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ABSTRACT

Photometric time series gathered by space telescopes such as CoRoT and Kepler allow to detect solar-like oscillations in red
giant stars and to measure their global seismic constraints, which can be used to infer global stellar properties (e.g. masses,
radii, and evolutionary states). Combining such precise constraints with photospheric abundances provides a means of testing
mixing processes that occur inside red-giant stars. In this work, we conduct a detailed spectroscopic and seismic analysis of
nine nearby (d < 200 pc) red giant stars observed by Kepler. Both seismic constraints and grid-based modelling approaches are
used to determine precise fundamental parameters for those evolved stars. We compare distances and radii derived from Gaia
Data Release 3 parallaxes with those inferred by a combination of seismic, spectroscopic, and photometric constraints. We find
no deviations within errors bars, however the small sample size and the associated uncertainties are a limiting factor for such
comparison. We use the period spacing of mixed modes to distinguish between ascending red-giants and red clump stars. Based
on the evolutionary status, we apply corrections to the values of Av for some stars, resulting in a slight improvement to the
agreement between seismic and photometric distances. Finally, we couple constraints on detailed chemical abundances with the
inferred masses, radii, and evolutionary states. Our results corroborate previous studies that show that observed abundances of
lithium and carbon isotopic ratio are in contrast with predictions from standard models, giving robust evidence for the occurrence

of additional mixing during the red-giant phase.
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1 INTRODUCTION

Asteroseismology of red giant stars has proven to be a very successful
tool to place tight constraints on fundamental stellar properties,
including radius, mass, evolutionary state, internal rotation, and age
(see e.g. Chaplin & Miglio 2013; Hekker & Christensen-Dalsgaard
2017, and references therein). While ideally one would conduct an
analysis of individual frequencies on a star-by-star basis, the very
large number of stars observed by the Convection, Rotation and
planetary Transits (CoRoT, Baglin et al. 2006), Kepler (Borucki et al.
2010), and the Transiting Exoplanet Survey Satellite (TESS, Ricker
et al. 2015) makes this impractical with current analysis procedures.
Most studies have so far relied on using the so-called global seismic
parameters: the frequency of maximum oscillation power vy« and
the average large separation (Av). Such parameters are related to
global stellar properties and can be combined with estimations of
surface temperature in the so-called scaling relations to infer masses
and radii for a large sample of field stars (see, e.g. Miglio et al. 2009;
Kallinger et al. 2010; Silva Aguirre et al. 2011). Scaling relations can
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be combined with apparent magnitudes and effective temperature to
derive seismic estimations for distances (e.g. see Silva Aguirre et al.
2012; Miglio et al. 2012a, 2013a; Rodrigues et al. 2014; Mathur
et al. 2016). This is particularly useful for targets for which one
cannot rely on high-precision (better than a few per cent) parallaxes.
Additionally, Huber et al. (2017) have shown that seismic distances
will be more precise than end-of-mission Gaia parallaxes beyond
~3 kpc. It has thus become increasingly important to test the scaling
relations and the seismically inferred distances by using bright giants
with accurate parallaxes and robust spectroscopic estimations of
surface temperature.

The evolution of the surface chemical abundances in low-mass
red giant stars is not entirely understood. Spectroscopic studies
have shown a large number of cases where the observed surface
abundances do not match the predictions made by stellar evolu-
tionary models. Various extra-mixing mechanisms were proposed to
explain this unexpected chemical pattern (e.g see Busso et al. 2007;
Charbonel & Zahn 2007; Charbonel & Lagarde 2010; Denissenkov
& Merryfield 2011; Lagarde et al. 2012). One of the most important
mixing episodes, that causes a noticeable change of the surface
composition of low-mass stars, takes place at the so-called bump in
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the luminosity function on the red giant branch (RGB), which occurs
when the hydrogen-burning shell encounters the sharp discontinuity
in molecular weight left by the receding convective envelope. The
net result is a decrease of the surface abundances of certain elements
such as lithium and carbon, with an increase of nitrogen (e.g. see
Lagarde et al. 2019; Takeda 2019; Charbonnel et al. 2020; Magrini
et al. 2021; Aguilera-Gomez et al. 2022).

Thermohaline mixing has been proposed to play an important role
to explain the observed chemical surface pattern of low-mass RGB
stars (e.g. Charbonel & Lagarde 2010;Denissenkov 2010; Stancliffe
2010). Such instability is the direct effect of the inversion of mean
molecular weight caused by the *He(*He, 2p)*He reaction that occurs
in the layers between the hydrogen-burning shell and the convective
envelope. This mixing process is relevant both on the ascending
RGB and during helium-burning phase. Moreover, mixing induced
by rotation has an effect on the internal chemical structure during the
main-sequence phase, revealed later during the ascending RGB phase
after the first dredge-up, and it provides an explanation for certain
abundance patterns observed at the surface of RGB stars. However,
rotational-induced mixing alone does not account for enough mixing
of chemicals to explain the abundance pattern of low-mass RGB
stars observed around the luminosity bump (e.g. Palacios et al. 2006;
Charbonel & Lagarde 2010; Charbonnel et al. 2020).

The combination of seismic and spectroscopic constraints can
be used to quantify the efficiency of the extra-mixing processes
that occur inside red giant stars. Spectroscopy provides information
about surface chemical properties and temperatures, while astero-
seismology can give us information on stellar interiors and precise
estimations of stellar mass, radius, and evolutionary state. A study
of this kind was conducted by Lagarde et al. (2015) for CoRoT
stars using stellar models that incorporate the effects of rotation and
thermohaline mixing. Despite the small size of the sample, different
methods used to obtain estimations of stellar mass and radius show
a good agreement, within standard errors. However, in most stars in
the CoRoT sample, seismic constraints were not stringent enough to,
e.g. constrain the evolutionary state. Kepler’s longer duration, higher
signal-to-noise (S/N) observations have the potential to allow for a
more effective combination of spectroscopy and asteroseismology.

In this work, we combined asteroseismology and spectroscopy
to present a study of nine nearby red giant stars observed by the
Kepler space telescope in its long-cadence mode (Jenkins et al. 2010).
We use this sample to test estimations of global stellar parameters
obtained through the use of global seismic parameters coupled
with robust spectroscopic estimations of surface temperature. The
period spacing of mixed modes is extracted to better constrain the
evolutionary stage of our stars. Grid based modelling is employed
to obtain another set of global stellar parameters to be compared
with the ones inferred from scaling relations. We test estimations of
stellar distances obtained with seismic parameters by comparing
them with accurate values of parallaxes obtained by Gaia Data
Release 3 (DR3). Finally, the high-quality spectroscopic data offer
the opportunity to test non-canonical mixing processes inside evolved
stars by taking the observed chemical abundances of surface elements
and comparing them to theoretical predictions from models that
account for such mixing events.

