G. Monteiro, 537–540

Miglio, A., Montalbán, J., Baudin, F., et al. 2009, A&A, 503, L21
Monteiro, M. J. P. F. G., Christensen-Dalsgaard, J., & Thompson, M. J. 2000,
MNRAS, 316, 165

Monteiro, M. J. P. F. G. & Thompson, M. J. 1998, in IAU Symposium, Vol. 185,
New Eyes to See Inside the Sun and Stars, ed. F.-L. Deubner, J. Christensen-
Dalsgaard, & D. Kurtz, 317

Mosser, B. & Appourchaux, T. 2009, A&A, 508, 877
Mosser, B., Belkacem, K., Goupil, M.-J., et al. 2010, A&A, in press
Perez Hernandez, F. & Christensen-Dalsgaard, J. 1998, MNRAS, 295, 344
Roxburgh, I. W. & Vorontsov, S. V. 1998, in IAU Symposium, Vol. 185, New
Eyes to See Inside the Sun and Stars, ed. F.-L. Deubner, J. Christensen-
Dalsgaard, & D. Kurtz, 391
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and ! = 2 modes (open triangles) for a 1.2 M! red-giant model.
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Fig. 5. Open squares represent ∆νn,! computed from ! = 0, 1, 2 adia-
batic frequencies in a 1.2 M! red giant model. The solid line shows a
sinusoidal component with amplitude decreasing with frequency (see
Monteiro & Thompson 1998; Houdek & Gough 2007) fitted to the
! = 0, 1 large separation determined by Carrier et al. 2010 (dots with
error bars).

5. Conclusions
In summary, we have shown that the acoustic pulsation modes
detected by CoRoT in the red giant star HR7349 bear the sig-
nature of a sharp-structure variation inside the star. Comparison
with stellar models allows us to interpret this feature as caused
by a local depression of the sound speed occurring in the helium
second-ionization region.

Besides representing the first seismic inference of a local fea-
ture in the internal structure of an evolved low-mass star, this de-
tection allows a mass (M = 1.2+0.6

−0.4 M!) and radius (R = 12.2
+2.1
−1.8

R!) estimate based solely on seismic constraints. Moreover, for
this nearby star, we could also check that our radius estimate is
compatible with the one based on luminosity and effective tem-
perature (R = 12.2 ± 1.1 R!). This additional test reinforces the
proposed interpretation and approach, which could be applied to
the thousands of pulsating giants of unknown distance that are
currently being observed with the space satellites CoRoT (see
Hekker et al. 2009 and, in particular, Fig. 6 in Mosser et al. 2010)
and Kepler (Borucki et al. 2010; Gilliland et al. 2010; Bedding
et al. 2010a). A reliable seismic estimate of the mass and ra-
dius of these stars would represent an essential ingredient for
stellar population studies (Miglio et al. 2009) and for character-
izing planets orbiting around these evolved distant stars (see e.g.
Hatzes & Zechmeister 2007).

We finally recall that the detectability of the signature of He
ionization can potentially lead us to a seismic estimate of the en-
velope helium abundance in old stars. Indeed, as shown for the
Sun and solar-like stars, the amplitude of the periodic component
depends on the envelope helium abundance (see e.g. Basu et al.
2004; Houdek & Gough 2007, and references therein). While
CoRoT and Kepler observations will provide other targets and
further reduce the uncertainty on the oscillation frequencies, a
thorough study on the required precision in terms of seismic and
non-seismic observational constraints, as well as and in terms of
models, should be undertaken to aim for reliable seismic esti-
mate of the envelope helium abundance in giants.
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Fig. 2. a) Behaviour of γ1 as a function of t/T in a 1.2 M!, 12 R! model:
the region where helium undergoes its second ionization induces a local
minimum in γ1. In the same model the base of the convective envelope
is located at t/T = 2 10−2. b) Location of acoustic glitches in a model
of the Sun.

Furthermore, we find that in the models the relative acoustic
radius of the He second-ionization region (tHeII/T ) and the aver-
age ∆ν determine the mass and radius of the star (see Fig. 3). We
ascribe this dependence to the the fact that the temperature strat-
ification in the envelope of red-giant stars depends mostly on M
and R (see e.g. Kippenhahn & Weigert 1990); a thorough dis-
cussion on this topic will be reported in detail in a forthcoming
paper.

On the basis of seismic constraints only, we can thus derive
from Fig. 3 the mass of HR7349 (M = 1.2+0.6

−0.4 M!) and, through
the scaling of ∆ν with the mean stellar density, its radius (R =
12.2+2.1

−1.8 R!).
Because the parallax of this nearby red giant is known, an

independent radius estimate of HR7349 can be obtained via the
precise absolute luminosity and effective temperature (Carrier
et al. 2010), leading to R = 12.2 ± 1.1 R!, in agreement with
the seismically inferred radius. We also notice that the mass and
radius estimates are also compatible to those obtained by the
combination of the frequency corresponding to the maximum
oscillation power (νmax), 〈∆ν〉, and Teff (Carrier et al. 2010).

