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ABSTRACT

Mass-loss of red giant branch (RGB) stars is still poorly determined, despite its crucial role in
the chemical enrichment of galaxies. Thanks to the recent detection of solar-like oscillations
in G-K giants in open clusters with Kepler, we can now directly determine stellar masses
for a statistically significant sample of stars in the old open clusters NGC 6791 and 6819.
The aim of this work is to constrain the integrated RGB mass-loss by comparing the average
mass of stars in the red clump (RC) with that of stars in the low-luminosity portion of the
RGB [i.e. stars with L < L(RC)]. Stellar masses were determined by combining the available
seismic parameters v,x and Av with additional photometric constraints and with independent
distance estimates. We measured the masses of 40 stars on the RGB and 19 in the RC of the
old metal-rich cluster NGC 6791. We find that the difference between the average mass of
RGB and RC stars is small, but significant [AM = 0.09 & 0.03 (random) #-0.04 (systematic)
M@ ]. Interestingly, such a small AM does not support scenarios of an extreme mass-loss
for this metal-rich cluster. If we describe the mass-loss rate with Reimers prescription, a first
comparison with isochrones suggests that the observed AM is compatible with a mass-loss
efficiency parameter in the range 0.1 < n < 0.3. Less stringent constraints on the RGB mass-
loss rate are set by the analysis of the ~2 Gyr old NGC 6819, largely due to the lower mass-loss
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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 Av and v
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 INTRODUCTION

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. Hofner 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).

Indirectinformation 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 ~0.5-0.55M¢
(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; Schroder & 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
etal. (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, 201 1¢, and the survey by Origliaetal.),
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 (Av) and the frequency corresponding
to the maximum observed oscillation power (V). The large fre-
quency spacing is expected to scale as the square root of the mean
density of the star:

~ | M/Mo
P RRgy O .

where Ave = 135 uHz. The frequency of maximum power is ap-
proximatively proportional to the acoustic cut-off frequency (Brown

© 2011 The Authors, MNRAS 419, 2077-2088
Monthly Notices of the Royal Astronomical Society © 2011 RAS

9102 ‘2T Afenuer uoessiS e /610°s[euIno pioxo'se.ulu;/:dny wouj pepeojumoq


http://mnras.oxfordjournals.org/

x  Stetson et al. photometry
O RGB stars used in this study
O RC stars used in this study

Asteroseismology of old open clusters 2079

X Hole et al. photometry
O RGB stars used in this study
RC stars used in this study
125~
*x @, "x
wﬁdﬂ
Tow.
®
=
o
m
« e
« @
x B
*
NGC6819
Il Il J
1 1.2 1.4

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.

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

M/Mg
Vmax = Vimax,® »
(R/R)\/Tett/ Tor.0 ©

where v, & = 3100 uHz and Ty o = 5777K.

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 v« (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 ~ Vmax ’ Av - Teff 3”2 (3)
Mo a Vinax,® Avp JN¥0) ’

R ~ ( Vmax > < Av ) - ( Teff ) 12 (4)
R@ N Umi\x,@ Al)@ Teff,@ ’

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)

© 2011 The Authors, MNRAS 419, 2077-2088
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alone (see equations 5 and 6, respectively), or in combination lead-
ing to a mass estimate with no explicit dependence on T (as in
equation 7):

5= (m0) () (25) ®
Mo - Avg Lo T o ’

M N( Vinax > (L) ( Tr >”2 ©
M@ Vmax,@ L@ Teff,@ !

M Vp 12/5 Ay \ M5 g\ 30 0
Mo - Vinax.® Ave Lo ’

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 (o ;) on the masses (M;) of the stars were
used to compute a weighted average mass for stars belonging to the
RGB and for stars in the RC:
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The uncertainties in these averages were estimated from the
weighted scatter in the masses, i.e.

—\ 2
M, —M
Z‘N(aiz)

(N-DV1/a?

Due to the small number of stars in the samples, the correction
factor [N — 1] was drawn from the Student’s ¢-distribution with
N — 1 degrees of freedom in order to assess the confidence limits
correctly (see e.g. Chaplin et al. 1998). We adopted 68 per cent as
the 1o confidence level.

To assess how well the formal fitting uncertainties reflected the
scatter in the data, we computed the ratio z = o3;/0), where
oy is the weighted mean uncertainty estimated from the formal
uncertainties on the masses, i.e.

N —1/2
o = (Z 1/a,.2> .

1

oy =t[N — 1]

If mass scatter is dominated by random errors and the formal un-
certainties reflect the true observational uncertainties, then z ~ 1.

