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ABSTRACT

Context. The effect of metallicity on the granulation activity in stars, and hence on the convective motions in general, is still poorly
understood. Available spectroscopic parameters from the updated APOGEE-Kepler catalog, coupled with high-precision photometric
observations from NASA’s Kepler mission spanning more than four years of observation, make oscillating red giant stars in open
clusters crucial testbeds.

Aims. We aim to determine the role of metallicity on the stellar granulation activity by discriminating its effect from that of different
stellar properties such as surface gravity, mass, and temperature. We analyze 60 known red giant stars belonging to the open clusters
NGC 6791, NGC 6819, and NGC 6811, spanning a metallicity range from [Fe/H] ~ —0.09 to 0.32. The parameters describing the
granulation activity of these stars and their frequency of maximum oscillation power, vp,y, are studied while taking into account
different masses, metallicities, and stellar evolutionary stages. We derive new scaling relations for the granulation activity, re-calibrate
existing ones, and identify the best scaling relations from the available set of observations.

Methods. We adopted the Bayesian code DIAMONDS for the analysis of the background signal in the Fourier spectra of the stars. We
performed a Bayesian parameter estimation and model comparison to test the different model hypotheses proposed in this work and
in the literature.

Results. Metallicity causes a statistically significant change in the amplitude of the granulation activity, with a dependency stronger
than that induced by both stellar mass and surface gravity. We also find that the metallicity has a significant impact on the correspond-
ing time scales of the phenomenon. The effect of metallicity on the time scale is stronger than that of mass.

Conclusions. A higher metallicity increases the amplitude of granulation and meso-granulation signals and slows down their char-
acteristic time scales toward longer periods. The trend in amplitude is in qualitative agreement with predictions from existing 3D
hydrodynamical simulations of stellar atmospheres from main sequence to red giant stars. We confirm that the granulation activity is
not sensitive to changes in the stellar core and that it only depends on the atmospheric parameters of stars.

Key words. stars: oscillations — methods: numerical — methods: statistical — stars: late-type — open clusters and associations: general
— stars: fundamental parameters

1. Introduction

Granulation is a type of stellar variability and it is a surface mani-
festation of stellar envelope convection. Here hot gas in the gran-
ules rises from the interior to the photosphere where the thermal
energy of the granules is lost to the radiation field, reaching ve-
locities comparable to the local sound speed. The cooled, denser
plasma is thus pushed to the edges of the granules and sinks back

Article published by EDP Sciences

into the star in the darker inter-granular lanes. According to this
interpretation, a characteristic time scale for the phenomenon
is to first approximation given as oc\/Teq/g (Brown et al. 1991;
Kjeldsen & Bedding 2011), where g is the surface gravity of
the star. For solar-like oscillating stars, acoustic oscillations also
originate from the turbulent motions caused by convection, al-
though granulation remains the dominant component in terms of
energy that is visible at the stellar surface because the intensity
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fluctuation related to granulation can be up to about three times
that related to the acoustic oscillation signal (Kallinger et al.
2014, hereafter K14).

The study of stellar granulation was born through its obser-
vation on the Sun (Herschel 1801). The first analysis using the
Fourier approach to measure the granulation time scale and am-
plitude was done by Harvey (1985), and subsequently improved
by for example, Aigrain et al. (2004). Since then, granulation ac-
tivity has been observed in a large variety and number of low-
and intermediate-mass stars with convective envelopes (e.g.,
Kallinger & Matthews 2010; Mathur et al. 2011; Hekker et al.
2012; Karoff et al. 2013; K14). It has also been used to ob-
tain accurate model-independent measurements of stellar sur-
face gravity (Bastien et al. 2013, 2016; Kallinger et al. 2016).
These studies have been made possible thanks to the advent of
high-precision photometry from space missions such as CoRoT
(Baglin et al. 2006) and NASA Kepler (Borucki et al. 2010),
the latter having been used to observe more than 197 000 stars
(Mathur et al. 2017). These space missions provided both sam-
pling rates rapid enough for resolving the typical time scales of
granulation, and observing lengths that allowed for characteriza-
tion of the granulation properties to a high degree of precision
and accuracy. In particular, the first ensemble study was done
for red giants (RGs) by Mathur et al. (2011) using Kepler data
spanning more than one year of nearly-continuous observations.
The authors showed that the granulation power and time scale
are strongly correlated with the frequency of maximum oscil-
lation power, vimax, the latter scaling with the acoustic cut-off
frequency of the star (Brown et al. 1991). Later K14 provided
a thorough calibration of these dependencies by extending the
sample to main sequence stars and using Kepler observations
covering more than three years.

Studying the connection between the granulation signal and
fundamental stellar properties such as surface gravity, mass,
temperature, and chemical composition is essential to better
understand convection in stars. A better understanding of stel-
lar granulation can yield more detailed descriptions of turbu-
lent motions in stellar atmospheres, and therefore improve stel-
lar structure and evolution models. More realistic stellar models
improve our capability to retrieve accurate stellar properties, and
provide high-quality evolution sequences for ensemble analysis
of, for example, the Galactic formation and evolution, especially
in view of the ESA Gaia mission (Perryman et al. 2001). Efforts
in this direction have been made from a theoretical point of view
by using 3D hydrodynamical models of stellar atmospheres (e.g.,
Trampedach et al. 1998, 2013, 2014; Ludwig 2006; Mathur et al.
2011; Samadi et al. 2013a,b), although only a few studies (e.g.,
Collet et al. 2007; Magic et al. 2015b,a) have dealt with metal-
licity effects on such 3D simulations of convective atmospheres.
As shown by Collet et al. (2007) for RGs (see also the work
by Tanner et al. 2013, on gray atmospheres of main sequence
stars), stellar metallicity appears to play an important role in
determining the scale of granulation, yielding larger granules
as metallicity increases, hence a higher amplitude of the asso-
ciated granulation signal (Ludwig 2006). This result has been
further confirmed for evolved stars by Ludwig & Steffen (2016).
However, any observational evidence of the metallicity effect on
granulation has neither been found nor discussed in the literature
until now.

Stellar clusters offer a possibility to exploit the accu-
rate knowledge of the common physical properties shared by
their members. The open clusters NGC 6791, NGC 6819, and
NGC 6811 have been monitored by the Kepler mission for more
than four years, thus providing us with the best photometric
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observations currently available for the rich populations of
RGs hosted by each of these clusters (Stello et al. 2011). Fun-
damental parameters such as temperature, mass, metallicity,
and age, are determined for cluster stars with high reliabil-
ity (e.g., Bragaglia et al. 2001; Basu et al. 2011; Hekker et al.
2011; Stello et al. 2011; Brogaard et al. 2011, 2012; Miglio et al.
2012), and the evolutionary stage of many cluster RGs is also
well known from existing asteroseismic analyses (Corsaro et al.
2012; Mosser et al. 2014; Vrard et al. 2016; Corsaro et al. 2017).

In this work we have exploited the full Kepler nominal
mission photometric data for the open clusters NGC 6791,
NGC 6819 and NGC 6811, and the wealth of spectroscopic ob-
servations available from APOKASC (Pinsonneault et al. 2014),
to properly disentangle the effect of metallicity from that of
other fundamental stellar properties by performing a thorough
Bayesian approach that takes into account uncertainties on all
the observables. In this way we will assess the behavior of gran-
ulation activity in RGs in light of existing theoretical predictions.

2. Observations and data
2.1. Sample selection and photometry

The sample of RGs of the open clusters NGC6791 and
NGC 6819 is derived from the original set of 111 stars analyzed
by Corsaro et al. (2012). We included those stars with a clear
evolutionary stage determination, as discriminated using mixed
mode oscillations (Bedding et al. 2011) by Corsaro et al. (2012),
Mosser et al. (2014), Corsaro et al. (2017; see also Corsaro et al.,
in prep.). We find in total 30 RGs for NGC 6791 and 24 for
NGC6819. For NGC 6811, we considered the four stars with
a known evolutionary stage from Corsaro et al. (2012) and we
added two more, KIC 9776739 and KIC 9716090, analyzed by
Molenda-Zakowicz et al. (2014) and by Corsaro et al. (in prep.)
and both classified as core-He-burning RGs (red clump stars,
hereafter RC), thus reaching a total of six targets for this clus-
ter. The final sample therefore accounts for 60 RGs, with 38§ RC
stars and 22 shell-H-burning RGs (red giant branch, hereafter
RGB).

The photometric observations for the selected sample of stars
were conducted by NASA’s Kepler telescope in the observing
quarters (Q) from QO till Q17, for a total of ~1460 days in
long cadence mode (Jenkins et al. 2010). All the original light
curves were processed and optimized for asteroseismic analy-
sis following Garcia et al. (2011, 2014), with the use of an in-
painting algorithm (Mathur et al. 2010; Pires et al. 2015) to min-
imize the effect of up to 2 day-long gaps, during regular Earth
downlinks and angular momentum dumps. A color-magnitude
diagram for all the stars in the sample is shown in Fig. 1,
which emphasizes the average difference in mass among the
three open clusters (see also Corsaro et al. 2012 for more details
about the general properties of the population of RGs in these
open clusters). We notice that two stars marked as RGB, namely
KIC 2437589 in NGC 6791 and KIC 5112361 in NGC 6819, are
placed in the region of the color-magnitude diagram where the
corresponding RC stars of the same clusters are located. Despite
their peculiar location in the diagram, both stars have a RGB
evolutionary stage unambiguously determined by their oscilla-
tions (Corsaro et al. 2012, 2017), with KIC 2437589 a possi-
ble evolved blue straggler (Brogaard et al. 2012; Corsaro et al.
2012) and KIC 5112361 a spectroscopic single lined binary
(Milliman et al. 2014).
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Fig. 1. Color-magnitude diagram of the three open clusters NGC 6791
(blue squares), NGC 6819 (red circles), and NGC 6811 (green trian-
gles), with color and magnitudes of the 60 cluster RGs sourced from
Stello et al. (2011), Corsaro et al. (2012). Hydrogen-shell-burning and
core-He-burning RGs are shown with filled and open symbols, respec-
tively, with an evolutionary stage identified according to Corsaro et al.
(2012, 2017), and to Molenda-Zakowicz et al. (2014) for the two stars
KIC 9776739 and KIC 9716090. Isochrones are shown for each cluster
as solid lines (see Stello et al. 2011, for more details).