This paper is organized as follows: In Section 2, we discuss the
methodology used in obtaining the spectroscopic parameters. In
Section 3, we discuss the seismic analysis, beginning with light-
curve preparation and estimation of global seismic parameters,
followed by the use of seismic scaling relations to infer global stellar
properties. In Section 4, we use grid-based pipelines to infer global
stellar properties and compare them to independent determinations
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of radii/distances based on astrometric constraints from Gaia. In
Section 5, we combine the spectroscopic and seismic data to test
current models of internal mixing in the red giant phase.

2 SPECTROSCOPIC ANALYSIS

High S/N ratio (S/N > 200) optical spectra were necessary for our
project. A Directory Discretionary Time proposal was submitted
to obtain such spectra with the Narval spectrograph (R ~ 75000;
Auriere 2003) mounted at the Telescope Bernard Lyot (Pic du Midi,
France). Our sample is made up of nine bright red giant targets in
the Kepler field with high quality photometric data. The availability
of accurate parallaxes, interstellar extinction, and magnitudes for
all targets would be crucial to obtain accurate stellar luminosities.
Additionally, the sample is in the mass range where it is claimed that
thermohaline instability coupled with the effects of rotation is the
most efficient transport processes for chemical elements. Nearly two
hours of telescope time were used to collect the requested spectra in
October 2014. Data reduction was performed with the LIBRE-ESPRIT
package (Donati 1997). Initial sets of effective temperatures (Te),
metallicities ([Fe/H]), and surface gravities (log g) were obtained
independently by three different teams. This initial, unconstrained
analysis does not assume the seismic log g as a prior.

(1) Spectral synthesis software SME (Spectroscopy Made Easy;
Valenti & Piskunov 1996): Using the wavelength ranges of 5160-
5190, 6000-6030, 6050-6070, 6100-6118, 6121-6140, 6142-6159,
and 6160-6180 A (Valenti & Fischer 2005). The spectral regions
used were normalized to the continuum and the software was run
several times with different starting values in order to be sure of the
stability of the results. Different stellar models (ATLAS9, ATLAS12,
and MARCS) were used with SME: all the values found are usually
in good agreement with each other. We eventually used the ATLAS9
model atmospheres.

(i) We also employed a spectroscopic analysis based on the
equivalent width method and excitation-ionization balance of iron
lines assuming one-dimensional (1D) geometry under local thermo-
dynamic equilibrium (LTE). This method is based on the strength
of a large number of selected Fel and Fell lines. To measure the
equivalent widths, we used the automated code ARES (Sousa et al.
2007). The abundance of each iron line is determined using a line
list retrieved from the VALD data base (Kupka et al. 2000) and
a model atmosphere. For the calculation of iron abundances, we
used KURUCZ atmospheric models (Castelli & Kurucz 2004) with
equivalent widths measurements of Fel and Fell lines combined
with the spectrum synthesis code MOOG (Sneden 1973). A set of
stellar parameters (T, [Fe/H], log g, and micro turbulence) are used
as an initial guess to determine the iron abundance for each line.
For first guesses, we used atmospheric parameters from the red giant
star Arcturus and the Sun. This initial guess of stellar parameters are
then iterated until excitation-ionization balance of iron is reached
simultaneously.

(iii)) MOOG was also used with the KURUCZ plane-parallel atmo-
spheric models computed using ATLAS9 code ported into Linux. The
methodology is identical to that carried out for CoRoT red giants by
Morel et al. (2014) with a number of minor improvements included
in the analysis, as presented in Campante et al. (2017), to which the
reader is referred for more details.

We chose to use the temperature and metallicity values obtained
through the third method because they provided surface gravities
that closely matched the seismic estimations. The seismic surface
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gravities were obtained by combining v,x and T in the scaling
relations (see Section 3 below).

To investigate possible systematic uncertainties on T.g, we de-
cided to compare the surface temperatures from the unconstrained
spectroscopic analysis with photometric temperatures estimated
with MARCS models following Casagrande & VandenBerg (2014).
We used seismic surface gravities, metallicities, E(B — V) and
observed B — V colours to obtain the desired value of photometric
temperature through iteration of the parameters. Results showed
that the spectroscopic temperatures for the three hottest stars in
our sample are higher by roughly ~80 K when compared to the
photometric temperatures calculated using E(B — V) derived with
dust maps from Green et al. (2018). The use of other dust maps
(Drimmel, Cabrera-Lavers & Lopes-Corredoira 2003) yields similar
results. The placement of these stars in the Hertzsprung—Russell
(HR) diagram (at solar metallicity) and their evolutionary state as
inferred from seismic constraints (see Section 4) suggest that the
spectroscopic temperatures are slightly overestimated also when
compared to the predictions from stellar models (see Fig. 1), although
we do not consider this as a strong argument, given the uncertainties
in predicting temperatures from stellar models (e.g. see Cassisi 2014).

In order to correct those effects, we conducted a new constrained
determination of the spectroscopic parameters by using seismic
gravity as prior. Once the surface gravity is fixed to its seismic value, it
is possible to estimate effective temperatures using iron lines through
two distinct methods: excitation and ionization balance.

Excitation balance consists of nulling the slope between the Fe1
abundances and the line lower excitation potentials. This method
has been used to obtain effective temperatures for red giant stars
observed by CoRoT (Morel et al. 2014) and Kepler (Thygesen et al.
2012). When this is enforced for one cool star (KIC 11918397) and
one warm star (KIC 9411865) with the largest discrepancy between
the spectroscopic and seismic log g (~0.2 dex), we obtain a value of
T higher by ~35 K when compared to the unconstrained values.
Since this increases the temperatures even further, we decided not to
adopt this approach.

The alternative method, iron ionization balance, requires the mean
Fe1and Fe 11 abundances to be identical. As a consequence, excitation
equilibrium of the FeT lines is no longer formally fulfilled (but note
that it may be within the uncertainties).

When this is done for KIC 11918397, we obtain the following
results: AT = 60 K lower (new T = 4705 K instead of 4765 K)
and A[Fe/H] = 0.04 dex lower. When the same is done for KIC
9411865, we obtain: AT = 100 K lower (new T = 5050 K
instead of 5150 K) and A[Fe/H] = 0.07 dex lower.

The temperature scale becomes cooler (which is in better agree-
ment with the photometric T.i) and the metallicities are slightly
lower. However, those examples are for the two stars with the largest
discrepancy in logg, so for the other stars the corrections will
be smaller. We decided to adopt the results from iron ionization
equilibrium coupled with seismic surface gravities to obtain the
effective temperatures and metallicities that will be used in grid-
based modelling. A summary of the seismic and spectroscopic
properties of the target stars are presented in Tables 1 and 2.