The uncertainty on AM = Mggg — Mgc due to random errors
was finally computed as

— 2 2
OaM = \/ Offngs +0VRC'
3 NGC 6791

NGC 6791 is an old open cluster, with age estimates ranging from
~T7 to ~12 Gyr, depending on the choice of reddening and metal-
licity (see Chaboyer, Green & Liebert 1999; Stetson et al. 2003).
More recent studies (Basu et al. 2011; Brogaard et al. 2011) point
towards the lower end of this age interval. This cluster has a solar
[a/Fe] ratio (Origlia et al. 2006) and is one of the most metal-rich
clusters in our Galaxy (Friel & Janes 1993) with a metallicity of
[Fe/H] = 4 0.3 to 4+ 0.5 (e.g. Origlia et al. 2006; Brogaard et al.
2011, and references therein).

3.1 Mass-loss in NGC 6791: a puzzling open question

As summarized in the following paragraphs, an issue widely debated
in the literature is whether the high metallicity of NGC 6791 may
lead to higher-than-average mass-loss rates along the RGB, and
whether such enhanced mass-loss could explain the very peculiar
luminosity distribution of its white dwarfs.

By examining the white dwarf data in the deep Hubble Space
Telescope photometry analysed by King et al. (2005), Bedin et al.
(2005) found a rich population of hundreds of white dwarfs. Sur-
prisingly, the luminosity function of these stars showed two peaks,
the dimmer one possibly consistent with the ‘normal turn-oft age of
~8 Gyr (but see below), the brighter one indicating a much younger
age of ~2.4 Gyr. White dwarf dating of open clusters and GC has
often been used in the literature, and generally provides results con-
sistent with the turn-off dating (von Hippel 2005; Hansen et al.
2007). For NGC 6791, Hansen (2005) speculated that the peculiar
luminosity function could be related to high rates of mass-loss. If
all the cluster stars formed at the same epoch (~8 Gyr ago), and if
there has been significant mass-loss on the RGB, many stars may
have been reduced to a mass below the threshold to ignite the core
helium flash. They would evolve much more slowly than the nor-
mal carbon—oxygen white dwarfs in the cluster, leading to a more

luminous peak in the white dwarf luminosity function. This expla-
nation proposed by Hansen (2005) received support from Kalirai
et al. (2007), who derived a very low average mass (M ~ 0.43 £+
0.06 M(y) for the luminous white dwarfs for which they obtained
Keck/LRIS spectra, well below the limit for helium ignition in a
degenerate core. In addition, the post-helium flash, helium-core-
burning stars in this cluster are divided into a red giant clump and
an extremely blue HB (e.g. Kalirai et al. 2007). The latter may be
populated by the less massive stars evolving from the RGB that
were still able to ignite a late helium core flash (e.g. Castellani
& Castellani 1993; Brown et al. 2001). Stars with slightly higher
mass-loss do not ignite helium and evolved directly into helium
white dwarfs, giving rise to the more luminous peak in the white
dwarf luminosity function. Since the mass at the turn-off of NGC
67911is ~1.1 M (Brogaard et al. 2011), a huge mass-loss, possibly
connected to the high metallicity of the cluster, must have occurred
if the above scenario is true.

This tentative explanation was disputed by van Loon, Boyer &
McDonald (2008), who found that the RGB luminosity function
does not show any signs of star depletion, and that the number
of HB (clump) stars is consistent with most cluster stars evolving
through the helium flash. In addition, dust — a sign of extreme mass-
loss — was not detected around the most luminous giants. More
recently, Bedin et al. (2008a) used additional data to examine the
white dwarf sequence in NGC 6791, confirming a second dimmer
peak in the luminosity function. Since the first peak is ~0.75 mag
brighter than the dimmer one, Bedin et al. (2008b) proposed that
binary white dwarfs are responsible for the brighter peak. This
explanation required that more than ~30 per cent of the white
dwarfs are binaries. In this context, the extreme HB (EHB) can be
attributed to binary evolution following the same scenario as the
production of extreme B and O subdwarfs in the Galactic field (e.g.
Han et al. 2003).

In the new data analysed by Bedin et al. (2008b), a helium white
dwarf population does not seem to agree with the colour distribution
of the cooling sequences, while a further problem emerged for the
interpretation of the dimmer peak, in that its cooling age is ~6 Gyr,
compared with the ~8 Gyr turn-off age. This latter problem has
been recently addressed by including in the modelling the energy
released by the sedimentation of >*Ne and of the C—O mixture
in the white dwarf core (Deloye & Bildsten 2002; Althaus et al.
2010; Garcia-Berro et al. 2010), which has the effect of lengthening
the evolution of the C—O white dwarfs. The recent analysis by
Garcia-Berro et al. (2011) also favours a significant population of
unresolved binaries as the most likely explanation for the observed
white dwarf luminosity function.