2.2. Effective temperatures

For obtaining an accurate set of stellar effective temperatures
for the entire sample of stars in this study we start from the
revised KIC temperatures from the Sloan Digital Sky Sur-
vey (SDSS, Gunn et al. 2006) griz filters (Pinsonneault et al.
2012), which are available for all 60 targets. In addition, 36
stars (12 in NGC 6791, 20 in NGC 6819, and 4 in NGC6811)
have new temperatures determined from spectroscopy with
ASPCAP (APOGEE Stellar Parameters and Chemical Abun-
dances Pipeline, Zasowski etal. 2013; Nidever etal. 2015;
Holtzman et al. 2015; Garcia Pérez et al. 2016; Majewski et al.
2017), using the Data Release 13 (DR13, SDSS Collaboration
2016) of SDSS IV (Blanton et al. 2017), which includes the
post-release metallicity correction (see Holtzman et al., in prep.).
We therefore use ASPCAP temperatures, available from the lat-
est release of the APOKASC catalog (Pinsonneault et al. 2014;
Tayar et al. 2017), to apply a zero point shift to the tempera-
tures from SDSS and correct them for the different cluster ex-
tinctions, which were based on the KIC map (Brown et al. 2011)
in the work by Pinsonneault et al. (2012). In this way we put the
temperatures from SDSS on the same scale as ASPCAP and we
adopt the typical ASPCAP total temperature uncertainty (includ-
ing both systematic and random effect) of ~69 K as a reference
(see Holtzman et al., in prep. and Tayar et al. 2017, for more dis-
cussion).

From a detailed comparison of individual temperature val-
ues, we noticed that several stars in NGC 6791 (specifically
KIC 2297384, KIC2297825 on the RC, and KIC 2437270,
KIC 2437589, KIC 2437972, KIC 2438038, KIC 2570094 on the
RGB) have SDSS temperatures that are systematically cooler (by
about 374 K) than the average SDSS temperatures of the other
red giants in the same cluster. This discrepancy is clearly visible
by looking at the corresponding temperature differences shown
with orange circles in Fig. 2, where the seven stars that we men-
tioned are marked by an asterisk. This ~374 K offset is caused by
an adopted reddening for the seven stars that is smaller than that
of the other cluster stars by about 0.2. For these seven stars we
therefore decided to use (V — K) color temperatures (and corre-
sponding uncertainties of 110 K, Hekker et al. 2011), which are
available for all targets in NGC 6791. This choice is motivated
by the fact that the (V — K) color temperatures for the stars in
NGC 6791 are in agreement (well within 107) with the ASPCAP
temperatures from APOKASC and with those from our new tem-
perature scale (see the comparison in Fig. 2). Finally, to avoid
biasing our extinction correction applied to the SDSS tempera-
ture scale using the ASPCAP one, we remove KIC 2297384 and
KIC 2297825 (the only two stars out of the seven with cool SDSS
temperature that have also an ASPCAP temperature, see Fig. 2)
from the computation of the zero point shift. The final temper-
ature shifts that we obtain are (Teq spss — Tefr.aspcap) = 282K
for NGC 6791, 173 K for NGC 6819, and 156 K for NGC 6811,
showing that temperatures from SDSS photometry are systemat-
ically hotter than the ASPCAP ones (see Fig. 2). For simplicity,
from here onwards the so-called SDSS-based temperature scale
will refer to the temperatures from SDSS photometry corrected
to the ASPCAP temperature scale as explained in this section,
and supplemented with (V — K) color temperatures adopted for
the seven targets in NGC 6791 that show SDSS temperatures
400K cooler than the other stars in the same cluster. We there-
fore adhere to the SDSS-based temperature scale to compute cor-
rected mass estimates as discussed in Sect. 2.4. A complete list
of the adopted temperatures for each star in the sample can be
found in Tables A.1-A.3.

For completeness, we also note that (V — K) color temper-
atures are available for all of the stars in NGC 6819 and in
NGC 6811, except KIC 9776739 and KIC 9716090, which were
studied by Molenda-Zakowicz et al. (2014) and have tempera-
tures from spectroscopic data acquired from the Nordic Optical
Telescope. As visible from Fig. 2, for the stars in NGC 6791 we
find a good agreement between (V — K) color temperatures and
ASPCAP temperatures, while this agreement partially weakens
for the stars in NGC 6819 where (V — K) color temperatures are
systematically cooler, and in NGC 6811 where instead they are
hotter, although compatibility between the difference sources is
still ensured within 1o in most cases. Lastly, the spectroscopic
measurements from Molenda-Zakowicz et al. (2014) also agree
(well within 10) with our SDSS-based temperatures for the same
stars (Fig. 2).

2.3. Metallicity

We consider new cluster mean metallicities computed from
ASPCAP corrected metallicities for the 36 targets for which
they are available (see also Sect. 2.2, and Tayar et al. 2017).
The metallicity values that we obtain for each cluster are listed
in Table 1, with an uncertainty showing the standard deviation
on the mean of the sample. Our estimates show that NGC 6791
has about twice the solar metallicity, NGC 6819 a close-to-solar
metallicity, while NGC 6811 has a slightly sub-solar one (about
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Fig. 2. Different sources for T.q as compared to the SDSS-based tem-
perature scale prepared in this work and taken as a reference (ATeg =
0K is marked with a dotted line), for all the 60 cluster RGs, labeled
with their KIC ID. Orange circles refer to the original temperatures
from the SDSS photometry (Pinsonneault et al. 2012), blue squares to
(V—=K) color temperatures (Hekker et al. 2011), green triangles to ASP-
CAP temperatures from APOKASC (Pinsonneault et al. 2014), and pur-
ple stars to spectroscopic temperatures from Molenda-Zakowicz et al.
(2014). The 1o uncertainties on each value are also overlaid. The dark
gray shading around AT.s = O delimits the 1o~ uncertainty adopted
on the reference SDSS-based temperature scale. The seven stars of
NGC 6791 that show cooler SDSS temperatures (see Sect. 2.2) are
marked by an asterisk.

20% less than that of the Sun). These cluster mean metallicities
are in good agreement with previous estimates found in the liter-
ature for NGC 6791, [Fe/H] = 0.29+0.08 (Brogaard et al. 2011),
NGC 6819, [Fe/H]= 0.09 + 0.03 (Bragaglia et al. 2001) and
NGC 6811, [Fe/H] = —0.040 + 0.002 (Molenda-Zakowicz et al.
2014). We provide individual metallicity values from ASPCAP
in Tables A.1-A.3, but we will consider only the cluster mean
metallicities in the analysis presented in Sect. 5, to exploit the
common origin that characterizes the stars in clusters. The metal-
licity range covered by the stars in the three clusters, about
~0.4 dex, while not large, is sufficient to identify the effects of
metallicity on stellar granulation with high reliability and statis-
tical evidence thanks to the homogeneity of the stellar properties
shared by the members of each cluster (see also Sect. 7 for more
discussion).
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Table 1. Cluster mean metallicities and corresponding uncertainties as
computed from the available ASPCAP metallicities for 36 stars of the
sample investigated in this work (see also Tables A.1-A.3, for a list of
all the values).

Open cluster  ([Fe/H])aspcap
(dex)
NGC 6791 0.32+0.02
NGC 6819 0.04 + 0.03
NGC6811 -0.09 = 0.03

2.4. Stellar mass

We estimate the stellar masses and their uncertainties by bas-
ing our analysis on the asteroseismic scaling relations (e.g.,
Miglio et al. 2012). For RGs especially, it is recognized that the
asteroseismic scaling relations have the tendency to overesti-
mate masses because scaling relations are approximate in nature
(e.g., Brown et al. 1991; Belkacem et al. 2011). To compensate
for the overestimation, many authors have proposed different
corrections, some empirically-based (Mosser et al. 2013), oth-
ers resulting from calibrations using stellar evolution mod-
els (White et al. 2011; Miglio et al. 2012; Sharma et al. 2016;
Guggenberger et al. 2016). In addition, Gaulme et al. (2016)
compared masses and radii, obtained independently from both
asteroseismic relations and dynamical modeling (eclipse pho-
tometry combined with radial velocities), of a sample of RGs
in eclipsing binary systems. As a result, asteroseismic masses
appear to be about 15% larger than dynamical masses (see
Gaulme et al. 2016, Fig. 9). However, since the sample studied
by Gaulme et al. (2016) is rather small, we cannot infer how the
mass correction depends on stellar parameters to provide a gen-
eral correction law. Instead we follow Sharma et al. (2016) to
compute a correction factor to the scaling relation of the large
frequency separation Ay (Ulrich 1986). This correction is based
on a large grid of stellar evolution models. We therefore adopt a
modified version of the standard scaling relation for mass, which
reads as

(=) o) ()
Mo Vmax,0 YAve Tefro ’
where 7y is a correction factor for Ay, and is computed by tak-
ing into account the values of temperature, vyax, and Ay for
each star, and the cluster mean metallicities from Table 1. Un-
corrected mass estimates (from pure scaling) can easily be re-
covered with Mypcorr = My"‘. The value of Av for each star is
computed from the frequencies of the three radial modes that
are closest to v The frequencies are obtained from the peak
bagging analysis performed by Corsaro et al. (in prep.), which
consists in the fitting and identification of individual oscillation
modes to extract their frequencies, amplitudes, and lifetimes.
The peak bagging analysis for the cluster RGs of our sample
is done following the same recipe presented by Corsaro et al.
(2015; see also Corsaro et al. 2017), and by adopting the back-
ground parameters estimated in this work. We refer the reader
to Corsaro et al. (2015) for a detailed description of the peak-
bagging analysis process using the Bayesian inference code
D1AMONDS (Corsaro & De Ridder 2014). The resulting stellar
masses using the SDSS-based temperature scale (Sect. 2.2) and
the cluster mean metallicities (Table 1) are listed in Tables A.1—
A3, while the solar reference values Vimax o, Avo, Teft o, are pre-
sented in Sect. 3.2. By defining the mass difference between

ey
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Fig. 3. Corrected stellar masses from Sect. 2.4, for the 60 cluster RGs, as
a function of the temperatures from the SDSS-based temperature scale.
The same symbol coding as in Fig. 1 is adopted. The 1o uncertainties
in mass and T.q are also overlaid.

corrected and uncorrected estimates, AM = M — Myucorr, WE
note that the average mass correction (AM/Mncorr) 18 —6.5%
for NGC 6791, 0.5% for NGC 6819, and 4.0% for NGC 6811.
In Fig. 3 we show our estimates of stellar mass as a function
of Tt from the SDSS-based temperature scale, where a clear
correlation between these two parameters is found, especially at
temperatures higher than 4600 K.