The full set of chemical abundances can be found in Table 3.
Fig. 2 shows that the behaviour of the abundance ratios as a function
of [Fe/H] is consistent with that found for CoRoT red giants (Morel
etal. 2014) and, in general, with that commonly observed for thin disc
dwarfs (e.g. Bensby, Feltzing & Oey 2014). It is worth to mention
that a robust value of Li abundance is only detected in two stars.
For all other stars, the analysis provides an upper limit to the Li
abundance only.
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3 ASTEROSEISMIC DATA ANALYSIS

Global stellar properties can be derived by using two key global seis-
mic parameters: vy, and Av. The frequency of maximum oscillation
power v, is commonly assumed to scale with the atmospheric
cut-off frequency, v,. (Brown et al. 1991; Belkacem et al. 2011),
which implies that, after adopting the appropriate approximations,
Vae & gTo"* (Brown et al. 1991; Kjeldsen & Bedding 1995). The
large separation (Av) is defined as the average of the observed
frequency spacings between consecutive overtones n with same
angular degree, /. The average large separation scales to a very good
approximation as {p'?), where p is the mean density of the star
(see, e.g. Tassoul 1980; Ulrich 1986; Christensen-Dalsgaard 1993).
Given the high quality of the photometric data, we can expect to have
good estimations of v,x and Av, as well as the asymptotic period
spacing of gravity modes (internal gravity waves, or g modes, where
buoyancy effects act as the restoring force).

3.1 Light-curve preparation

Light curves were constructed from pixel data (Jenkins et al. 2010)
downloaded from the KASOC data base! using the procedure devel-
oped by S. Bloemen (private communication) to automatically define
pixel masks for aperture photometry. The extracted light curves were
then corrected using the KASOC filter (see Handberg & Lund 2014).
The light curves are first corrected for jumps upon which they are
concatenated. Each light curve is then median filtered using two
filters of different widths, with the final filter being a weighted sum
of the two filters based on the variability in the light curve. The
power density spectra (PDS) used in the following seismic analysis
are made from a weighted least-squares sine-wave fitting, single-
sided calibrated, normalized to Parseval’s theorem, and converted to
power density by dividing by the integral of the spectral window
(Kjeldsen 1992; Kjeldsen & Frandsen 1992).

In order to make a better version of the light curve than those
provided by the Pre-search Data Conditioning (PDC) pipeline, we
recreated the mask and filtered the data in another way that is
more optimized for asteroseismology. The custom masks are created
based on an estimate of the pixel response function for the star
(Bryson et al. 2010), in such manner that brighter targets will have
appropriately larger masks, yielding light curves that are more suited
for asteroseismic analysis (Handberg & Lund 2014).

3.2 Extraction of global seismic parameters

Three different methods have been used to detect oscillations and
extract global seismic parameters Av, vy,y, and the period spacing
ATI from the power spectra. We refer to these methods as B.M.,
D.H., and S.H. from hereafter.

(i) The methods used by B.M. are described in extensive detail
in Mosser & Appourchaux (2009) for the global analysis, Mosser
et al. (2011) for the precise Av measurement from the universal
red giant oscillation pattern, Mosser et al. (2012) for extraction of
period spacing, and Mosser, Benomar & Belkacem (2014) for the
determination of evolutionary status.

(i) D.H. used the methodology described in Huber et al. (2009)
to extract Av and v, however it should be noted that D.H. used
his own detrending for the light curves, rather than the data available
at the KASOC data base.

Tkasoc.phys.au.dk
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Figure 1. HR diagram comparing the photometric temperatures (black) and
the spectroscopic temperatures from the unconstrained analysis (red). Three
stars in the ascending RGB phase are shown as circles, while triangles shown
core helium-burning clump stars. The luminosities are calculated using Gaia
DR3 parallaxes. One of the stars has a very high error on the B — V colour
used to compute the photometric temperature. The tracks showed here are
taken from the grid presented in Rodrigues et al. (2017). The range in mass
covered by the tracks goes from 1.1 to 2.9 Mg, in steps of 0.2 Mg.

(iii) S.H. was able to provide estimations of Av and v, for
all stars, by using the octave pipeline (OCT) and the methodology
described in Hekker et al. (2010).

The median scatter between the seismic pipelines is 0.1 per cent
in Av and 0.7 per cent in vy, (see Fig. 3). The small differences
between the global oscillation parameters obtained from the differ-
ent asteroseismic pipelines do not have significant impact on the
conclusions presented in this work. In the discussion that follows,
we adopted the values provided by S.H. (see Table 1), since they are
closest to the median between the pipelines.

3.3 Asymptotic period spacing

By assuming the asymptotic approximation of high-order and low-
degree modes for a non-rotating star, the period spacing of consec-
utive gravity modes with the same value of angular degree / can
be expressed as (e.g. see Tassoul 1980; Christensen-Dalsgaard &

Table 1. Seismic properties for the stars in our sample.

Thompson 2011):
o - 272 (/Ndr)1 0
T varo\J, )

where N is the Bruntt—Viiséld frequency and the integration is done
on the g mode cavity.

Gravity modes are known to have high mode inertias and, conse-
quently, have a very low photometric amplitudes near the surface.
However, as the star evolves into a red giant and the core contracts,
the frequencies of gravity modes increase and eventually g modes
interact with p modes (acoustic waves where gradients of pressure
act as the restoring force) of the same angular degree. Such mixed
modes behave as pressure modes near the surface and gravity modes
near the core.

Measuring g-mode period spacings of dipole modes allows us to
clearly discriminate between red giants with similar luminosities but
different evolutionary states (Bedding et al. 2011). Ascending red
giants, characterized by a hydrogen-burning shell around an inert
He-core, show typically low values of AIT («~~60s) when compared
to core helium-burning clump stars (AIT ~ 300s) (e.g. Mosser,
Benomar & Belkacem 2014).

Asymptotic period spacings have been inferred from the precise
fit of the mixed mode patterns with an asymptotic expansion (Mosser
et al. 2012; Vrard, Mosser & Samadi 2016). Six stars are confirmed
as clump stars and one star is ascending the red giant branch. The
period spacings of our stars are presented in Fig. 4. The observed
values and inferred evolutionary status are reported in Table 1. For
two stars, namelly KIC 10323222 and KIC 11918397, the period
spacings are too low to be measured properly. This indicates that
these stars are non-RC stars and hence, given their v ,,c, most likely
RGB stars. We expect that, if these two stars were clump stars, a
clear mixed mode pattern would be detectable (e.g. see Grosjean
et al. 2014; Vrard, Mosser & Samadi 2016).