3.2 Targets and data

For our initial set of targets, we took the stars listed by Stello et al.
(2011a), but removed those listed as seismic non-members and
blended stars. To avoid possible contamination by AGB stars, we
then removed stars with L > L(RC), and subsequently separated
the remaining stars into two groups, RGB and RC stars, by visual
inspection of the colour—magnitude diagram (CMD). This classifi-
cation agrees with the one presented by Stello et al. (2011a, table 1).
Recent work by Montalban et al. (2010), Bedding et al. (2011) and
Mosser et al. (2011) has shown that the characteristics of the ¢ = 1
ridge in the echelle diagram can be used as an indicator of evolu-
tionary state of low-mass giants. A detailed and systematic analysis
of the properties of £ = 1 modes in cluster stars is beyond the
scope of this paper. None the less, by visual inspection of echelle

© 2011 The Authors, MNRAS 419, 2077-2088
Monthly Notices of the Royal Astronomical Society © 2011 RAS

9102 ‘2T Afenuer uoessiS e /610°s[euIno pioxo'se.ulu;/:dny wouj pepeojumoq


http://mnras.oxfordjournals.org/

diagrams, we could identify two misclassified stars by looking at
the typical spacing between £ = 1 modes (see examples in Bedding
etal. 2011). The first one is KIC 2437103, which we now identify as
a core-He-burning star, and the second one is KIC 2437589 which
has a spectrum not compatible with a RC star and deserves further
analysis. After this selection, we are left with 40 stars on the RGB
and 19 stars in the RC (see Fig. 1).

If the mass-loss is very high, then the helium-burning stars that
lost the most mass will not be in the RC, but rather on the cor-
responding flat part of the HB at higher T and lower L. Since
our sample only includes RC stars, one might suspect that this in-
troduces a selection bias. However, as shown in the membership
study by Platais et al. (2011), there are only 12 potential low-mass
helium-burning stars outside the RC (disregarding the EHB stars,
which most likely result from binary evolution). Among these, many
are likely to be blue stragglers or non-members (see their fig. 1 and
table 1). Furthermore, work in progress (Brogaard et al., in prepa-
ration) shows that a theoretical zero-age HB (ZAHB) that matches
the RC stars is brighter than the potential low-mass HB stars. It also
shows that the bluest of these [star 2—-17, first analysed by Peterson
& Green (1998) and often associated with the HB] is actually a blue
straggler. Based on this, we believe that there are no, or at most a
couple, helium-burning stars present with masses smaller than those
in the RC.

The photometric time series data were obtained by the Kepler
space telescope (Koch et al. 2010) between 2009 May 12 and 2010
March 20, known as observing quarters 1-4. We used the ‘long
cadence’ observing mode (Ar = 29.4 min; Jenkins et al. 2010b),
which provided about 14 000 data points per star. The data reduction
from raw images to the final light curves is described by Jenkins et al.
(2010a), Garcia et al. (2011) and Stello et al. (2011a). A detailed
description of the asteroseismic parameters used in this work is
given by Stello et al. (2011b), who used the method of Huber et al.
(2009) to measure Av and v,,«. The average uncertainties in Av and
Vmax 10 this sample of targets are 1.3 and 1.7 per cent, respectively.
Other analyses of the same cluster are given in our companion
papers: Basu et al. (2011), Hekker et al. (2011) and Stello et al.
(2011b).

The effective temperatures used in this study are, following Basu
et al. (2011), Hekker et al. (2011), Stello et al. (2011a) and Stello
et al. (2011b), based on the (V — K) colour and on the calibrations
of Ramirez & Meléndez (2005). The value we adopted for the
reddening is E(B — V) = 0.16 £ 0.02 mag (Brogaard et al. 2011)
and for the metallicity [Fe/H] = + 0.3. As presented by Hekker et al.
(2011), the estimated random star-to-star error on 7. is about 50 K,
which we also adopt in the following analysis. However, systematic
errors on the T scale due to colour—temperature calibrations and
reddening could increase the error budget up to ~110K (Hekker

Asteroseismology of old open clusters 2081

etal. 2011); we discuss in Section 3.4 the effect of systematic errors
in Teg on our results.

Finally, luminosities were derived using V magnitudes from
Stetson et al. (2003), the bolometric corrections (BC) by Flower
(1996) and the distance modulus (m — M)y = 13.51 £+ 0.06 mag
estimated by Brogaard et al. (2011) using eclipsing binaries.