3. Analysis of the background signal
3.1. Background fitting model

The starting point of the analysis presented in this work
is the measurement of the background properties observed
in the stellar power spectral densities (PSDs) obtained from
the Kepler light curves. We determine the parameters of
the background signal (including granulation), as detailed
in Corsaro et al. (2015), using the Bayesian inference code
DIAMONDS (Corsaro & De Ridder 2014). We adopt the back-
ground model presented by K14 (see also Kallinger et al. 2016),
which can be expressed as

Pokg M) =N+ RO [BO) + GO, @)
where we assume the noise component
N = W+ —2Rdalbn 3)
V) = _—
L+ (v/by)’

to be the combination of a flat noise level W, mainly domi-
nant at high frequency (v ~ 200 uHz), and a colored noise that
can become significant at low frequency (v < 20uHz), with
a, the amplitude, b, its characteristic frequency, and 27 a nor-
malization constant (see also K14). The three super-Lorentzian
components

3 25
B(y)zzmi—/b’

, 4
1+ (v/b)* @

i=1

describe in decreasing frequency order, the granulation at
frequencies close to v, the meso-granulation for frequen-
cies close to vmax/3, and a low-frequency component that in-
corporates heterogeneous signal coming from possible super-
granulation and low-frequency variations in the time-series,

whose analysis is beyond the scope of this work. Here q; is the
rms intensity fluctuation (or amplitude), b; the characteristic fre-
quency, and { = 2 V2/x the normalization constant for a super-
Lorentzian profile with its exponent set to four (see Karoff et al.
2013, K14 for more details). The power excess containing the
stellar oscillations is modeled using a Gaussian envelope defined
as

(v - Vmax)z}

2
2O-env

G (v) = Hosc €Xp [— (5)

with Hg the height of the oscillation bump and o,y the standard
deviation. Finally, all the components of the background signal,
except those purely related to noise, N(v), are modulated by the
response function that corrects for the finite integration time of
the long cadence Kepler observations, expressed as

R(v) = sincz( v ), ©6)
VNyq
with vnyq = 283.212 uHz the associated Nyquist frequency.

In Eq. (4), the meso-granulation component is associated
with the parameters (a», b,), while the granulation component
corresponds to the parameters (a3, b3), with a, > a3 and b, < bs.
The granulation component is the one that can be modeled
through existing 3D hydrodynamical simulations of stellar at-
mospheres (e.g., see Trampedach et al. 1998; Ludwig & Steffen
2016). However, in this work we will focus our analysis on the
meso-granulation component, and we will refer to it from now
on using the symbols dpeso = ar and bpeso = by. We will oc-
casionally refer to the granulation component using the sym-
bols agran = a3 and by = b3. We have decided to select and
analyze the meso-granulation component for the following rea-
sons: (i) it is dominant over the granulation component both in
height (PSD units) and in amplitude (e.g., see K14, Corsaro et al.
2015), so it is statistically more significant; (ii) it is well detached
from the oscillation bump (With viyax & 3bmeso), hence less af-
fected by biases and correlations associated with stellar oscil-
lations than the granulation component, for which Vimax = bgran
(e.g., see Corsaro & De Ridder 2014); (iii) its characteristic pa-
rameters can be better determined than those of the granula-
tion due to a higher signal-to-noise ratio, especially at high v,
(e.g., >100 uHz); (iv) it scales to surface gravity and tempera-
ture of the star similarly to the granulation component, because
the meso-granulation represents a reorganization of the granu-
lation at larger scales, so it originates from the same envelope
convective motions. Hence, apeso and bpeso can be used as ac-
curate proxies for dgran and bgry (see K14). On average we find
that ameso/Agran = 1.31 £ 0.18 and that byeso/bgran = 0.32 + 0.04,
throughout the v« range spanned by our stellar sample.

Figure 4 shows an example of the resulting fit with
DIAMONDS using the model given by Eq. (2) for the cluster
RG KIC 4937056. The meso-granulation parameters and Vi,
from the fit to all the stars are presented in Figs. 5a and 6a, and
listed in Tables B.1-B.3. We use uniform priors for all free pa-
rameters of the background model. The uniform prior bound-
aries are obtained by performing preliminary fits with the auto-
mated pipeline A2Z (Mathur et al. 2010), and using vy, values
from Corsaro et al. (2012) and from Molenda-Zakowicz et al.
(2014) as additional inputs. The configuring parameters of
DIAMONDS that are adopted for the fitting of the background sig-
nal are provided in Appendix B.
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Fig. 4. Resulting background fit done with DIAMONDS (red curve) for
the star KIC 4937056 in the cluster NGC 6819 overlaid on the original
PSD of the star (in gray) and its smoothed version (black curve) us-
ing a boxcar with a width set to Av/5, where Av is computed using the
Av — v relation for RGs calibrated by Huber et al. (2011). The dif-
ferent components that constitute B(v) (Eq. (4)) and G(v) (Eq. (5)) are
indicated with dot-dashed blue lines, while the noise term N(v) (Eq. (3))
is shown with a dot-dashed yellow curve. The dotted green curve shows
the overall fit of the background when the Gaussian envelope is in-
cluded. Median values of the free parameters for each background com-
ponent are used, as listed in Table B.2. Top panel: the meso-granulation
component (@meso, Pmeso) appears as a kink at ~10 uHz (arrow) and its
amplitude squared (a2,,) is represented by the area of the shaded blue
region. Bottom panel: same as the top panel but showing the parameters
of the granulation component (dgran, Dyran)-

3.2. Solar reference values from VIRGO

For a proper assessment of any metallicity dependence on gran-
ulation as presented in Sect. 4, we rely on our derivation of so-
lar reference values. These reference values need to be as accu-
rate and consistent as possible with the photometric data used
for the cluster RGs presented in Sect. 2.1 and the analysis de-
scribed in Sect. 3.1. For this purpose, we apply the background
fitting approach with DIAMONDS (see Sect. 3.1) to the PSD of
the Sun, using the background model defined by Eq. (2). We
consider the combined light curves from VIRGO green and red
channels (g + r) to mimic the broad Kepler bandpass (Basri et al.
2010). We use an observing length coinciding with that of the
Kepler light curves used in this work (see Sect. 2.1), thus ob-
taining the same frequency resolution in the resulting PSD. We
consider two different combined light curves, the first one cen-
tered around the maximum of solar activity and the second one
centered around the minimum. This is done to average out the
effect of the solar activity cycle on the observed properties of the
Sun. The two PSDs are then computed in the same way as for
Kepler stars, and by re-binning to a sampling rate of 60 s, close
to that of the Kepler short cadence observation. We obtain two
sets of solar parameters, one corresponding to maximum solar
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Fig. 5. Amplitude of the meso-granulation component as a function of
Vmax for the 60 cluster RGs. Color-coding in panel a shows the cluster
membership, with open symbols for RC and filled ones for RGB stars,
and the symbol types indicating the cluster membership as in Fig. 3.
Panel b shows the amplitudes after removing the effect of both mass and
metallicity using the best scaling relation identified in Sect. 6 (model
M), with the resulting fit marked by a dashed line and correspond-
ing 1o credible region in shading, and with T from the SDSS-based
temperature scale color-coded for each star. Panels ¢ and d show the
amplitudes after removing the effect of only mass and only metallic-
ity, respectively, where cluster mean metallicities from ASPCAP and
corrected masses of the stars from Sect. 2.4 are color-coded. Bayesian
credible intervals of 68.3% on meso-granulation amplitudes are shown
in panel a, and are rescaled in panel b.

activity and the other to minimum solar activity, which we av-
erage to obtain final estimates that are not biased by the activity
cycle of the Sun. The final solar reference values are ameso0 =
56.0 = 0.2 ppm (parts-per-milion) and byes00 = 752 + 3 uHz for
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Fig. 6. Same as Fig. 5 but for the meso-granulation characteristic
frequency.

the meso-granulation component, and Vo = 3147 + 2 uHz for
the power excess due to solar oscillations. We also include the
large frequency separation as the average from the two datasets,
Ave = 135.04 £ 0.02uHz, whose calculation is explained in
detail by Corsaro et al. (in prep.) and follows from a similar
approach as that applied to the cluster RGs. Finally, the ref-
erence value for the solar effective temperature is the typical
Ter = 5777 K (e.g., Corsaro et al. 2013). Our estimates of byeso.0
and vmax e agree within 1o and 20, respectively, with those ob-
tained by K14. Our value of dpesoo is instead about 1.5 times
larger than that of K14. We attribute this difference in amesoo t0
the different preparation of the solar dataset, which in the case of
K14 was accounting for 1-yr length observation of the VIRGO
green channel only (centered at 550 nm), and thus applying a

simple linear transformation to obtain the reference amplitude at
the central wavelength of the Kepler bandpass (664 nm).

4. Scaling relations for granulation activity

So far, empirical models related to the efficiency of the granu-
lation signal, represented by the granulation amplitude ag,, and
its characteristic frequency bgray — or equivalently its time scale
Tgran = (27rbg,cm)‘1 — have been investigated using large samples
of stars with evolutionary stages ranging from the main sequence
to the late RG phase (Mathur et al. 2011; Kallinger et al. 2016,
K14). In the following we present the relevant scaling relations
connecting dmeso aNd Dyeso tO Vmax, Which in turn depends on
stellar surface gravity and temperature, and mass of the stars,
and for the first time we include the additional dependence on
stellar metallicity.

4.1. Meso-granulation amplitude ameso

As shown originally by Mathur et al. (2011), and later on by
K14 and by Kallinger et al. (2016), the stellar granulation signal
is strongly correlated with the atmospheric parameters of effec-
tive temperature and surface gravity, therefore vy, (Brown et al.
1991). For constant surface gravity, one can also test the effect of
a varying stellar mass. In this work we consider a more general
scaling relation of the form

K t
( Ameso )Zﬁ( Vmax )Y(ﬂ) eu[Fe/H]’ (7)
Ameso,0 Vmax,o My

where M is the mass of the star, [Fe/H] the metallicity, s, ¢, and u
are three exponents that need to be estimated, and 3 is a scaling
parameter for the solar reference values, typically set to 8 = 1
(see also Corsaro et al. 2013, for more discussion about the im-
plications of this scaling factor). We note that the solar values
are only reference values used for the scalings, and a different
choice of these values will not change either the quality of the
fits or the Bayesian evidence associated with each model (see
Sect. 5.1), but it would instead impact on the term g that cali-
brates the scaling relation. As discussed in Sect. 3.2, we use our
own solar reference values for consistency. We parametrize the
metallicity with an exponential function because [Fe/H] is al-
ready expressed in a logarithmic form and is compared to the
solar value. For the study presented here, we consider two cases
deriving from the generalized scaling relation of Eq. (7), one for
u = 0, which only accounts for v, ,x and mass dependencies, and
one for u # 0, which also includes the metallicity effect on the
amplitudes. We decide not to investigate the scaling relations in-
corporating only the dependency on v, (obtained for r = 0 and
u = 0) and only the dependency on vy, and [Fe/H] (obtained for
t = 0), because the effect of a varying stellar mass in the ampli-
tudes was already found to be significant from previous analyses
(see K14).