4 INFERENCE ON STELLAR PROPERTIES

4.1 Stellar properties using seismic scaling relations

To obtain photometric luminosities, we used the Two Micron All Sky
Survey (2MASS) Ks-band magnitude with bolometric corrections
calculated by using T, logg and [Fe/H] as input to the code
presented in Casagrande & VandenBerg (2014). We accounted for
the effects of interstellar extinction and reddening by using the 3D
dust maps presented in Green et al. (2018). More detail about the
effects of interstellar extinction and the choice made for the dust
map and photometric band used in this work can be found in the

KIC Vmax Av ATl Status
uHz nHz S
1720554 55.73 £ 0.48 5.81 +£0.07 66 + 4 RGB
4049174 41.51 £0.29 4.48 +0.05 3197 £ 1 clump
8752618 38.78 £ 0.25 4.43 + 0.06 2989 + 1 clump
9411865 77.83 £ 0.41 6.45 + 0.05 268.6 + 2 2nd clump?
10323222 46.28 £ 0.35 4.85 £+ 0.06 undetected RGBP
10425397 32.13 £ 0.26 3.92 +0.05 3245 £ 1 clump
11408263 4423 £0.37 4.58 £0.05 2894 + 1 clump
11808639 97.99 + 0.56 7.93 +0.07 226.6 + 2 2nd clump?
11918397 32.13 £ 0.31 3.51 £ 0.04 undetected RGB?

Notes.® “2nd clump’ indicate stars in the secondary clump.
b Assumed to be RGB (see discussion in Section 3.3 for more details).
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Table 2. Spectroscopic and astrometric data for the stars in our sample. Stellar masses and log g are obtained through the use of scaling relations.

KIC M/Mg Tetf [Fe/H] log g w (Gaia)

K dex cgs; dex mas

1720554 1.21 £0.07 4575 £ 70 —0.08 £0.11 2.64 £0.01 9.506 £ 0.067
4049174 1.46 & 0.09 4670 £+ 70 +0.10£0.11 2.54 £0.01 6.904 £ 0.067
8752618 1.27 £ 0.07 4750 £ 60 —0.08 £ 0.11 2.49 £0.01 6.258 £ 0.086
9411865 2.51+0.10 5050 £ 55 +0.01 £0.11 2.79 £0.01 6.946 £ 0.069
10323222 1.42 £ 0.08 4560 £ 70 +0.02 +0.12 2.57 £0.01 7.373 £+ 0.066
10425397 1.17 £ 0.07 4705 £ 60 —0.12 +0.10 241 £0.01 6.481 £ 0.064
11408263 1.69 £ 0.09 4815 £ 55 —0.12+0.10 2.56 £0.01 6.899 £ 0.091
11808639 2.19 £+ 0.09 5050 £ 60 +0.01 £0.10 291+ 0.01 8.108 £ 0.067
11918397 1.82 £0.11 4705 £ 60 —0.21 £0.10 2.41 £0.01 6.177 £ 0.068

Appendix A. The bolometric corrections are used together with
parallaxes from Gaia DR3 (Babusiaux et al. 2023; Gaia et al. 2023)
to derive luminosities (Fig. 5). In our analysis, we applied the zero-
point correction and systematic effects in parallaxes (Lindegren et al.
2020). The set of spectroscopic and other non-seismic properties can
be found in Table 2, while Table 4 contains photometric data.

To estimate stellar luminosities based on seismology, we first need
to derive global stellar properties using seismic constraints. It is
possible to combine the information carried by Av and v, to obtain
seismic estimates of mass and radius:

M ( Vinax )3 ( Av )-4( Tt )3/2 s
Mo \Vmao Avg Tetr,0 '

C(m) ) ) ®
R@ - Vmax,@ Al)o Teffyo ’

In this work, we adopted solar values of Avg = 135.1, Vo =
3090 uHz, and Tegr, o = 5777 K (e.g. see Chaplin et al. 2014).

This set of equations has been widely used to obtain ‘direct’
estimations of mass and radius for a given set of surface temperatures
Teir. The limitations of the scaling relations are not fully understood
yet (Hekker 2020), but tests have shown that, for solar type and
RGB stars, stellar radii can be as accurate as 1 per cent to 2 per cent,
while estimations of mass can be as good as 5 per cent (e.g. see
Guggenberger et al. 2016; Rodrigues et al. 2017; Li et al. 2021,
2022; Wang et al. 2023).

Corrections to a simple scaling of Avx(p/pe)”~ have now been
proposed in the literature (see White et al. 2011; Miglio et al. 2012b,
2013b, 2016; Brogaard et al. 2016; Sharma et al. 2016; Guggenberger
et al. 2017; ThemeBl et al. 2018). In Fig. 6, we show the ratio
Av/Avg to (p/po)? as a function of vy, for models with nearly
solar metallicity and a range of masses that goes from 1.1 to 2.5 Mg.
The average large separation was computed from model frequencies
by using radial modes around v, while the model frequencies
take into account corrections to mitigate the impact of the so-called
surface effects, since they have a significant effect on the average
value of the large-frequency separation (see Rodrigues et al. 2017
for a detailed description). As can be seen on the plot, the ratio
deviates from unity (see e.g. Belkacem et al. 2013 and Rodrigues
et al. 2017 for a detailed discussion). Based on this plot, we inferred
corrections to our values of Av by first using period spacing (ATl, see
Table 1) as an indicator of evolutionary stage. For solar metalicity,
stars in the clump region (located around the grey dashed elipse in
Fig. 6) will not show large discrepancies, while stars around the RGB
bump (roughly located around the grey dotted elipse in Fig. 6) will
show larger deviations. In our sample, corrections were applied to

three RGB stars, while the other six clump stars have a combination
of mass and evolutionary stage that makes a correction of Av to be

)1/2

negligible. We note that the values of Av presented in Table 1 do
not take any correction into account. The adopted corrections of Av
are: an increase of 3.5 per cent for KIC 1720554 (T = 4575 K,
M ~ 1.2 Mg) and KIC 10323222 (T = 4560 K, M ~ 1.4 Mgp),
and an increase of 2 per cent for KIC 11918397 (T = 4705 K, M
~ 1.8 Mg). At least one of the grid-based modelling codes used
later will do this step self-consistently, and the corrections presented
here can be considered as a first iteration (Bayesian code PARAM; see
Rodrigues et al. 2017, for more details).