3.3 Results

We first applied equation (3) to derive masses of stars in our sample
from vy, Av and Teg. As presented in the top row of Table 1, we
find Mrgp = 1.23 £ 0.02M@ and Mge = 1.03 £0.03 M. The
mass difference we obtain is thus AM = 0.19 £ 0.04 M.

The value of z = 1.8-1.9 reported in the first row of Table 1
suggests that the scatter in the population is larger than expected
from the formal uncertainties in the masses. This could indicate
that uncertainties in the observed quantities are underestimated,
provided, of course, that there is no significant intrinsic mass spread
within the groups of RGB and RC stars. The derived masses for RGB
and RC stars are shown as a function of apparent V magnitude in
the top row of Fig. 2.

To check the robustness of the mass determination, we also es-
timated masses using equations (5), (6) and (7), thereby includ-
ing independent information on the distance to the cluster (see
Section 3.2). The results are presented in Table 1, where we con-
sider separately the contributions from random uncertainties and (in
parentheses) systematic errors from the distance. We note that the
systematic uncertainty has little impact on AM (<0.01 Mg). The
correlation between T and BC has been taken into account in the
error estimates.

If we consider only RGB stars, excellent agreement is found
between Mygp derived using different observables and scaling re-
lations (see also Fig. 2, left-hand panels). On the other hand, sig-
nificant disagreement is found between ‘Myc determined with dif-
ferent combinations of scaling relations. As an additional test, and
to investigate the reason for this discrepancy, we compared radii
determined from L and Ty (Rcmp) With those derived seismically
through equation (4) (Rgeismo)- As shown in Fig. 3, for RGB stars, the
two determinations of radii agree within 5 per cent [with an average
relative difference (Remp — Rseismo)/Remp = —0.15 per cent]. This
comparison can also be carried out in terms of distance moduli,
instead of radii. By coupling photometric constraints with Rgejsmo Of
the RGB stars, we find an average distance modulus (m — M)y =
13.51 £ 0.02 mag, where the quoted uncertainty represents only the
standard deviation from the mean. This determination is in excel-
lent agreement with the value found by Brogaard et al. (2011) using
eclipsing binaries [(m — M)y = 13.51 &£ 0.06; see Section 3.2].
The situation is different for RC stars, whose radii obtained from

Table 1. NGC 6791: average mass of stars in the RGB and RC estimated using different
observational constraints and scaling relations (equations 3, 5, 6 and 7). The systematic error
on M due to the uncertainty on the distance is reported in brackets. z (see Section 2.1) was
computed taking into account only random errors in the observables and the correlation between
BC and T¢fr. No correction to the Av scaling was applied to clump stars.

Equation Mres + o037 ZRGB Myc £ o7 ZRC AM to,3;

3) 1.23 £0.02 1.8 1.03 £0.03 1.9 0.19 £ 0.04

5) 1.22 £ 0.01 (0.10) 0.7 1.20 £ 0.02 (0.10) 0.6 0.02 4+ 0.02(0.01)
(6) 1.23 £ 0.01 (0.07) 1.1 1.14 £+ 0.02 (0.06) 1.1 0.09 £+ 0.02 (<0.01)
) 1234002(002) 19  1.074+003(0.02) 20  0.16 + 0.03(<0.01)

© 2011 The Authors, MNRAS 419, 2077-2088
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Eq.3 18
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Figure 2. Mass of red giants in NGC 6791 as a function of visual magnitude in the RGB (left-hand panels) and in the RC (central panels). Random errors on
the mass estimate of each star are represented by vertical error bars. The average mass of RGB and RC stars is represented with full lines, and the 1o error
bars with dashed lines. Right-hand panels show the masses of RC stars after a correction to the Av scaling is applied (see Section 3.4).

equation (4) are systematically smaller than those derived from the
CMD, with an average relative difference of —5 per cent. This dis-
crepancy could indicate a systematic error in the scaling relations
for RC stars.

3.4 The Av scaling relation for RC and RGB stars

Following the asymptotic approximation for acoustic oscillation
modes, Av is directly related to the sound traveltime in the stellar
interior. We therefore expect Av to depend on the stellar structure.
Given that stars on the RGB have an internal temperature (hence
sound speed) distribution significantly different from that of RC

stars, we investigated whether this difference could have an impact
on the mass determination via the Av scaling relation.