In order to linearize the scaling relations and to be able to
perform a thorough statistical analysis following the approach
shown by Corsaro et al. (2013) and Bonanno et al. (2014), we
apply the natural logarithm to Eq. (7), yielding

In (—ameso ) =Ing+ sln( Ymax

Ameso,0 Vmax,0

) + tln(Mﬂ) +u[Fe/H] . (8)

©

From here onwards, we identify the linearized scaling relations
(or models) for the meso-granulation amplitude with the sym-
bols M, for u = 0, and M, for u # 0 (see Sect. 5 for more de-
tails). We also compute the analytical expressions for the uncer-
tainties associated to the predicted meso-granulation amplitudes.
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Table 2. Median values of the inferred parameters (s, t, u, In8) for all the models presented in Sect. 4, with the physical parameter they relate to

shown in brackets.

Model $ (Vmax) 1(M) u ([Fe/H]) Ing Amax
Mai —0.550700%  _067:02  _ 02570 _464
Mz 059310010 _21+004 (0 gg+008  _71+006 313
Moy 095470007 - - 003700 —227.4
Mz 0.917+0908 0207002 - ~0.19*0%%  —120.2
Mys  0.8897000 - ~0.52:00%  ~0.16*0%  -37.1
Mya  0.898°0012  _3g+006  _j 154002 0*006 25

Notes. Bayesian credible intervals of 68.3% are added. The maximum value for the log-likelihood function, A, is reported as fit quality indicator,

where a larger value corresponds to a better fit to the observations.

According to a standard Gaussian error propagation (see also
Corsaro et al. 2013), we obtain the total relative uncertainties

2 2~2 2~2 2~=2
+ 5 T +1oytu a-[Fe/H]’

®

which clearly depend upon the free parameters of the corre-
sponding scaling relations, except for the offset term Ing that
is not directly depending on any of the observables in this for-
mulation. The relative uncertainties are 0., = 0g,..,/dmesos
Oype = Oy /Vmaxs O = 0y /M, while 0pe/py is the formal
uncertainty on metallicity (which is already in relative units).
Clearly, the total relative uncertainty for amplitude predictions
from model M, is obtained by imposing u = 0, while that from
model M, is the general form with u # 0. These parameter-
dependent uncertainties, and the linearized models, will be used
for the Bayesian inference described in Sect. 5.

GZ(S, tLu)=0o

Ameso

4.2. Meso-granulation characteristic frequency bmeso

The frequency scale of the granulation signal is known to follow
a tight scaling with the stellar surface gravity, like the amplitude.
In particular Mathur et al. (2011) showed that the time scale of
the granulation signal, Tgran, scales with vpa. This result was
later on confirmed by K14. For our analysis we adopt a gen-
eralized scaling relation for the characteristic frequency of the
meso-granulation signal, of the form

( Dmeso ) :ﬁ( Vmax )v(ﬂ)t eu[Fe/H]
bmeso,@ Vmax,0 Mo '

with B once again a scaling factor and s, ¢, u the exponents that
need to be estimated. For this property of the meso-granulation
we consider the linearized form of Eq. (10), and test four differ-
ent models, which we label as M,,; fort = 0 and u = 0, M, for
u =0, Mps fort =0, and M4 for z # 0 and u # 0. In this for-
mulation, model M, is clearly the simplest, not including both
mass and metallicity terms, while models M, and M, 3 con-
sider the dependence on mass and metallicity separately from
one another and are equally complex in terms of parameters.
Model M,4 is instead the most generalized one, where both
mass and metallicity effects are included at the same time.

Following the same approach used for the meso-granulation
amplitude, we derive the analytical expressions for the
parameter-dependent relative uncertainties associated with the
predicted meso-granulation frequencies, yielding the general
form

(10)

~2 _ = 2~2 2~2 2~2
oy(s, t,u) = Op o T80y + 10+ U Oy

an
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with the same definitions as in Sect. 4.1 for vi.x, M, and [Fe/H],
and with 0 = 0, /DPmeso- Like for the amplitudes, we can
obtain the total relative uncertainty for the frequency predictions
by imposing ¢t = 0 and u = 0 for model M, 1, u = 0 for model
Mpa, t = 0 for model M, 3, and ¢ # 0 and u # 0 for model M, 4.

5. Bayesian inference

We perform a Bayesian inference on the models presented in
Sect. 4 by adopting a Gaussian likelihood where the residuals,
assumed to be Gaussian distributed, arise from the difference be-
tween the observed and predicted natural logarithms of the pa-
rameters that describe the granulation activity. The Gaussian log-
likelihood, similar to Corsaro et al. (2013) and Bonanno et al.
(2014), therefore reads

2

N
1
AO) = Ao(6) — = —
(6) = Ao(6) - 3 ;[m@
where 6 is the parameter vector, for example (B, s, t, u) for the
model M, ,, N is the total number of stars, and A() is a term
depending on the relative uncertainties, given by

N
Ao(0) = — Z In V275:(6) . (13)
i=1

The residuals between observed and predicted values are defined
as

Ai0) = IS, — In abiese(8) . (14)
The results from the Bayesian parameter estimation are listed in
Table 2, with A, representing the maximum value of the log-
likelihood function (Eq. (12)), increasing as the fit to the data
improves. We note that in order to evaluate whether the fit qual-
ity of a model is better than that of other models, Ap,x has to
be compared to that of a competitor model and has therefore
no meaning on its own. A thorough assessment of the statistical
significance of a model is presented in Sect. 5.1. The predictions
obtained from the estimated parameters are compared to the ob-

servations in Figs. C.1 and C.2 for all the models considered in
Sect 4.
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Fig. 7. Amplitudes (top panel) and frequencies (bottom panel) of the
meso-granulation component for the 60 cluster RGs, as a function of
the corrected stellar masses from Sect. 2.4. Dependencies upon vy,
and [Fe/H] were removed by means of the best scaling relations iden-
tified in Sect. 5.1 (Eq. (7) for the top panel and Eq. (10) for the bot-
tom panel). The dashed lines mark the fits from the best scaling rela-
tions, while the shaded regions delimit the 1o credible regions from the
estimated parameters (Table 2). Open symbols denote RC stars, while
filled symbols are RGB stars, with cluster membership indicated by the
same symbol types as in Fig. 3. The values of vy, are color-coded for
each star. Rescaled Bayesian credible intervals of 68.3% for each meso-
granulation parameter are overlaid on both panels.

5.1. Model hypothesis testing

The Bayesian model hypothesis test is performed by computing
the so-called odds ratio between two competing models M; and

M;

_&iaMy (M)

Oi' - = Dij )
J Sjﬂ(Mj) ]ﬂ(Mj)

as)

where 8;; is the Bayes factor given as the ratio of the Bayesian
evidences (&) of the two models, and 7(M) is our model prior, or
equivalently model weight, assigned to each of the models inves-
tigated. Given the linearity of the models, model priors for mul-
tiplicity adjustment can be taken into account (Scott & Berger
2010). For this purpose, we consider the model prior function
proposed by Scott & Berger (2010), which for a model having
k free parameters out of a full set of m free parameters investi-
gated, i. e. the total number of parameters to test, reads as

Kl(m - k)!

M) = mm+ 1)

(16)

Bmeso (Vmax/Vmaxo) " M (ppm)
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Fig. 8. Same as Fig. 7 but showing the meso-granulation parameters
with the v« and stellar mass dependencies removed, as a function of
the cluster mean metallicities computed from ASPCAP (Sect. 2.3).

In our analysis, the linearized models for amplitudes (see
Sect. 4.1) and characteristic frequency (see Sect. 4.2) account
for a total of m = 3 free parameters (s, t,u) related to the ob-
servables. The intercept Ing is not included in the count of
free parameters relevant for the model prior because a model
with the intercept as the only free parameter is the null model,
with k = 0. The model priors give 7(M*=3)/m(MK=?) =
(M) (M=) = 3,

We compute the Bayes factor for each pair of scaling rela-
tions following Corsaro et al. (2013). Since the Bayesian evi-
dence of a model taken singularly is not meaningful, the best (or
statistically more likely) model is chosen as the one that maxi-
mizes the odds ratio given by Eq. (15) in a comparison between
pairs of models, for all the models considered in the analysis.
Results for the model comparison for all the models investigated
in this work are presented in Table 3 for apeso and bpyeso, With the
most favored models highlighted with shades. The net effects
caused by stellar mass and metallicity on the meso-granulation
properties can be isolated by adopting the most favored scaling
relations selected by our model comparison process. The results
are depicted in Figs. 5b and 6b, both as a function of vy, and in
Figs. 7 and 8 as a function of mass and metallicity, respectively.

6. Results

From our inference on the models presented in Sect. 4, stel-
lar mass and especially metallicity appear to play a statisti-
cally significant role in the meso-granulation properties of the
stars. In Figs. 5a and c, the latter showing the amplitudes af-
ter the mass effect has been removed, we observe two distinct
groups of stars. The first group corresponds to stars with super-
solar metallicity and high meso-granulation amplitudes (from
NGC6791), while the second one is composed of stars with
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Table 3. Natural logarithms of the odds ratio, InO;; = Ina(M;) —
In7(M;) + In&; — In&;, for each pair of models (M;, M; related to
the meso-granulation amplitude apes (marked with subscript a), and
characteristic frequency byeso (marked with subscript b).

Model M,1 M. My Mps  Mps
Mu,l -

Mo 15.5 -

My -

My 108.0 -

Mp3 191.9 83.9 -
M4 2258 117.8 33.9

Notes. Shading indicates the most likely models (M., for dmeso and
M4 for byeso), meaning that they maximize all the odds ratios when
compared to the competitor models.

close-to-solar metallicity and low meso-granulation amplitudes
(from NGC 6819 and NGC 6811). We observe these two groups
independently of whether a star is RC or RGB. The trend with
metallicity is also clearly shown in the top panel of Fig. 8, where
the amplitudes have been corrected for vy,,x and mass dependen-
cies.