4. Direct comparison with numerically computed
oscillation frequencies

We consider a red giant model of 1.2 M! and 12 R! computed
with the stellar evolutionary code ATON (Ventura et al. 2008).
The model has an initial helium mass fraction Y = 0.278 and
a heavier-elements mass fraction Z = 0.02. For this model we
computed adiabatic oscillation frequencies of spherical degree
# = 0, 1 and 2 in the domain 15-40 µHz with an Eulerian version
of the code LOSC (Scuflaire et al. 2008).

In a red giant model, differently from the Sun, non-radial os-
cillation modes in the frequency domain of solar-like oscillations
(Kjeldsen & Bedding 1995) are expected to have a mixed pres-

Fig. 3. Behaviour of the relative acoustic radius of the second helium
ionization region (tHeII/T ) as a function of the average large frequency
separation in stellar models with different mass (0.7 to 3 M!), initial
chemical composition (helium mass fraction Y = 0.25, 0.278, heavier-
elements mass fraction Z = 0.02, 0.01), and convection-efficiency pa-
rameter (αMLT = 1.6, 1.9). The position of HR7349 in this diagram is
represented by the black dot with error bars.

sure and gravity nature. In the model we considered (see Fig.
3) the spectrum of # = 1 and 2 modes is mostly populated by
modes with a dominant gravity-like behaviour. These modes ex-
hibit a high inertia compared to radial modes, and therefore show
surface amplitudes significantly smaller than the purely acoustic
radial modes (Dziembowski et al. 2001; Christensen-Dalsgaard
2004; Dupret et al. 2009; Eggenberger et al. 2010). Nonetheless,
among this large number of non-radial oscillation modes, few
modes are efficiently trapped in the acoustic cavity of the star
and have inertias similar to those of radial modes (see Fig. 4).

We then compute∆ν(ν) and ∆2ν(ν) by selecting radial modes
and the # = 1 modes corresponding to local minima in the in-
ertia, hence strongly trapped in the acoustic cavity. We find an
average value of the large frequency separation of 3.4 µHz and
clear periodic components in ∆ν(ν) (open squares in Fig. 5) and
∆2ν(ν).

The comparison between the model and observed frequency
separations clearly supports the interpretation that the periodic
component is caused by the local depression in the sound speed
in the second helium ionization zone. This feature is well repre-
sented by current models that have a mass and radius determined
from the periodicity of the component and the average value of
the large frequency separation (see Fig. 3).

We notice that the periodic component related to the He
second-ionization zone is expected to have an amplitude de-
caying with frequency, as shown in numerically computed fre-
quencies (open squares in Fig. 5) and in analytical approxima-
tions (Monteiro & Thompson 1998; Houdek & Gough 2007).
Although current error bars are too large to draw a firm state-
ment, the amplitude of the observed component computed with
# = 0 and 1 modes seems to show the expected behaviour, while
we notice that the observed # = 2 modes show a larger scatter.

3

Houdek  &  Gough,  2007       Ballot  et  al.  2004

Sun: low-degree modes
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Period spacing: evolutionary state

4 Jørgen Christensen-Dalsgaard

oscillates as a function of r, i.e., where K > 0. In regions where K < 0 the
eigenfunction locally increases or decreases exponentially with r. There may be
several oscillatory regions, but typically the amplitude is substantially larger in
one of these than in the rest, defining the region where the mode is said to be
trapped.

The acoustic cut-off frequency is generally large near the stellar surface and
small in the interior. For the low-degree modes relevant here the term in S2

l
in Eq. (2) is small near the surface, and the properties of the oscillations are
determined by the magnitude of ω relative to the atmospheric value of ωac: when
ω is less than ωac the eigenfunction decreases exponentially in the atmosphere,
and the mode is trapped in the stellar interior; otherwise, the mode is strongly
damped by the loss of energy through running waves in the atmosphere.