We used the code atoN (Ventura, D’ Antona & Mazzitelli 2008) to
compute stellar models representative of red giants in NGC 6791,
i.e. 1.2M@ models with initial heavy-element mass fraction Z =
0.04, and initial helium mass fraction ¥ = 0.30 (see Montalban
et al. 2010, for more details on the models). The evolution of the
models was followed through the helium flash. We then consid-
ered two models with the same radius (within 0.1 per cent): one
on the RGB and the other in the RC. We computed radial oscil-
lation frequencies with the Losc code (Scuflaire et al. 2008) and
found that the RC model had a mean large frequency separation

© 2011 The Authors, MNRAS 419, 2077-2088
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Figure 3. NGC 6791: ratio between radii determined using L and Tetr (Rcmp ), and those obtained via equation (4) (Rgeismo)- The mass of each star determined

via equation (3) is colour coded.

~3.3 per cent larger than the RGB model, despite having the same
mean density.

The average large frequency separation is known to be directly
related to the behaviour of the sound speed in the stellar interior,
since Av >~ 1/(2T,.), where T, is the total acoustic radius of the
star. The latter is defined as T, = f,.(R), with t,.(r) = for dr’/e(r’)
being the acoustic radius, ¢ the sound speed and R the photospheric
radius.

The upper-left panel of Fig. 4 shows the layers contributing to the
difference in the overall acoustic radius. As shown in the upper-right
panel, the sound speed in the RC model is on average higher (at a
given fractional radius) than that of the RGB model, the main reason
being the different temperature profile in the two models (lower-
right panel). The difference in acoustic radius becomes significant
in regions as deep as m/M¢ =~ 0.25, which is where the boundary
of the helium core in the RGB model is located (lower-left panel).
Finally, we note that while the largest contribution to the overall
difference originates in the deep interior, near-surface regions (/R
2 0.9) also contribute (by 0.8 per cent) to the total 3.5 per cent
difference in T, (upper-left panel of Fig. 4).
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These findings suggest that, if we intend to use the Av scaling
to estimate stellar mean density, a relative correction has to be
considered when dealing with RC and RGB stars. This relative
correction is expected to be mass-dependent and to be larger for
low-mass stars, which have significantly different internal structure
when ascending the RGB compared to when they are in the core-He-
burning phase. Deriving an accurate theoretical correction of the Av
scaling, however, is beyond the scope of this paper, as additional
models should be considered and detailed tests should be made
of the internal structure of such stars. Guided by the representative
modelling presented here, we instead adopted an empirical approach
to correct the Av scaling.

We determined the correction factor to the large frequency sep-
aration by minimizing the average relative difference (Rcmp —
Rgeismo)/Remp for RC stars. The correction factor derived following
this procedure is 2.7 per cent, in good agreement with the correction
suggested by the models. Correcting the Av scaling for RC stars
has a direct effect on Myc obtained with different scaling relations.
After we applied the correction to the Av scaling, the revised av-
erage mass of RC stars computed with equations (3), (5) and (7)
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Figure 4. Upper-left panel: difference between the acoustic radius of RGB and RC models of same mass and radius as a function of relative radius. Right-hand
panels: sound speed and temperature stratification as a function of the normalized radius in the RGB model (red dashed line) and RC model (blue solid line).
Lower-left panel: acoustic radius as a function of mass (in solar units) for the RGB and RC models.
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Table 2. AsinTable 1, after applying the 2.7 per cent suggested
correction to the Av scaling for clump stars (see Section 3.4).

Equation Myc o037 ZRC AM to0,5;

3) 1.15 £ 0.03 1.8 0.08 £+ 0.04

) 1.14 £ 0.02 (0.09) 0.6 0.08 £+ 0.02 (0.01)
6) 1.14 £ 0.02 (0.06) 1.1 0.09 £ 0.02(<0.01)
(@) 1.15 £ 0.03 (0.02) 2.0 0.08 +0.03(<0.01)

agreed within 1o with the value obtained with equation (6), which
does not contain Av (see Table 2).

We note that the uncertainties in Rgejsmo and Reyp imply an uncer-
tainty of 1 per cent in the correction factor to the Av scaling relation.
This leads to an additional source of systematic uncertainty in the
mass estimate, which is largest (0.03 M) when using equation (3)
to determine AM, and zero when using equation (6). Considering
also potential differential temperature scale shifts between the RC
and RGB (at the level of 1 per cent), we adopted 0.04 M, as a con-
servative estimate of the additional systematic uncertainty in AM.
Taking into account the uncertainties and scatter of the average
mass of RC and RGB stars obtained with different scaling relations,
we derived our best estimate of the difference between average
masses of RGB and RC stars: AM = 0.09 + 0.03 (random) =+ 0.04
(systematic).