In Figs. 6a and c, the latter showing meso-granulation fre-
quencies without the mass effect, we see that the stars belonging
to NGC 6791 have the tendency to exhibit frequencies smaller
than the stars of the other two clusters. This is more evident from
the bottom panel of Fig. 8, in which the meso-granulation fre-
quencies were rescaled to remove the effect of a varying vi.x and
stellar mass. These observational considerations are reflected in
the values of the exponents of the scaling relations and in our
model hypothesis testing, which we discuss in Sects. 6.1 and 6.2.

From both Figs. 5a and 6a we note that the typical vy« of the
RC stars within a cluster changes significantly from one cluster
to another, with viax ~ 20 uHz for NGC 6791, vipax ~ 35 uHz
for NGC 6819, and viax ~ 100 uHz for NGC 6811. This differ-
ence is mainly caused by the different average masses of the RC
stars in each cluster (Fig. 3) because for a constant stellar radius
Vmax & MT 0 (see also the color-magnitude diagram shown in
Fig. 1 and those presented in Fig. 9 of Corsaro et al. 2012). A de-
tailed discussion of our findings can be found in Sect. 7, where
we highlight their implications and physical interpretations.

6.1. Meso-granulation amplitude ameso

We find that the scaling relations for apeso, have a negative ex-
ponent #, for stellar mass, of —0.67 and —0.21 (models M,
and M, respectively), and a positive exponent u, for [Fe/H],
of about 0.89 (model M, ). The results from the parameter es-
timation of the best model M, imply that the dependency on
metallicity is more than four times stronger than that on stellar
mass, and that an increasing metallicity increases the amplitude
of the signal (see Fig. 5c¢ and our fit marked in Fig. 8, top panel).
If we consider stars at constant surface gravity — to first approx-
imation at constant vp,,x given that the temperature range of our
sample of stars is not large (~10° K) — the effect of metallicity is
opposite to that of stellar mass (Fig. 5d versus Fig. 5c, and Fig. 7
versus Fig. 8, top panels).

The dependency on metallicity estimated from the best
model M, is about 1.5 times stronger than the dependency on
Vmax, hence than on g/+Ter and to first approximation on sur-
face gravity, with an exponent s set around —0.55 and —0.59 for
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models M, and M, respectively. The exponent s is close, al-
though not compatible within the quoted errors, to the value of
—0.61 found by K14 using a larger sample of field stars that also
included main sequence stars. The exponent ¢ of model M, 5, in-
cluding [Fe/H], is also compatible (within 10-) with that found
by K14, —0.26, while model M, has a three times larger esti-
mate of ¢ with respect to that of model M, . The stronger de-
pendency on stellar mass in the scaling relation associated to
model M, 1, as compared to that of M,,, is also a consequence
of the lack of a term that takes into account the different stel-
lar metallicity, which is significantly different in NGC 6791 with
respect to NGC 6811 and NGC 6811 (a factor of about two).
Differences between our exponents and those from the litera-
ture also rely on: (i) the adoption of a sample of only RGs
(K14 included both field RGs and main sequence stars), hence
of a range of surface gravities (2.3 < logg < 3.1) and tem-
peratures (4350K < T < 5150K) typical of evolved low- and
intermediate-mass stars; (ii) the use of different data sources and
of corrected stellar masses (as derived in Sect. 2.4); (iii) the use
of a more accurate and uniform set of fundamental stellar prop-
erties, stemming from the cluster membership of the targets.

In regard to the solar reference values used in this work
(Sect. 3.2), our estimation of the proportionality term 5 suggests
that the reference amplitude for our sample should be smaller
than ameso.0, By ~22% and ~50% for models M,; and M,,,
respectively. This probably signals a break-down of linearity
across the orders of magnitude in surface gravity, that separate
our sample of RGs from the Sun.

As shown in Table 3, the Bayesian model comparison largely
favors model M, », including the metallicity term, against M,
because the corresponding odds ratio (In O,; =~ 16) is well above
a strong evidence condition (InO;; > 5 for model M; versus
model M;, according to the Jeftreys’ scale of strength), thus jus-
tifying the inclusion of an additional dependency on metallicity.
This is also observed in the much higher maximum likelihood
value of M, , compared to that of M, ;, with A2 A&~ 15
(see Table 2). We therefore recommend the adoption of the scal-
ing relation given by Eq. (7) when predicting meso-granulation
amplitudes for RGs having 20 uHz < vy < 160 uHz. Although
for solar metallicity stars, [Fe/H] = 0, model M, formally re-
duces to the analytical form of M, ;, the exponent for the stellar
metallicity is u # 0 and for the exponents s (for vi,ax) and ¢ (for
stellar mass) of the scaling relation estimates from model M,»,
as listed in Table 2, should still be taken into account. Finally, as
seen from Fig. C.1, and also apparent in Fig. 5b where we show
the amplitudes corrected for mass and metallicity effects, we do
not observe any clear difference between RC and RGB stars be-
cause the residuals from our predictions are on the same level for
both evolutionary stages (on average around 8%).

6.2. Meso-granulation characteristic frequency bmeso

For the characteristic frequency of the meso-granulation we have
tested the four different models described in Sect. 4.2. In this
case, an increasing metallicity appears to reduce bpeso, Namely
to increase the time scale of the meso-granulation. This can be
seen from Fig. 6a, and more so from Fig. 6¢, where the mass
effect has been removed, and from the bottom panel of Fig. 8,
in which the trend with metallicity has been isolated from the
strong dependency on vp.x. This result is confirmed by the ex-
ponents estimated for Eq. (10). We find that the exponent related
to metallicity, u, is —0.52 for model M), 3 and —1.15 for the best



E. Corsaro et al.: Metallicity effect on stellar granulation from cluster red giants

model M 4, indicating that the strength of the relation between
bmeso and [Fe/H] is comparable to that between bpeso and vipax.

An exponent s =~ 0.9, which is found for all the models for
bmeso tested in this work, shows that byes, and vy, are almost
linearly related, implying that the two parameters do follow a
similar scaling (see Sect. 7 for a discussion on this result). The
s exponent found in this work is on average only 5% smaller,
although significant according to the quoted errors, than that ob-
tained by K14 using a similar scaling relation for the same meso-
granulation component. Once again we attribute this difference
to the different sample, range of fundamental stellar properties,
and sources of observational data used.

According to our estimates of the proportionality term 3, we
find that an optimal reference value would range from ~83%
(model M;»), up to ~110% of bmesoo (model M, 4). Overall,
this is closer to the adopted solar value than what was found in
the case of the meso-granulation amplitude, and the difference
from unity in the parameter 8 is not even statistically signifi-
cant for model M, ;, and only marginally significant for model
M, 4 (within 20). This suggests that a possible break-down in
linearity for the characteristic timescale of the granulation and
meso-granulation signals between our sample and the Sun is in
general less likely than for amplitudes.

The effect of mass on by, after surface gravity has been
accounted for, is in the same direction as that of metallicity
(Fig. 6d versus Fig. 6¢, and Fig. 7 versus Fig. §, bottom panels).
The associated exponent ¢ reaches up to only —0.38 for the best
model My 4. This weak mass dependence is also evident from
the Bayesian model comparison (Table 3) where model M, 3, in-
corporating only metallicity and v,x dependencies, far exceeds
the strong evidence condition against model M;, (InO3, ~ 84),
the latter including only stellar mass and vp,x. However, M, 4,
which encompasses both mass and [Fe/H] on top of vy, is sig-
nificantly better than a model that incorporates one or the other
(InOy4; =~ 118,1In 043 =~ 34). We note that the odds ratio between
model M, 4 and model M, 3 is much smaller than that between
My, 3 and M, confirming that even in this case the stellar mass
does not constitute a dominant contribution to byeso. Like dmeso,
we recommend the adoption of Eq. (10) for predictions of the
meso-granulation characteristic frequency for RGs in the viax
range investigated. We show the fit results in Fig. C.2, where
the scatter in the residuals is on average around 8-9% for the
different models, and in Fig. 6b where we correct for mass and
metallicity effects. Similar to the case of dmeso, Wwe do not find
any evidence for a systematic difference between RC and RGB
stars of the same cluster.

6.3. Assessing the reliability of the metallicity effect

To further validate our results we perform three additional anal-
yses described below. First, to make sure no biases are caused
by the numerical method implemented in DIAMONDS, we derive
the background parameters discussed in Sect. 3.1 using another
automated fitting routine, based on a Bayesian maximum a pos-
teriori method (Gaulme et al. 2009). We find that the resulting
values of Vinax, Gmeso, and beso agree with the measurements de-
rived with DIAMONDS on average within 1, 3, and 6%, respec-
tively, compatible within the Bayesian credible intervals.
Second, we measure the granulation flicker, Fg, introduced
by Bastien et al. (2013), from the Kepler light curves for the
stars in our sample satisfying the limits of applicability defined
in Bastien et al. (2016, a total of 26 targets, 3 from NGC 6819,
4 from NGC 6811, and 19 from NGC 6819). For each of these
stars we therefore have the amplitude in parts-per-thousand (ppt)
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Fig. 9. Granulation flicker for timescales shorter than 8 h, Fg, as a func-
tion of v for NGC 6791 (squares), NGC 6819 (circles) and NGC 6811
(triangles). The color-coding shows the cluster mean metallicity, simi-
larly to Fig. 5c. 10- measurement uncertainties on flicker are also shown.

of the total granulation signal on timescales shorter than 8 h. The
granulation flicker represents a measurement of the granulation
activity that is independent of the background modeling adopted
in Sect. 3.1. The result is shown in Fig. 9 as a function of v,
and [Fe/H]. To test the significance of the dependency on metal-
licity on top of those arising from a varying stellar mass and vy,x,
we consider a scaling relation of the form

s t
F8 _ Cl( Vmax ) (ﬂ) eu[Fe/H]’