For the nine stars in our sample, we compared the radii calculated
using magnitudes and Gaia DR3 parallaxes with radii derived from
the asteroseismic scaling relations (see equation 3), and the residual
difference between the two quantities is displayed in Fig. 7. We
computed the weighted average of the relative differences, and the
associated statistical uncertainty, by using a Student #-distribution
with a level of confidence of 68 per cent and N-1 degrees of freedom,
where N is number of points. This approach is similar to the one
presented in Miglio et al. (2012b) and Chaplin et al. (1998). This
was done to take into account the small number of points in the
sample. The weighted average difference is —0.0087 £ 0.0149,
increasing to 0.0109 = 0.0097 when the Av correction is applied
to three RGB stars. We note that, given the small sample and the
size of uncertainties, those results are statistically consistent with
zero. A larger sample of stars would be ideal to conduct more robust
comparison. The radii estimated by parallaxes agree reasonably well
with radii derived from scaling relations for six stars in our sample,
while two other stars (KIC 4049174 and KIC 8752618) have radii
obtained through parallaxes which are ~1 — 2 ¢ higher than the
seismic ones. Also, note that KIC 10425397 has a much larger error
bar in its estimation of radii due to the large uncertainty in its 2MASS
Ks magnitude.

We can combine magnitudes with parallaxes from Gaia DR3 to es-
timate luminosities that, in turn, can be combined with spectroscopic
temperatures in order to obtain stellar radii. If the radius is known, we
can obtain two additional estimations of mass by combining seismic
and non-seismic constraints:

M [ Av 2/ RN? .
m-(m) (@)’ @

ﬂ ~ ( Vmax > (R>2( Teff )1/2 (5)
Mo~ \ Vmaxo Re Tetr 0 .

In Fig. 8, we compare masses obtained using different combi-
nations of seismic and non-seismic constraints. The typical uncer-
tainties on mass determinations are the following: -~8 per cent when
using vmax, Av and spectroscopic 7t (blue dots), 23 per cent when
using Av and the radius obtained from Gaia DR3 parallaxes (green
dots) and, finally, ~~14 per cent when using the combination of vy,
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Figure 2. Abundance ratios with respect to iron, as a function of [Fe/H]. The CoRoT red giants analysed by Morel et al. (2014) are shown in black, while the
stars in our sample are overplotted in red. In both cases, the results have been obtained by fixing the surface gravity to the seismic value in the spectroscopic
analysis. Note, however, that excitation balance of the Fe I lines was assumed in Morel et al. (2014). The mean abundance ratio of the «-synthetized elements is
defined as the unweighted mean of the Mg, Si, Ca, and Ti abundances. For the mean abundance of the iron-peak elements, we considered Cr and Ni.
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Figure 3. Left panel: Comparison between estimations of Av obtained by three different pipelines. Right panel: Same as left panel, now for vyax.

Table 4. Stellar magnitudes and derived properties for the stars in our sample.

KIC Kepler magnitude 2MASS Ks magnitude d (DR3)
mag mag pc

1720554 6.525 4.154 +£0.018 105.19 £ 0.74
4049174 6.279 4.081 £ 0.036 144.84 £+ 1.41
8752618 6.441 4299 +0.015 159.80 +2.21
9411865 6.114 4.135+£0.017 143.96 £ 1.43
10323222 6.725 4318 £0.017 135.63 +£1.22
10425397 6.449 4.507 £ 0.362 15428 £ 1.52
11408263 6.307 4.091 £0.018 144.95 + 1.92
11808639 6.229 4.234 +£0.036 123.33 £ 1.02
11918397 6.235 3.963 £+ 0.016 161.88 +1.78
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Figure 4. Period spacing (AIT) versus large separation Av. The coloured
lines indicate evolutionary tracks computed by the Modules for Experiments
in Stellar Astrophysics (MESA) code (Paxton et al. 2011) with the convective
overshooting mixing scheme described in Bossini et al. (2015). The solid lines
correspond to models in the ascending RGB phase, while dashed lines show
models in the core helium-burning phase. The models have solar composition
and three different masses (1.30, 2.30, and 2.50 Mg). The colour code of the
dots are related to the stellar masses through the colour bar on the right of the
plot. Error bars in AIT and Av are smaller than the size of the points.
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FigureS. HR diagram for the stars in our sample. Luminosities are calculated
with 2MASS K-band magnitude and parallaxes from Gaia DR3. Effective
temperatures are retrieved from the constrained spectroscopic analysis. The
tracks showed here are taken from the grid presented in Rodrigues et al.
(2017). The range in mass covered by the tracks goes from 1.1 to 2.9 Mg, in
steps of 0.2 M.

in the astrometric solution. For our nine stars, this offset in DR3
parallaxes is on average —20 pas.

Moreover, one of the stars in our sample (KIC 10323222) has a
measurement of its limb-darkened interferometric angular diameter
(Karovicova et al. 2022). A direct interferometric measure of stellar
radii is of particular importance for establishing the accuracy of the
inferred stellar parameters. For KIC 10323222, the stellar radius
obtained by using the measured angular diameter is 9.796 + 0.137
R, and the stellar mass and surface temperature are 1.23 £ (.12
Mg and 4568 + 42 K, respectively (see Karovicova et al. 2022). The
corresponding stellar radius obtained in this work is ~ 5 per cent
higher on average (10.34 + 0.27 Ry), and was calculated using
the scaling relations, where global seismic parameters are combined
with spectroscopic estimations of temperatures (see equation 3). In
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Figure 6. Ratio Av/Avg to (/0//)@)”2 as a function of vy, for models
computed using MESA with nearly solar metallicity (Z = 0.01756, Y =
0.26556). Av was calculated using model frequencies around vmax (see
Rodrigues et al. 2017). The effects in low-mass clump stars (grey dashed
elipse) are less than «~1 per cent, but effects on stars around the RGB bump
(grey dotted elipse) are «~3 per cent.
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Figure 7. Relative differences between radii derived from Gaia DR3
parallaxes and radii derived from scaling relations (equation 3) for the
stars in our sample. Blue dots show the three RGB stars with corrections
applied to Av, also indicated by asterisks in the KIC numbers. The black
dashed line is the weighted average difference (without corrections in Av) of
—0.0087 £ 0.0149.

another studies, Gaulme et al. (2016) and Benbakoura et al. (2021)
also used independent methods to obtain stellar radii in a group of red
giants in eclipsing binaries. Their work indicates that seismic radii
are ~ 5 per cent too high for red giants. Additionally, Brogaard et al.
(2018) have partially revisited the sample of eclipsing binaries from
Gaulme et al. (2016) while considering corrections to Av scaling.
They found a complex situation where some stars show agreement
between the dynamical and corrected asteroseismic measures while
others suggest significant overestimates of the asteroseismic mea-
sures. They could not pinpoint a simple explanation for this, but
found indications of several potential problems, some theoretical,
others observational (see Brogaard et al. 2018, for more information).
Kallinger et al. (2018) has also conducted an analysis of the six
seismic binaries from Gaulme et al. (2016) and applied probabilistic
methods to re-examine the global oscillation parameters of the giants
in the binary systems. They have found a good agreement between
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Figure 9. Comparison between the distances determined from parallaxes
and distances calculated using asteroseismology. The small red dots are Gaia
DR3 distances, and light blue circles are distances determined by combining
asteroseismic constraints (Av, vmax) With spectroscopic Tefr. The dark blue
circles are the three RGB stars with applied corrections on Av, also indicated
by asterisks in the KIC numbers.

seismic and dynamic parameters when using a new non-linear scaling
relations for Av and vax.