Finally, to check for additional sources of bias due to the T
scale, we considered effective temperatures determined from (V —
I) colours. These T introduce small but systematic trends in the de-
rived quantities (e.g. mass versus apparent magnitude) and worsen
the agreement between masses and radii derived using different ob-
servational constraints. We find, none the less, that AM obtained
with the different temperature scales agree within the quoted uncer-
tainty range.

4 NGC 6819

NGC 6819 is an open cluster of near-solar metallicity (Bragaglia
et al. 2001) estimated to be 2-2.5 Gyr old (Kalirai & Tosi 2004;
Basuetal. 2011). Given that the cluster is significantly younger than
NGC 6791, a smaller RGB mass-loss is expected. As for the case
of NGC 6791, we refer to Basu et al. (2011), Hekker et al. (2011),
Stello et al. (2011a) and Stello et al. (2011b) for a description of the
asteroseismic data available for the stars in this cluster.

We selected targets on the RGB and in the RC following the same
criteria used in Section 3.2, and retained in the final list 19 RGB
stars and 13 RC stars. As for NGC 6791, we adopted the effec-
tive temperatures determined using (V — K) colours, the colour—
temperature calibration of Ramirez & Meléndez (2005) and assum-
ing a reddening E(B — V) = 0.15 mag (see Basu et al. 2011) and
[Fe/H] = 0.

We then performed a similar analysis as for NGC 6791. How-
ever, since no accurate determination of the distance modulus was
available for this cluster, we proceeded as in Basu et al. (2011) and
estimated the distance modulus using the seismically determined
radii of RGB stars and photometric constraints. We found (m —
M)y = 11.80 = 0.02 mag, where the quoted uncertainty represents
only the standard deviation from the mean (see Basu et al. 2011,
for a more detailed discussion of systematic uncertainties on the
distance determination due to reddening).

We repeated the same steps as in Section 3.3 to determine the
average mass of stars on the RGB and in the RC, and present our
results in Table 3 and Fig. 5. We note that, as in NGC 6791, Mygg

Table 3. NGC 6819: average mass of stars in the RGB and RC estimated
using different observational constraints and scaling relations (equations 3,
5, 6 and 7). No correction to the Av scaling was applied to clump stars.

Equation MRGB + o7 ZRGB MRC + o ZRC AM + OAM
3) 1.61 £ 0.04 2.3 1.52+0.04 20 0.09 = 0.06
(@) 1.61 +0.03 0.9 1.70£0.02 05 —0.09+£0.03
(6) 1.61 £ 0.02 1.4 1.64 £0.01 06 —0.034+0.03
7 1.62 4+ 0.03 2.5 1.56 £0.03 2.1 0.06 £+ 0.04

is independent of the scaling used, but significant discrepancies
appear in the estimated Myc. Analogously to the case described in
Sec 3.4, we used 1.6 M stellar models and found that a relative
correction to the Av scaling was appropriate, and that the radii of
RC stars are systematically smaller than those obtained using 7'
and L (although we note that L is not an independent quantity, as it
is determined using equation 4).

We found that the correction factor for Av that minimizes the
relative difference between Remp and Reismo 18 1.9 per cent, which
is smaller than for NGC 6791. Again, this is in qualitative agree-
ment with the correction suggested by 1.6 M models, as the dif-
ferences in the sound speed profile between RC and RGB stars
of similar luminosity decrease when higher masses are considered
(see Table 4).

By combining results from different scaling relations, we derive
AM = —0.03 £ 0.04 M for NGC 6819. Due to the lack of
an independent and accurate distance measurement, however, we
consider this result less robust than the determination of AM in
NGC 6791.

5 INFERENCES ON THE MASS-LOSS RATE

We now compare the difference between the average mass of low-
luminosity RGB and RC stars to theoretical predictions using a
revised version of the vzvar' isochrones and stellar evolution-
ary sequences (Bertelli et al. 2008; Bertelli 2011, private com-
munication). We varied the coefficient n describing the efficiency
of the RGB mass-loss rate, which was implemented in the mod-
els (see Bertelli et al. 1994) following Reimers (1975a) empirical
formulation:

dd—ﬂ;l =127107 g M 'L T2, (8)
where M and L are expressed in solar units, 7T in K and 7 in yr. A
commonly adopted value of the parameter describing the mass-loss
efficiency is n = 0.4 (see e.g. Renzini & Fusi Pecci 1988).

We considered three scenarios: isochrones computed without
mass-loss (n = 0), with moderate mass-loss (n = 0.35), and with an
extreme value of the mass-loss efficiency (n = 0.7). We note that
for these relatively young clusters, such a high mass-loss rate is not
enough to suppress the RC and AGB phases, in contrast to old GCs
(see e.g. Renzini & Fusi Pecci 1988).