17
Vmax,0 Mo (a7
with @ a proportionality term in units of ppt, and s, ¢, u exponents
that need to be estimated. We thus apply the same Bayesian in-
ference described in Sect. 5 to both the linearized models de-
termined for u = 0 (no metallicity effect) and u # O (metal-
licity included). The Bayesian model comparison between the
two models considered, performed as described in Sect. 5.1,
shows that the model including the metallicity term is signif-
icantly dominant over its competitor accounting only for vpax
and stellar mass (In O,,z0, -0 = 5.2). From our granulation flicker
we find a metallicity exponent, # = 0.9 + 0.3, which agrees, well
within the 1o error, with that estimated for the meso-granulation
amplitude from our detailed analysis of the background spectra
presented in Sect. 6.1. This positive detection of the metallicity
effect was possible despite the granulation flicker could be mea-
sured for only three of the high-metallicity stars of NGC 6791.
We note that the uncertainties on Fg, and the errors on the param-
eters estimated from the fit to the whole sample, are about three
times larger than for the analysis of the background spectra.
Lastly, we measure the granulation properties dpyeso and
Dmeso, together with vp.«, for an independent sample of 12 field
RGs. These field stars have temperatures and metallicities avail-
able from the APOKASC catalog and all exhibit similar appar-
ent magnitudes, which implies that the noise level in the stellar
PSD is similar from star to star. This homogeneity in apparent
magnitude, unlike our cluster RGs, is useful to isolate possible
effects in estimating the background parameters that could arise
from a different noise level in the data. The field stars are di-
vided into two groups, the first one including six targets with
solar metallicity (simulating the metallic content of the stars in
NGC 6819 and NGC6811), and the second group with six tar-
gets having super-solar metallicity, on average ~0.24 dex, hence
simulating a sample of stars with a metallic content close to that
of NGC 6791. For the selected field stars we considered masses
obtained from scaling using the asteroseismic parameters from
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the APOKASC DR13 catalog (Pinsonneault et al. 2014), and a
Vmax that is estimated through DIAMONDS using the same back-
ground model presented in Sect. 3.1. Each star of a set with sim-
ilar metallicity has a relatively close comparative star in terms
of mass and vy,x in the other set of super-solar metallicity tar-
gets. Our choice of masses and vy, values for the field RGs
allows us to soften the effect caused by a different stellar mass
at constant surface gravity and to limit the tight dependence
on g/vTe.x, which contributes each time that two targets hav-
ing different metallicities are compared to one another. We ob-
serve a trend with metallicity for both meso-granulation ampli-
tude and characteristic frequency similar to the one shown in this
work. In particular, by considering the predictions obtained from
the best meso-granulation amplitude scaling relation, Eq. (7),
we obtain average residuals of ~28 ppm and ~24 ppm for the
super-solar and solar metallicity samples, respectively. These
estimates are similar to the dispersion of the residuals for the
same scaling relation applied to the cluster RGs (about 28 ppm,
see also Fig. C.1). The comparison done for the best meso-
granulation frequency scaling relation, Eq. (10), shows that the
average residuals are about 3.3 yHz and 3.5 uHz for the super-
solar and the solar metallicity samples, respectively. Similarly
to the case of the amplitudes, this result is again close to the
dispersion of the residuals found in the cluster sample (about
2 uHz, see Fig. C.2). We note that a dedicated and detailed anal-
ysis of the granulation activity for field stars that aims at cali-
brating the granulation scaling relations for a wide range of stel-
lar parameters will be presented by Mathur et al. (in prep.). We
therefore conclude that the systematic difference in amplitude
and frequency of the meso-granulation signal that we observe in
Figs. 5 and 6 could not be caused by either the different signal-
to-noise ratio in the PSDs of the cluster RGs or just the differing
stellar masses.

7. Discussion and conclusions

From the results presented in Sect. 6 it appears clearly that the
stellar metallicity has an important influence on the granulation
activity in evolved cool stars (Fig. 8) and that meso-granulation
and granulation properties depend solely on the conditions in
the stellar atmospheres. We have shown that the cluster mem-
bership of the 60 RGs analyzed in this work is a powerful con-
straint that allows accurate calibration of the meso-granulation
scaling relations in the metallicity range spanning from 0.8 times
to about twice the solar metallicity (~0.4 dex), and surface grav-
ity 2.3 < logg < 3.1. This is because the stars in each cluster
have the advantage of sharing rather homogeneous stellar prop-
erties of mass, temperature, and metallicity (see Appendix A and
Table 1). The results of this work are therefore essential to iden-
tify and understand the underlying correlations among metallic-
ity and stellar mass, surface gravity, and temperature. This study
also sets the basis for the selection and detailed analysis of large
samples of field stars spanning a wider range of fundamental
stellar properties and evolutionary stages than the one covered
here (Mathur et al., in prep.).

The signature of metallicity is statistically significant for
both the amplitude and the characteristic frequency of the meso-
granulation, hence of the granulation since the two compo-
nents scale linearly across the entire v« range investigated (see
Sect. 3.1). From our sample, the effect of metallicity is observa-
tionally more enhanced for the amplitude parameter, for which
we clearly observe a systematic difference between the close-
to-solar metallicity stars and the super-solar metallicity ones
(Figs. 5a, c). This is because metallicity has the opposite effect
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on the amplitudes than that of mass (Figs. 7 and 8, top pan-
els), and because at the same time the high-metallicity cluster,
NGC 6791, contains the stars with the lowest mass among the
three clusters considered. In particular, apes, for stars belong-
ing to NGC 6791 is about 60% larger than that of stars from
NGC 6819 and NGC 6811, and this result is a combination of
both metallicity and mass of the stars. These findings are also re-
flected in our measurements of the granulation flicker, Fg, where
the high-metallicity stars show systematically larger flicker am-
plitudes than the low-metallicity ones (Fig. 9), and with a similar
dependence on metallicity as estimated from the associated ex-
ponent u of the scaling relations (see Sect. 6.3). Unlike for the
amplitudes, mass and metallicity act in the same direction for
the characteristic frequency by,es0, Namely by decreasing the fre-
quency scale of the meso-granulation, hence of the granulation,
when they increase (Figs. 7 and 8, bottom panels). This also ex-
plains that the metallicity effect seen in Fig. 6a is less evident
than that of the amplitudes, but it otherwise appears clear when
the mass dependency is removed, as seen in Fig. 6¢ and in Fig. 8,
bottom panel.

7.1. Meso-granulation amplitude ameso

According to our analysis of the scaling relations presented in
Sect. 4, a higher metallicity increases the granulation amplitude.
The best model identified (M., Eq. (7), see Table 2) gives a
power law exponent for metallicity of u# = 0.89, with a precision
of about 9%. The positive value of the exponent is in qualitative
agreement with theoretical modeling of realistic 3D stellar atmo-
spheres by Collet et al. (2007). In particular, from the modeled
granulation larger granules are found for higher metallicities due
to the increased opacity. This implies that the amplitudes of the
meso-granulation and granulation signals are higher because the
associated disk-integrated brightness fluctuations scale as ngrla/nz,
Ngran being the number of granules observed on the stellar surface
(Ludwig 2006). When the granulation scale is fixed, that is, when
the atmospheric parameters are fixed, ngr, scales with stellar ra-
dius as R? and the amplitude of the granulation signal therefore
scales as R™!, due to, for example, a change in stellar mass. The
metallicity effect is also apparent in the new granulation analysis
by Ludwig & Steffen (2016), of 3D surface convection simula-
tions of F-K stars, from the main sequence to the lower RGB
and for solar and metal-poor, [Fe/H] = —2, compositions. They
Fourier transformed time-series of specific bolometric intensity,
integrated over the disk, and scaled to a star of solar radius to
make it easy to apply their result to stars of any radius. For our
sample of giants, the difference between bolometric and Kepler
intensities will be rather small. From Ludwig & Steffen (2016,
Fig. 3), the increase in granulation amplitude with increasing
metallicity is more pronounced toward larger values of surface
gravity (or equivalently larger vy,.x), which we also find in our
observations (Figs. 5a, c, in the range 60-120 uHz).

We perform a direct comparison between our observed gran-
ulation amplitudes and the predictions from the 3D simula-
tions by Ludwig & Steffen (2016). We compare with the solar
metallicity stars of our sample, from NGC 6819 and NGC 6811.
For these stars we reduce the Kepler meso-granulation ampli-
tudes to bolometric granulation amplitudes. We further reduce
these amplitudes to that of a star with solar radius (having the
same T, and log g) by multiplying by (R./Ry). The stellar radii
are computed according to Sharma et al. (2016; see also Ap-
pendix A). The bi-linear fits to the scaled bolometric amplitudes
of Ludwig & Steffen (2016), for both [Fe/H] = 0 and -2 regimes
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are then applied to the T.g (from the SDSS-based temperature
scale) and logg of all the targets of NGC 6819 and 6811 (see
Tables A.2 and A.3) to obtain predicted estimates from the 3D
simulations. The simulations from Ludwig & Steffen (2016) ex-
hibit 0.27 dex (+85%) larger amplitudes for a 2.0 dex increase
in metallicity in the range of temperature and surface gravities
covered by our sample of RGs. By scaling the change in loga-
rithmic amplitude down to the 0.32 dex increase in metallicity of
our targets (from the two solar metallicity clusters, to NGC 6791)
gives a 0.045 dex (+11%) increase in amplitude. This agrees well
with our observations, for which we find a 0.050 dex (+12%) in-
crease in amplitude between the clusters. Interestingly, our best
amplitude model, M, », is more sensitive to metallicity than v,y
(Is] < |ul, see Table 2).

As noted by K14, by exploiting the linear relation between
Dgran and vmax, and by evaluating the background PSD at viax
from our Eq. (2), we can infer that dg,, « v,07. We can eas-

max *

ily extend this relation to the meso-granulation amplitude since
both dmeso and beso follow constant scalings from agran and bgran
(see, e.g., K14, and our discussions in Sects. 3.1 and 7.2). Our
estimate of the exponent s of the scaling relations for dmeso 1S
close to —0.5 (with —0.550 for M, and —0.593 for M,), thus
in better agreement with the expected dependency than what was
found in previous works (see, e.g., K14).