4.2 Results from grid-based pipelines

In this Section, we infer stellar properties by making use of the
following grid-based pipelines:

(i) The Pisa group adopted the SCEPTER pipeline (Valle et al. 2014,
2015) coupled with a grid of stellar models computed as described in
Dell’Omodarme et. al. (2012). The grid contains models computed
without core overshooting and does not account for mass loss on the
RGB. Scaling relations were used to obtain the average asteroseismic
parameters.

(i1) Non-canonical BASTI (Pietrinferni et al. 2004) isochrones with
no mass loss and including effects of overshooting (described in
Silva Aguirre et al. 2013). The pipeline applied is the BAyesian
STellar Algorithm (BASTA), described in Silva Aguirre et al. (2015),
Silva Aguirre et al. (2018). Results have been computed using the
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Figure 10. Relative differences between Gaia DR3 and seismic distances
(black dots) estimated using equation 6. Blue dots show the three RGB
stars with corrections applied to Av, also indicated by asterisks in the KIC
numbers. The black dashed line is the weighted average difference (without
corrections in Av) of —0.0134 + 0.0150.

solar values from OCT (Hekker et al. 2010) in the scaling relations.
Corrections to the theoretical values of Av were also included.

(iii) PARAM pipeline (da Silva et al. 2006; Miglio et al. 2013a)
using Bayesian statistics to obtain global stellar properties from a grid
of models. Evolutionary tracks were computed with MESA (Paxton
et al. 2011), and each of them has a precomputed set of frequencies
that PARAM uses to calculate the large separation directly (Rodrigues
et al. 2017), avoiding the use of the Av scaling relation and the
systematic effects associated with it (see, e.g. White et al. 2013).

(iv) BESPP is a Bayesian tool to infer stellar properties from
spectrophotometric and asteroseismic data. The grid of stellar models
has been constructed using GARSTEC (Weiss & Schlattl 2008). The
large frequency separation has been determined for each stellar model
from the slope of the radial £ = 0 orders around v, as in White
etal. (2011), i.e. no Av scaling relation is used.

(v) The AMS code makes use of two grids of stellar models. The
first one is the Canonical BASTI grid (Pietrinferni et al. 2004), with
a range of masses going from 0.5 to 3.5 Mg in steps of 0.05 Mg.
The second grid was constructed using MESA and covered the same
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Figure 11. Left panel: Comparison between the radii obtained by grid-based modelling (GBM) pipeline and the radii obtained by using seismic data and the
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scaling relations (SCL). Black dashed line represents the identity line. Right panel: Same as the left panel, now using stellar masses instead.

selection of initial metallicities and helium abundances as the BASTI
grid but with a different mass range, from 0.8 to 1.8 Mg, in steps of
0.01 M. AMS uses two methods to fit stellar models to the observed
parameters. They are independent implementations of the likelihood
distribution method described by Basu, Chaplin & Elsworth (2010)
and the SEEK method described in Quirion, Podmore & Dupuis
(2010). More details about AMS can be found in Hekker & Ball
(2014).

The main procedure is to run the pipelines using the following
parameters as input constraints: vp., Av, Teg, and [Fe/H]. In
return, the codes obtain a comprehensive list of stellar attributes,
including but not limited to: masses, radii, surface gravities, ages,
and densities (and their associated uncertainties). In some occasions,
the asymptotic period spacing, when it could be measured (see
Table 1), was used to give some insights on the evolutionary status.
The pipelines that calculate Av directly from model frequencies are
calibrated to mitigate the impact caused by surface effects.

We compared stellar properties obtained by the models with their
respective values obtained using scaling relations. We decided to
select one pipeline to ensure homogeneous input physics. In order to
do so, we took results from all pipelines and computed the median
value for each global stellar properties. Our results show that the
AMS pipeline has results closest to the median, so we choose to use
AMS values as the reference global stellar properties from grid-based
modelling (GBM). Errors were calculated from the quadratic sum of
uncertainties of different results.

The left panel of Fig. 11 shows a comparison between the stellar
radii from GBM and radii estimated using scaling relations (SCL).
The weighted average of the residual difference is 0.009 with a
statistical error of 0.013. In Fig. 12, we show the a similar comparison
between radii obtained from GBM and radii obtained from Gaia
DR3 parallaxes. The weighted average of the residuals is 0.004 with
a statistical error of 0.009. As for the stellar masses, the right panel
of Fig. 11 shows the comparison between stellar masses from GBM
and masses derived from scaling relations. The weighted average of
the residuals is —0.012 with a statistical error of 0.026. It is also
important to note that the grid results for the three ascending red
giant stars have systematically lower values of mass when compared
with the SCL values. This can be partially explained by the biases in
the Av scaling (see Fig. 6).

The PARAM pipeline can estimate distances and extinctions by
combining photometric data in several observed bands. However,
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Figure 12. Comparison between stellar radii obtained by grid based mod-
elling (GBM) pipeline and the radii obtained by using Gaia DR3 parallaxes.
Black dashed line represents the identity line.

most stars in our sample have either large uncertainties in observed
magnitudes or contain flags of poor photometric quality, mostly
due to saturation. Therefore, magnitudes are, in most cases, not
accurate enough to be able to estimate extinctions using PARAM. To
conduct a better comparison in terms of distances, we combined
radii obtained from PARAM with spectroscopic temperatures and
magnitudes (with extinctions from dustmaps) in K's band to estimate
a set of distances reffered to as dparam- Fig. 13 shows a comparison
between dparam and distances derived from Gaia DR3 parallaxes.
Residual differences show a good agreement, with a weighted
average of —0.016 and a statistical uncertainty of 0.017. To check the
effects of using a different photometric band, we switched Ks band
for V band in the calculations of dpyram, and compared it to Gaia
DR3 parallaxes once again. By doing this, the residual differences
increase slightly to 0.025 £ 0.020.