For NGC 6791, we considered a 7-Gyr isochrone, computed with
initial helium and heavy-elements mass fractions ¥ = 0.30 and Z =
0.04. In the case of NGC 6819, we employed a 2.1-Gyr isochrone
with ¥ = 0.28 and Z = 0.017. Comparisons between observed
and theoretical mass—luminosity diagrams are shown in Fig. 6. In
these plots, the masses of individual stars were determined by equa-
tion (6), and the luminosities were estimated by combining 7'

!http://stev.oapd.inaf.it/YZVAR/
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Figure 5. As Fig. 2 but for red giants in NGC 6819.

Table 4. As in Table 3, after applying the 1.9 per
cent suggested correction to the Av scaling for
clump stars.

Equation MRC + o ZRC AM + OV
3) 1.65+0.04 20 —0.03 £ 0.06
) 1.63 +£0.02 0.5 —0.03 £ 0.03
(6) 1.64 +0.01 0.7 —0.03 £ 0.03
7) 1.64 £+ 0.03 2.1 —0.02 £ 0.05

and the photospheric radius obtained via equation (4). The Reimers
mass-loss law predicts significant mass-loss only near the RGB tip,
hence no appreciable effect is expected (AM < 0.01 M) in the
RGB stars we considered, which have relatively low luminosities.
With our present measurements, we have no evidence for the time

© 2011 The Authors, MNRAS 419, 2077-2088
Monthly Notices of the Royal Astronomical Society © 2011 RAS

dependence of the mass-loss, as no significant mass gradient is
found on the RGB of NGC 6791. Current uncertainties, however,
do not allow us to constrain the mass-loss in this portion of the RGB
to better than the total mass-loss derived.

The comparison between observed and theoretically expected
mass difference between RGB and RC stars is presented in Fig. 7.
This first comparison shows that we can exclude very efficient RGB
mass-loss and that the data are compatible with mass-loss rates
described with a Reimers n parameter smaller than ~0.35 and, in
the better constrained case of NGC 6791, higher than 0.1. We note
that the relation between AM and 5 predicted by the models has
little dependence on the assumed age and chemical composition
(e.g. in the case of NGC 6791, we checked the robustness of our
main conclusion considering also isochrones of 6 and 9 Gyr, ¥ =
0.28,0.32 and Z = 0.025, 0.030).
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Figure 6. Upper panel: masses of giants in NGC 6791 derived from equa-
tion (6) as a function of luminosity. Red and green points indicate RGB
and RC stars. Lines represent the 7-Gyr isochrone computed with different
mass-loss rates. The RGB part of the isochrone is indicated with a dashed
line, while solid lines represent the evolution from the He flash towards the
ZAHB, and onwards. Lower panel: same as the upper panel, but for stars in
NGC 6819. For this cluster, a 2.1-Gyr, solar-metallicity isochrone was used.

We finally note that in the case of NGC 6819, a negative AM
is expected from the models with little or no mass-loss. For such
a young cluster, AM underestimates the integrated mass-loss on
the RGB, since the initial mass of stars in the RC is higher than
that of stars on the RGB. In the case of the 2.1-Gyr isochrone
considered in Figs 6 and 7, the difference in average progenitor mass
between RGB and RC stars is >~ —0.03 M), hence the observed
mass difference is compatible with no mass-loss, as shown in the
lower panel of Fig. 7.

6 SUMMARY AND PROSPECTS

We used the average seismic parameters characterizing solar-like
oscillations (v, and Av) to estimate the masses of stars in the RC
and on the low-luminosity RGB [L < L(RC)] of the open clusters
NGC 6791 and 6819.

NGC6791

0.35-

0.3+ “

0.2 v

AM
\

0.15+ %

0.1 e

0.05 o<

~0.05 I I I I I I I I |
-0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

NGC6819
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n

Figure 7. Upper panel: the dots connected by a dashed line shows the
difference (AM) between the average mass of RGB stars (in the luminosity
domain of the targets) and RC stars as a function of the n parameter, resulting
from a 7-Gyr model isochrone. The grey areas represent the lo region of
the observed AM. Lower panel: same plot as the upper panel, but for stars
in NGC 6819 and a 2.1-Gyr isochrone.