According to our scaling relations we find that the effect of
a varying mass at constant surface gravity on dmeso, could be
well constrained from the population of cluster RGs thanks to
the homogeneity of stellar masses found within each cluster (see
Figs. 3, 5d, and 7, top panel). By taking into account RGs that
exhibit, on average, a different mass depending on the cluster
they belong to (see also Miglio et al. 2012; Corsaro et al. 2012
for more details), the effect of mass can be clearly disentangled
from that of a different surface gravity and metallicity. The sta-
tistical error for the mass exponent, #, is about 19%, comparable
to that obtained by K14 using 100 times as many field stars but
about one year shorter time-series. From the parameter estima-
tion presented in Table 2, it appears that the impact of a varying
mass On dmeso 1S about a fourth in strength as compared to that
of metallicity (for M, we have 4|f| ~ |u|). We note that since
the amplitude of the signal scales with stellar radius as R~!, for a
constant surface gravity the amplitude scales as M~'/2, which is
not far from the estimates of the mass exponent ¢ for both mod-
els M, and M, (t = —0.67 and —0.21, respectively). Devia-
tions from the expected exponent in mass are most likely due to
temperature, surface gravity, and metallicity dependencies that
are not entirely described by a v« dependency.

Our analysis also has some implications on the connection
between the granulation properties and the stellar evolutionary
stage. On one hand, as visible from the residuals of the fits
shown in Fig. C.1, we do not observe any systematic differ-
ences between RC and RGB stars. This confirms that the meso-
granulation, hence also the granulation, are unaffected by the
conditions in the stellar core because they are completely de-
scribed by the atmospheric parameters and by the stellar radius,
which produces an attenuation to the global power of granular
fluctuations by a factor R~2 due to the stochastic and incoher-
ent nature of granulation (Trampedach et al. 2013). On the other
hand, the coefficients 8 estimated for the two meso-granulation
amplitude models, and especially the best model M, », suggest
that the scaling relations might not be linear across the orders
of magnitudes in surface gravity that separate the Sun from the
evolved stars in our sample.

From our estimation of the background parameters shown
in Fig. 5a, we notice two stars that have meso-granulation

amplitudes significantly above than of similar stars, and signifi-
cantly above our predictions from the scaling relations (by up to
25% as seen in Fig. C.1). These are the RGB star KIC 2437976,
with viax = 89 uHz, and the RC star KIC 2437103, with vy =
29 uHz, both in NGC 6791. Given the accuracy of the vy, and
Av measurements for the stars, and their cluster membership, we
discard errors in the mass computation as the source of the dis-
crepancy. KIC 2437103 in particular, was originally misclassi-
fied from its position in the color-magnitude diagram as an RGB
star, but then reclassified as RC from the properties of its oscil-
lation (see Corsaro et al. 2012, for a detailed discussion). This
star has the largest an,es, of our sample, exceeding 700 ppm (see
Table B.1), which can in part be interpreted as a consequence
of the combination of the low stellar mass, one of the smallest
among all the stars that we analyzed (see also Fig. 5d), and the
low vmax. We conclude that the large amplitudes observed for
these two stars could be the result of either a metallicity higher
than the cluster mean metallicity adopted in our study, a possible
blending with other sources (e.g., from a binary), or a combina-
tion of the two. Future abundance determinations, which are not
yet available for the two mentioned stars, might help understand-
ing the origin of the observed discrepancy.

7.2. Meso-granulation characteristic frequency bmeso

By analyzing four different scaling relations we have found that
metallicity has a more dominant role than mass in determining
the characteristic frequency of meso-granulation. Stellar mass
has a rather weak effect, with an exponent r = —0.38, as com-
pared to that of metallicity (from our best model M, 4, Eq. (10),
we have |u| =~ 3[#), although still statistically significant (see
Table 3). Once again, despite the relatively low number of stars
in our sample as compared to that of K14, the metallicity expo-
nent u could be constrained to about 10%, while the precision
remains poorer on the mass exponent 7 (about 16%). In contrast
to the meso-granulation amplitudes, we do not find a clear cor-
respondence with the modeling performed by Ludwig & Steffen
(2016). This is because in the metallicity range explored by the
authors (-2 < [Fe/H] < 0) the granulation characteristic fre-
quency appears to have an almost negligible dependency upon
metallicity, with variations of ~6%, comparable to the level of
the residuals found from the scaling relations investigated in this
work. Interestingly, for our best model we find that |u| ~ 1.3|s],
indicating that vy, and [Fe/H] are almost equally important in
determining bp,eso. We conclude that in order to assess our re-
sults on the characteristic frequency of the granulation activity,
more dedicated theoretical investigations would be required, for
example with 3D simulations covering the atmospheric param-
eters of our sample of cluster stars, and by extracting granula-
tion parameters from the Fourier spectra of time-series obtained
from such simulations, based on the background fitting models
used in Sect. 3.1. Mathur et al. (in prep.) is investigating the
metallicity effect, based on Kepler observations of field stars,
and the convection simulations by Trampedach et al. (2013; see
Mathur et al. 2011, for the granulation parameters for this grid)
to cover a wider range of metallicity, surface gravities, and tem-
peratures, than that of Ludwig & Steffen (2016).

The exponent s, of Vi, is 0.898 for our best model M, 4
(incorporating both metallicity and mass in the fit) and shows
that the relation between bpeqo and v,y is nearly linear as a first
approximation, thus validating the presence of a tight connec-
tion between the granulation characteristic frequency and the
surface gravity of the star. As argued by Kjeldsen & Bedding
(2011) and by Mathur et al. (2011, see also K14), this confirms
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that convection cells travel for a vertical distance that is propor-
tional to the pressure scale height, H,, at a speed proportional to
the speed of sound c; to first approximation. For explaining this
result, we consider that the derived characteristic frequency of
the granulation can be expressed as bgran o ¢s/Hp. Taking into

account the seismic scaling relation viax o g/VTex (Brown et al.
1991), and the relations ¢; o« VTeq and Hy, o« Teq/g, we thus
have that bgran o vinax because it is the same convection that ex-
cites the acoustic oscillations and gives rise to the granulation at
the surface. This in turn implies that bpeso < Vimax, because the
meso-granulation represents conglomerations of a certain num-
ber of granules, hence meso-granulation and granulation have
time scales that are proportional to each other, bpeso ¢ bgran, as
we also quantify in Sect. 3.1.

Like apeso, the distribution of by, for RGB and RC stars is
similar (e.g., see Fig. C.2). Once again this indicates that gran-
ulation and meso-granulation inherently depend on the atmo-
spheric conditions only, with no effect from the different core
structures between RGB and RC stages of stellar evolution. In
addition, the power of the granulation signal decreases with stel-
lar radius due to the averaging over an increasing number of
incoherent granules. This manifests in our fits from the best
model My 4, as a negative mass-exponent 7.
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Appendix A: Stellar atmospheric parameters
and masses

Our selection of stellar atmospheric parameters from the differ-
ent sources presented in Sect. 2 is shown in Tables A.1-A.3, for
NGC 6791, NGC 6819, and NGC 6811, respectively. The values
for surface gravity, log g, are also provided for completeness and
are derived from corrected stellar masses and radii computed ac-
cording to Sharma et al. (2016). The 1o uncertainty in logg is
determined from a standard propagation from those of corrected
masses and radii.

Table A.1. Atmospheric parameters Tt (from SDSS-based temperature
scale, see Sect. 2.2, with a total uncertainty of 69 K for all stars that are
not marked by an apex), [Fe/H] from ASPCAP where available, and
corrected stellar masses for NGC 6791 following Sharma et al. (2016).

KIC ID Tt [Fe/H] Mass logg State
(K) (Mo) (dex)
22973844 4504 0.38+£0.02 1.06+0.04 2.37+0.02 RC
2297825¢ 4479 0.31+0.02 095+0.05 2.37+0.02 RC
2435987 4427 028 +£0.02 1.09+0.03 2.46+0.01 RGB
2436097 4402 - 1.11 £0.03 2.51+0.02 RGB
2436417 4460 0.31+0.02 1.04+0.04 2.32+0.02 RC
2436458 4350 - 1.05+0.03 2.45+0.01 RGB
2436676 4573 - 0.97+0.03 3.01 £0.01 RGB
2436732 4503 - 1.10+0.03 2.37+0.02 RC
2436818 4610 - 1.04 £+ 0.03 2.87+0.01 RGB
2437103 4503 - 0.83+0.03 2.35+0.02 RC
2437240 4459 - 1.15+0.03 2.55+0.01 RGB
24372704 4499 - 1.26 £+0.05 2.73+0.02 RGB
2437325 4484 - 1.04 £0.03 2.86+0.01 RGB
2437353 4520 0.30+0.02 1.10+0.03 2.39+0.01 RC
2437564 4467 0.32+0.02 1.12+0.03 2.39+0.02 RC
24375894 4508 - 144 +£0.06 2.55+0.02 RGB
2437804 4439 0.35+0.03 1.02+0.03 2.31+0.02 RC
2437933 4534 - 1.11+£0.03 2.92+0.01 RGB
2437957 4556 - 1.03+0.03 2.86+0.01 RGB
24379724 4543 - 1.09 £0.04 2.82+0.02 RGB
2437976 4478 - 1.05+0.03 2.84+0.01 RGB
2437987 4517 - 1.13+0.05 2.38+0.02 RC
2438038¢ 4450 - 1.09 £ 0.04 2.68 +0.02 RGB
2438051 4524 0.30+0.02 1.14+0.07 2.37+0.03 RC
2438333 4473 0.32+0.02 1.08+0.03 2.67+0.01 RGB
2569055 4479 0.32+0.02 1.09+0.04 2.38+0.02 RC
2569945 4507 0.33+0.02 097+0.04 2.37+0.02 RC
25700944 4485 - 1.16 £+ 0.04 2.72+0.02 RGB
2570244 4515 - 1.09+£0.03 291+0.01 RGB
2570384 4519 0.32+0.02 0.81+0.05 2.65+0.03 RGB

Notes. Surface gravities, log g, and corresponding 1o uncertainties, are
also provided using stellar radii computed according to Sharma et al.
(2016). The evolutionary state specifies whether a star is RC or RGB, as
classified by Corsaro et al. (2012, 2017).  The source for temperature
is the (V — K) color (Hekker et al. 2011), with an adopted uncertainty of
110K. See Sect. 2.2 for more details.

Table A.2. Same as in Table A.1 but for NGC 6819.