The properties of the oscillations in the stellar interior are controlled by
the behaviour of Sl and N (see Fig. 1). In unevolved stars N is typically small
compared with the characteristic frequencies of p modes. For these, therefore,
K ! (ω2 − S2

l )/c
2 (neglecting ωac), and the modes are trapped in the region

where ω > Sl in the outer parts of the star, with a lower turning point, r = rt,
such that

c(rt)

rt
=

ω
√

l(l + 1)
. (6)

At low degree the cyclic frequencies of p modes approximately satisfy

νnl =
ωnl

2π
! ∆ν

(

n+
l

2
+ ε

)

− dnl (7)

(Vandakurov et al. 1967; Tassoul 1980; Gough 1993); here n is the radial order
of the mode,

∆ν =

(

2

∫ R

0

dr

c

)−1

(8)

is the inverse sound travel time across a stellar diameter, R being the surface
radius, ε is a frequency-dependent phase that reflects the behaviour of ωac near
the stellar surface and dnl is a small correction that in main-sequence stars
predominantly depends on the sound-speed gradient in the stellar core. On the
other hand, g modes have frequencies below N and typically such that ω # Sl
in the relevant part of the star; in this case the modes are trapped in a region
defined by ω < N . Here the oscillation periods satisfy a simple asymptotic
relation:

Πnl =
2π

ωnl
! ∆Πl(n+ εg) (9)

(Vandakurov et al. 1967; Tassoul 1980), where εg is a phase and

∆Πl =
2π2

√

l(l + 1)

(
∫ r2

r1

N
dr

r

)−1

, (10)

the integral being over the region where the modes are trapped.
As discussed in Section 4 (see also Bedding, these proceedings) the situation

is considerably more complicated in evolved stars with a compact core; this leadsBedding et al. 2011

Mosser  et al. 2011

He-burning

RGB

Kepler

CoRoT
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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

4

Mass and radius estimate:
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Figure 1. Colour-magnitude diagram of NGC6791 (left panel) and NGC6819 (right panel). Photometric data are taken from Stetson et
al. (2003) and Hole et al (2009), respectively. RGB (RC) stars used in this work are marked by open squares (circles), see Sec. 3.2 for a
description of the target selection.

1 INTRODUCTION: MASS LOSS IN RED
GIANTS

The mass-loss rates of evolved stars are of primary impor-
tance for stellar and galactic evolution models, but neither
the observations nor the theory are su⌅ciently adequate to5

place reliable direct quantitative constraints. The mass loss
from evolved Asymptotic Giant Branch (AGB) stars is rea-
sonably 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 radiation10

pressure on the dust that further drives dust and gas away
(e.g. Höfner, S. 2009, and references therein). On the con-
trary, there is no reliable theory on the mass loss for cool,
dust-free red giants, and even the wind acceleration mech-
anism remains unknown for the Red Giant Branch (RGB),15

and for these stars no known mechanisms can yet satisfac-
torily explain the observed wind characteristics (for further
discussion, see Lafon & Berruyer 1991; Harper 1996).

Indirect information is however available on the inte-
grated mass loss on the first giant branch (see e.g. Catelan20

2009, for a recent review). This is important knowledge to
be acquired, as it may concern a substantial amount of mass
(especially for the lower mass stars undergoing the helium
core flash) and thus it may a�ect the initial to final mass re-
lation and the amount of mass recycled into the interstellar25

medium. In the case of Globular Cluster (GC) stars, mass
loss along the RGB, and its spread, a�ects the distribution
of stars along the Horizontal Branch (HB), as the core he-
lium burning track location depends on the ratio between
the helium core mass and the hydrogen–rich envelope mass,30

or, better, 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, as the typical
stellar mass on the HB is �0.6M�, with turn-o� masses of35

�0.8M�, and white dwarfs masses of �0.5–0.55M�.
The standard picture that the mass distribution along

the HB matches mass loss on the RGB has been questioned
in the last decade, when the presence of ubiquitous multi-
ple populations in GCs became evident (e.g. Gratton et al.40

2001; Carretta et al. 2009; Piotto et al. 2007), and the pro-
posal that also the stellar helium content of the di�erent
populations has a role in determining the HB morphology
(D’Antona et al. 2002; D’Antona & Caloi 2004) was con-
firmed by the presence of multiple main sequences in some45

globular clusters (Piotto et al. 2005, 2007)
In order to describe the mass loss along the RGB, re-

searchers rely on empirical relations like that of Reimers
(1975a,b) based on observations of Population I giants.
While subsequent work (Mullan 1978; Goldberg, L. 1979;50

Judge & Stencel 1991; Catelan 2000; Schröder & Cuntz
2007) led to slight refinements, a variant of the “Reimers
law” is generally the only basis to compute the evolution of
stellar models of cool stars at all ages and metallicities.

Several observational indications on the RGB mass loss55

have emerged in recent years. Origlia et al. (2002) detected
the circumstellar 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 the60

observations by IRAC, onboard Spitzer, of the GC 47 Tuc.
They found mass loss to be episodic, depend less on luminos-
ity compared to Reimers’, and occurs predominantly in the

c� 2010 RAS, MNRAS 000, 1–12

• empirical calibrations: 
clusters                

Miglio et al. 2011, MNRAS in press

Kepler clusters e.g. NGC6791 
Basu et al. 2011, Stello et al. 2011
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from Mass to  Age

mass good proxy for the age of RGB stars
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