5 DISCUSSION OF KEY CHEMICAL
ELEMENTS
5.1 Surface lithium and carbon isotopic ratio

In order to compare the observed abundances with our theoretical
predictions, we obtained stellar evolution models computed with
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Figure 13. Residual difference between distances inferred from PARAM and
distances obtained from Gaia DR3 parallaxes. Distances from PARAM are
estimated using radii obtained by grid-modelling (see Section 4 for more
details), spectroscopic Tegr and Ks magnitudes. The weighted average of the
residuals is —0.016 (black dashed line) with a statistical error of 0.017 (shaded
area).

the STAREVOL code (Lagarde et al. 2012; Amard et al. 2019),
including the effects of rotation-induced mixing and thermohaline
instability all along the stellar evolution (Lagarde et al. 2012). These
models reproduced spectroscopic data in open clusters and field
stars (e.g. Charbonel & Lagarde 2010; Charbonnel et al. 2020;
Magrini et al. 2021). Although its efficiency is still discussed in
the literature, thermohaline mixing seems to be the main physical
process governing the surface abundances of C, N, and Li for stars
more evolved than the bump luminosity on the red giant branch.
Charbonel & Lagarde (2010) showed that its efficiency is decreasing
with increasing initial stellar mass. On the other hand, rotation-
induced mixing modifies the internal chemical profiles during the
main sequence (e.g. Palacios et al. 2003, 2006). Its effects on the
surface abundances are revealed only after the first dredge-up at the
base of the RGB. Including the effects of these extra-mixing events in
theoretical models is a crucial step to provide a more comprehensive
understanding of the surface chemical patterns observed in low-mass
red giant stars, as each mechanism alone cannot fully explain the
observed abundance variations.

According to previous studies, we distinguish three regimes
related to initial stellar mass: low-mass stars (M < 1.8 Mg), where
thermohaline mixing is the main process that changes the surface
abundances compared to rotation-induced mixing, since the latter
is weaker in lower-mass stars due to their slower rotation rates.
For intermediate-mass stars (1.8 <M < 2.2 M) both mechanisms
play an equivalent role to change surface abundances. And finally,
for more massive stars (M > 2.2 M) thermohaline mixing plays no
role because these stars ignite central helium-burning before reaching
the RGB bump. As a result, thermohaline mixing does not occur in
these stars, only rotation is expected to have an impact on surface
abundances.

In addition to carbon isotopic ratio, we also obtained estimations
for the abundance of surface lithium, where we addopted non-LTE
values for the latter.? Fig. 14 shows the theoretical evolution of carbon
isotopic ratio for three models at 1.0, 1.5, and 3.0 Mg, all at solar

2L ithium abundance is defined here as A(Li) = log ())é((i;)) 2—3) + 12, where

X (Li) is the lithium mass fraction.
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metallicity, while Fig. 15 shows the theoretical evolution of lithium
for the same stellar evolution models. They show the evolution from
the zero-age main sequence to the early AGB phase. Non-standard
models have an initial rotation velocity (Vzams) of 110 km s~!. We
make use of these figures to compare theoretical predictions with our
observations.

5.2 Low-mass stars (M < 1.8 M)

(i) KIC1720554 (M = 1.21 £ 0.07 My) is a low-mass RGB star
according to the period spacing (AIT = 66 s). This is corroborated
by the measured value of '>C/**C (38 4 15) and the position of
this star in the HR diagram. Those properties are a strong evidence
that this is a RGB star, not evolved enough to undergo thermohaline
mixing. The surface lithium abundance in KIC 1720554 is estimated
to be lower than —1.68, and such low values of A(Li) suggests the
occurence of extra mixing events. It is known that initial rotation rates
can have a strong impact on the depletion of lithium during the main
sequence. Therefore, rotation-induced mixing could be responsible
for the current low amount of lithium. Investigating the specific
mixing mechanisms and their impact on the evolution of this star
would require further study.

(i) KIC10323222 (M = 1.42 £+ 0.08 Mg,) does not have a mea-
sured value for the period spacing. However, results from seismology
show that this is a low-mass star, while spectroscopy wields a high
12C/13C (27 = 6) at the surface. Combining this information with its
position in the HR diagram, there is a strong argument that this is a star
on the RGB, which supports our early assumption (see Section 3.3).
The lithium abundance in KIC10323222 is estimated to be lower
than —1.86. This is similar to the situation of KIC1720554, where
such low amount of surface lithium is evidence of extra mixing,
with rotation based mixing being a strong cadidate. A more detailed
analysis would be required to better understand the mechanisms
involved.

(iii) KIC4049174, KIC8752618, KIC10425397, and
KIC11408263 are a group of low-mass stars (between ~1.17
and 1.69 Mg) that share similar characteristics in regards to
chemical profile. The period spacing of mixed modes (AIT ~ 300s)
indicates status of clump stars while the low-surface carbon isotopic
ratio (lower than 14) and lithium abundances (upper limit of —1.13)
confirms this evolutionary state by comparison with stellar evolution
models including thermohaline mixing (see Figs 14 and 15). The
right panel of Fig 14 shows that standard models are not able to
reproduce such low values of >C/'3C and lithium.

5.3 Intermediate-mass stars [1.8 < M(My) < 2.2]

(i) KIC 11918397 (M =1.82+0.11 M) is an intermediate-
mass star with low metallicity ([Fe/H] = —0.21 £ 0.10). Although
the period spacing could not be measured for this star, its chemical
properties (1>C/"*C = 19 4 8 and A(Li) = —0.41 £ 0.12) seem to
corroborate the assumption that this star is still in the RGB.

(ii) According to the asymptotic period spacing (ATl = 226.95),
KIC11808639 (M = 2.19 £ 0.09 Mg) is a red giant in the
secondary clump. The measured surface chemical properties [A(Li)
= —0.16 £ 12 and '*C/3C = 19 =+ 7] are consistent with this
evolutionary state, and are explained with stellar models including
rotation and thermohaline mixing (Figs 14 and 15).
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Figure 14. The theoretical evolution of carbon isotopic ratio '>C/!3C at the stellar surface for models with M = 1.0, 1.5, and 3.0 M, including the effects of
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Figure 15. Synthetic evolution of lithium abundances A(Li) at the stellar surface as a function of Ter. We show models with M = 1.0, 1.5, and 3.0 Mg,
including the effects of thermohaline instability and rotation-induced mixing (left panel) and following the standard prescriptions (right panel). All stellar tracks
have solar metallicity. Circles represent our Kepler red giant stars, while downward arrows represent stars that only have an upper limit in A(Li).

5.4 More massive stars (M > 2.2 M)

In more massive stars, theoretical models do not predict changes
in the surface chemical properties during the red giant branch.
According to stellar evolution models, RGB and clump stars show
the same surface '2C/'3C and lithium abundances. For this mass
range, rotation-induced mixing plays a dominant role and changes
the surface properties of early RGB stars.