KIC ID T [Fe/H] Mass logg State
(K) (Mo) (dex)
4937056 4844  0.01+£0.02 1.56+0.07 2.57+0.02 RC
4937770 5033 -0.02+0.02 1.93+0.08 2.88+0.02 RC
5023953 4834 0.07+0.02 1.84+0.05 2.59+0.01 RC
5024327 4865 - 1.50 £0.05 2.55+0.02 RC
5024404 4798 0.07+0.02 1.52+0.04 2.57+0.01 RC
5024414 5031 - 240+0.05 2.81+0.01 RC
5024476 4968  0.05+0.02 2.21+0.05 2.73+0.01 RC
5024582 4873 - 1.54 +0.04 2.57+0.01 RC
5024967 4797 - 1.52 +£0.05 2.56+0.02 RC
5111718 4916  0.08 £0.02 1.60+0.04 3.04 +0.01 RGB
5111949 4804 0.07+0.03 1.49+0.04 2.57+0.01 RC
5112072 4937 0.01 £0.03 1.60+0.03 3.01 +0.01 RGB
5112361 4924 -0.03+0.03 1.87+0.04 2.75+0.01 RGB
5112373 4826 0.04+£0.03 1.51+0.04 2.55+0.01 RC
5112387 4808 0.05+0.02 1.49+0.04 2.55+0.01 RC
5112401 4797 0.01+£0.03 132+0.04 2.46+0.02 RC
5112467 4841 0.05+0.03 1.51+£0.04 2.57+0.01 RC
5112491 4894 0.00+0.02 1.50+0.04 2.55+0.01 RC
5112730 4794 0.06 £0.02 1.54+0.04 2.54+0.01 RC
5112938 4798 0.06+0.02 1.41+0.04 2.55+0.01 RC
5112950 4746  0.07+0.02 1.51+£0.04 2.51+0.02 RC
5112974 4790 0.03+0.02 1.50+0.04 2.50+0.01 RC
5113441 4829 0.08+£0.02 1.55+0.03 3.09+0.01 RGB
5200152 4927 0.05+0.02 1.51+£0.04 2.56+0.02 RC
Table A.3. Same as in Table A.1 but for NGC 6811.
KIC ID Te [Fe/H] Mass logg State
K) (Mo) (dex)
9532903 5106 -0.06 +0.02 2.27+0.06 2.89+0.01 RC
9534041 5144 -0.11+£0.02 2.72+0.06 2.96+0.01 RC
9655101 5067 -0.11+£0.03 2.54+0.06 292+0.01 RC
9716090 5084 - 225+0.05 295+0.01 RC
9716522 4985 -0.06+0.03 247 +£0.06 2.64 +0.01 RC
9776739 5152 - 227 +0.06 2.89+0.01 RC

Notes. Sources for temperature and metallicities are as in Table A.1.
The evolutionary state of the stars KIC 9776739 and KIC 9716090 is
provided by Molenda-Zakowicz et al. (2014) and confirmed by Corsaro
et al. (in prep.).
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Appendix B: Results for the background fitting

The background parameters dmeso, Pmeso> Vmax derived by means
of DIAMONDS for the entire sample of 60 cluster RGs analyzed
in this work are listed for NGC 6791 in Table B.1, NGC 6819 in
Table B.2, and NGC 6811 in Table B.3.

Following the definitions presented by Corsaro & De Ridder
(2014), the configuring parameters used in DIAMONDS are: ini-
tial enlargement fraction fy = 1.3, shrinking rate @ = 0.02, num-
ber of live points Njjy. = 500, number of clusters 1 < Ny < 10,
number of total drawing attempts Magempts = 10*, number of
nested iterations before the first clustering My = 1500, and
number of nested iterations with the same clustering M,y = 50.

Table B.1. Median values with corresponding 68.3% Bayesian credible
intervals of the background parameters dgran, Dgrans Vmax for the RGs of
the open cluster NGC 6791, as derived using DIAMONDS.

KIC ID Ameso Dmeso Vmax

(ppm)  (uHz)  (uH2)

2297384 561.9*]14 105703  30.6703

2297825 583.8°199 10.4703  30.4+03

2435987 477.8%0% 104704 37.8+02

2436097 465.7111 12,4706 43 1+03

2436417 604.0°283 10.1307  27.4+02
2436458 499.2*102 10.8*94  37.1+02

2436676 223.8*%% 358710 131.5709
2436732 580.67125  8.9703  30.3+02
2436818 276.2*3¢ 26.470%  955%03

2437103 711.3+20%  8.1%0>  28.8+02

-21.5 -04 -02
2437240 4483%%1  12.9°04  46.0%02
2437270 3115783 16.2703  69.9%02
2437325 276.9%3%  23.3*04  94.1+02
2437353 508.9*103  9.1+04  31.7+02
2437564 537.8*134 9.9%03 32002

2437589 364.0'73 14503 46.1*03
2437804 612.6*1%3  8.170% 26702
2437933 262488 28.9*10 108.4%03
2437957 279.2'323 28.4%17 92703

-14.6 -1.1 0.4
2437972 358.8*2%% 19.8*07  85.2%03
2437976 4127338 26.2*11  89.3704
2437987 576.57187  8.5%0s  31.0704

2438038 351.7+%8 153103 625102
2438051 590.3*138 93104 30,1+0¢

-18.2 -0.4

.0 0.4 0.2
2438333 372.1779 15175 612703

16.9 0.5 0.3
2569055 564.8*162 95703  31.0*)3

19.4 .6 0.
2569945 551.071%5 103708 30.470%
2570094 324.277¢ 16003  68.1*03
2570244 2452%3% 24.0797 105.8%04
2570384 410.9*3%3 19.17}7  58.5*)9
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Table B.2. Same as in Table B.1 but for NGC 6819.

KIC ID Gmmeso brmeso Vimax
(ppm)  (uHz)  (uHz)
4937056 344.877% 141706 463707
4937770 162.9*102 32.9%21 938+
5023953 301.939 14.1%03  48.7+02
5024327 344.084 155108 444204
5024404 325746 12.6*03  47.0702
5024414 180.4*32 27.5+16 78 .g+02
5024476 189.0%42  20.5%04  66.6103
5024582 3112742 13.6*03 46502
5024967 3205783 14.770°  45.7+04
5111718 1722419 36.510¢ 135.0*03
5111949 3513739 14.6704  46.8%02
5112072 173.1735  35.170¢ 126.3*)2
5112361 2119733 21.4%03  69.7%02
5112373 347.0138 146104 44.1%02
5112387 3334760 143704 451%02
S112401 409.3*53  14.0%03  36.0%02
5112467 308.8734 14.4%02  46.1%02
5112491 310.6749 143104 44.4%02
5112730 3424774 13.9%06  43.6%02
5112938 348.0*3% 13.9%03  450%02
5112950 352.3%69 13.1%05  413+03
5112974 329.1%64 13,0104 40,1+02
5113441 170.070% 47.0%04 155.6%0]
5200152 3554770 14.8703 45103

Table B.3. Same as in Table B.1 but for NGC 6811.

KICID  dmeso bmeso Vinax

(ppm)  (uHz)  (uHz)
9532903 173.8*29 29.2+07  93.9+0¢
9534041 150.5199 32.4%05 111.8+03
9655101 163.6712 352%07 101.3*04
9716090 189.570% 30.7*07 109.6*32
9716522 244.2*3% 17.370¢  54.1%03
9776739 178.0*2% 30.1*07  94.8+00
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Appendix C: Predictions from scaling relations the models M, ; and M, >, and in Fig. C.2 for the models M, ;,
Mb,Z’ Mb,3, and Mb,4.

The resulting predictions of the scaling relations using the es-
timated parameters listed in Table 2 are shown in Fig. C.1 for
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Fig. C.1. Top panels: predicted meso-granulation amplitudes (solid gray symbols) as a function of vy, for NGC 6791 (squares), NGC 6819 (circles)
and NGC 6811 (triangles). Median values of the free parameters have been adopted for each scaling relation, as reported in Table 2. Observed
meso-granulation amplitudes are shown in color with open symbols. The left plot shows the results for the model M, ;, while the right one uses
model M, ,. Bottom panels: the residuals computed as (Observed-Predicted) meso-granulation amplitudes, with same color and symbol type as in
Fig. 5a. Bayesian credible intervals of 68.3% are overlaid in both panels.

A3, page 17 of 18


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201731094&pdf_id=10

A&A 605, A3 (2017)

60_ T T T T T T T | T T ] 60_ T T T T T T T | T T ]
50 o 50 o
L g | L J
40 Moot Vimax - 40F Myz! Vpay, Mass ° ]
3 -3 Eﬁ E L & A: gg}s p
A
30 ; %A%‘S 4  30f g & -
=t - 1~ | $ b |
j=s] o o @ =] o pfm @
32 20t oo 88 & 4 2 20} ;% e -
2 5 2 &t
£ ' o @8 fe® 1 E I o @8 o ]
<~ <~
& &%
10F ¢ % 4 10 9 . -
B | B |
1 1 1 1 1 1 1 I 1 1 1 1 1 1 1 1 1 1 I 1 1 1
g 10 ' :g 10F ' :
E 3 3 E 3
 bea ® ot 5 e R L
T R i e T e SLS
2 £ L 13 £ U L & ]
= =5F L] 4= -5F L -
- ' 17 Ok 5
o —-10t L 1 —10CE . 3
30 40 50 60 70 80 100 120 140160 30 40 50 60 70 80 100 120 140160
Vmex (1H2) Vmex (1H2)
60_ T T T T T T T | T T ] 60_ T T T T T T T | T T ]
50 o 50 8 ]
40 — Mb,3: Umax’ [Fe/H] ° — 40 - Mb,4: Umax’ mass, [Fe/H] [e] —
L & % QIDB g L & 8# g
a
30 %Aﬁ - 30 %A §3 .
= 1 = P o
o] I o DEQ] ] 7 =) i D‘E ] 1
a a
2 20t °° 5 4 2 20 o8 o g .
= s % T ~ é o
2 & @ 2 A& 0q %
E L o O an 4 E L o) il 4
Q 0] Q% o a 2 8% o]
o a
10F @ 2 4 10F @D%g % -
e | | @b |
1 1 1 1 1 1 1 I 1 1 1 1 1 1 1 1 1 1 I 1 1 1
~ 10 T I~ 10f T 3
= LE B bogs E
= - o 5 ¢ . b L E @ o _on " 0, %g LA ]
= OF-2- — % 7777777 o0 —-—- - - —J2 OfF o o ", gt —
E 2 o & - i i °, EE: : m&%ﬁ ¥ W ®e ]
o E 1o E E
=~ —5F J= -5F 3
> E 19 E .
o —10Et L 1 —10CE . 3
30 40 50 60 70 80 100 120 140160 30 40 50 60 70 80 100 120 140160
Vinax (#Hz) Vinax (#Hz)

Fig. C.2. Same as Fig. C.1 but for the meso-granulation characteristic frequency byeso. From top left to bottom right we find models M, ;, My,
Mpz, Mpa.
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