In NGC 6791, vy and Av were coupled with additional con-
straints (photometric magnitudes, T and distance modulus from
eclipsing binaries) to measure stellar radii and to determine the av-
erage mass of stars on the RGB and in the RC. When considering
RGB stars, we found good agreement between different determina-
tions of radius and mass, while in the RC a larger scatter between
M was found, together with a systematic underestimation of the
radii obtained via equation (4) compared to those determined using
photometric constraints and the independent distance determination
obtained by Brogaard et al. (2011). Supported by a comparison be-
tween RC and RGB models, we ascribed this discrepancy to the Av
scaling (equation 1) and argued that a relative correction of ~3 per
cent to Av between RC and RGB stars should be adopted for stars
in this cluster.

Taking into account the uncertainties in the observational con-
straints, we found that in NGC 6791 the difference between
the average mass of RGB and RC stars is small but significant
(AM = 0.09 & 0.03 (random) £0.04 (systematic) Mg). In the
context of the controversial and highly debated results on the

© 2011 The Authors, MNRAS 419, 2077-2088
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mass-loss rates in NGC 6791 (see Section 3.1), our direct estimate of
AM is incompatible with an extreme mass-loss for this metal-rich
cluster. If we describe the mass-loss rate with Reimers prescription
(see equation 8), and assume a 7-Gyr isochrone, we find that the
observed AM is compatible with a mass-loss efficiency parameter
of 0.1 < n < 0.3. The low mass-loss of the RC stars, coupled with
a RC mass-loss dispersion lower than our measurement errors, pro-
vides support for our assumption (see Section 3.2) that either no
helium-burning stars exist with masses significantly lower than the
measured RC stars or, if they do, they must originate from a very
different evolution.

Constraints on the RGB mass-loss set by the analysis of NGC
6819 are less compelling, largely because this cluster is too young
to exhibit a significant mass-loss (at least according to Reimers
formula). Moreover, no accurate and independent information on
the distance was available for this cluster.

In the future, a reliable age determination of the clusters obtained
by combining all available constraints will potentially allow de-
tailed tests of different formulations of the RGB mass-loss rate (e.g.
Catelan 2000; Schroder & Cuntz 2005, 2007), eventually leading
to a better understanding of the physical mechanism responsible
for the mass-loss itself. Moreover, as the duration of Kepler ob-
servations increases, it will soon be possible to study in detail the
pulsational properties of stars with luminosities higher than the RC.
These targets could provide the link between the stars studied in
this paper and the luminous (L > 10° L) RGB and AGB giants
in which a connection between mass-loss and pulsations has been
suggested by several studies in the literature (see e.g. Lebzelter &
Wood 2005, and references therein).

In this work, we reached a point where possible systematic biases
in the Av and v, scaling relations may become the largest source
of uncertainty in the determination of stellar parameters. As shown
in Section 3.4, we have found evidence for systematic differences
in the Av scaling relation between He-burning and H-shell-burning
giants. A more systematic study using a larger set of stellar mod-
els is needed to address this issue in detail. In particular, robust
model-based corrections to the Av scaling relation would allow
testing in detail possible systematic errors in the vy, scaling, hence
improving the accuracy of the mass determination.

The frequency of maximum power will in general depend on
the dynamical properties of near-surface convective layers and on
the complex interaction between oscillation modes and convec-
tion. The published relations, however, assume a simple scaling
of v with the acoustic cut-off frequency in the atmosphere, and
simplifying assumptions about the latter. It is therefore possible
that evolutionary-state-dependent corrections may be required for
vmax also. However, the close correspondence between the radius
anomalies expected from Av effects and those seen in NGC 6791
suggests either that the impact of such corrections is modest or
that there is some effective cancellation of terms in the radius scal-
ings. The v, scaling should be investigated, but a proper for-
mulation would involve detailed convective modelling which is
outside the scope of the current work. One promising approach
would be to search for residual differences in stars of known mass
and radius once more robust theoretical corrections to Av are ap-
plied, and there is work in preparation pursuing this avenue of
approach.

In this context, pulsating red giants with independent masses
and/or radii (e.g. binary members and nearby giants) would allow
calibration of the Av and v, scaling relations, and provide an
unprecedented, and potentially very accurate, means of determining
stellar parameters.

© 2011 The Authors, MNRAS 419, 2077-2088
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Additional observational constraints that will improve the preci-
sion and accuracy of our conclusions include Kepler data that will
soon be available for most stars in the clusters. Moreover, the avail-
ability in the near future of not only average seismic parameters
such as vyx and Av, but also of accurate frequencies of individual
oscillation modes in red giants, will allow more detailed tests of the
scaling relations as well as of the internal structure of these stars.
Finally, spectroscopic constraints on Tg Will also be of great rele-
vance to check the validity of the adopted T scale and to further test
the robustness of the agreement we find between global parameters
of stars determined using different constraints (asteroseismology,
photometry, distance determined using eclipsing binaries).
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