(1) KIC9411865 (M = 2.51 £ 0.10 My) is classified as being in
the secondary clump, according to the period spacing. Although the
upper limit of lithium (A(Li) < —0.77) abundance does not give
additional constraints, this evolutionary state is consistent with its
measured carbon isotopic rate '>C/'3C =21 & 7.

6 CONCLUSIONS

We report results for various seismic tests and analysis using a
group of nine nearby red giants observed by Kepler. The stars in our
sample have accurate values of parallaxes obtained by Gaia DR3.
‘We combined seismic data and detailed spectroscopic parameters to
infer global stellar properties. Results from both direct application
of seismic scaling relations and predictions from grid-based models

MNRAS 527, 8535-8550 (2024)

indicate that our sample is in the mass range where two non-canonical
mixing processes have been suggested to play a significant part in
explaining observed values of surface chemical abundances. The
results we obtained in this work are summarized as follows:

(1) In the context of constrained spectroscopic analysis using
seismic log g, we have ascertained that using excitation balance
yields slightly larger values of effective temperature for hotter (T
> 5000 K) stars. Our results using iron ionization balance and
seismic log g yield values of T which are in good agreement with
estimations of photometric Teg.

(i1)) We compared differences between distances derived from
Gaia DR3 parallaxes with distances inferred by using seismic
parameters and scaling relations at face value, obtaining a weighted
average of the residual differences equal to —0.0134 £ 0.0150.
Although this suggests a small difference between Gaia and seismic
distances, we emphasize that the size of uncertainties are such that
this result is statistically consistent with zero. We also applied a
simple correction to the values of Av of 3 RGB stars based on
a grid of models (Fig. 6) in order to test how it would affect the
comparison with seismic distances. The effects of this correction in
Av is an increase in the previous offset in distances by ~ 2 per cent.
Finally, it is important to stress that reddening is a fundamental source
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of uncertainty, since it has a significant effect on the calculations
of seismic distances. Adopting 2MASS Ks magnitudes appears to
significantly mitigate the effects of reddening (see Appendix A).
It is also important to note that derivations of seismic distances
(equation 6) are affected by the chosen scale of effective temperature,
turning T into a source of systematic error.

(iii) We used radii inferred by grid-models from PARAM, along
with spectroscopic T and magnitudes, to compute a set of distances
to be compared with distances derived from Gaia DR3 parallaxes.
Results show an excellent agreement, however the small amount of
stars in our sample and the size of uncertainties are such that a larger
number of stars would be necessary to produce a more stringent
result.

(iv) We calculated residual differences in stellar radii obtained
by combining parallaxes from Gaia DR3 with radii inferred di-
rectly from scaling relations. The weighted average indicates that
radii derived from Gaia are lower than the asteroseismic radii by
~ 1 per cent. We note again that, given the size of uncertainties,
those results are statistically consistent with zero. Huber et al. (2017)
used a larger sample of ~1800 red giants to calculate the residual
offset between radii from Gaia DR1 with asteroseismic radii, and
have found no significant offset for low-luminosity red giants. When
GBM is applied to our stars, there is a small offset between the radii
derived from measured parallaxes and the grid-based radii. Radii
derived from GBM are ~ 0.4 per cent higher than radii derived from
Gaia DR3 parallaxes. It is important to note that Gaulme et al.
(2016) and Benbakoura et al. (2021) used a sample of red giant stars
in eclipsing binaries, taking advantage of independent methods to
obtain masses and radii. They concluded that seismic radii based
on seismic relations at face value are ~ 5 per cent too high for red
giants. Additionally, Brogaard et al. (2018) added corrections to Av
scaling while studying the sample of Gaulme et al. (2016). They
found that some stars show agreement between the dynamical and
corrected asteroseismic measures, while others suggest significant
overestimates of the asteroseismic measures. They could not find a
simple explanations for such complex situation, but found indications
of several potential problems (see Brogaard et al. 2018, for more
information). Finally, Zinn et al. (2019) and Khan et al. (2019) used
asteroseismic data of red giants in the Kepler field to find a zero-
point offset in Gaia DR2 parallaxes of a few tens of pas. If a similar
offset is applied to the stars of our sample, the effects in the residual
differences of distances would be of the order of 0.5 per cent or less.

(v) For stellar masses, we compared values obtained using dif-
ferent combinations of seismic and non-seismic constraints. We
obtained a typical mass uncertainty of 8 per cent when combining
Vmax, AV and spectroscopic Teg, 23 per cent when using Av and the
radius obtained from Gaia DR3 parallaxes and, finally, «~14 per cent
when using the combination of v, spectroscopic Ter, and radii
derived from Gaia DR3 parallaxes. These results suggest that the size
of the uncertainties in stellar masses obtained with the combination
of radii derived from Gaia DR3 parallaxes with at least one global
seismic parameter (either Av or vy, + Tefr, S€€ equations 4 and 5),
will be similar to the size of uncertainties in stellar masses derived
by combining v,x, Av, and spectroscopic T (equation 2).

(vi) Our precise estimations of stellar masses (with uncertainties
smaller than 10 per cent) with a solid proxy for evolutionary stage
in the form of AIIT (distinguishing RGB from core He-burning)
make it clear that the stars in our sample fall in the mass range
where it is claimed that thermohaline instability coupled with the
effects of rotation is the most efficient transport processes for
chemical elements. Therefore, we compared the observed surface
abundances of lithium and carbon with predictions made by models
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with and without extra-mixing processes. Models that do not include
the effects of extra-mixing processes fail to explain the observed
surface abundances of lithium and carbon isotopic ratio. Our results
reinforce the idea that the effects of both rotation-induced mixing
and thermohaline instability explain the spectroscopic observations
of the aforementioned elements in low- and intermediate-mass
red giants stars. It is important to point out, however, the rather
loose constraints that the abundances of these key elements impose
on models that account for rotational mixing. The initial rotation
velocity in particular, despite its importance for the models, is an
arbitrary parameter that can be adjusted, to some extent, in order
to obtain a better agreement with the observed data (for a detailed
discussion see Lagarde et al. 2015, fig. 6).

We expect to better quantify the trends presented here by using
individual mode frequency modelling combined with Gaia DR3
parallaxes. We also seek to increase the number of stars in the sample
in order to conduct more precise scaling relation tests.
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APPENDIX A: EFFECTS OF DIFFERENT DUST
MAPS AND MAGNITUDES

The dust map and photometric bandpass were chosen such as to
mitigate the impact of reddening on the determination of seismic
distances. We tested a combination of two dust maps with four bands
of magnitudes and how they would impact the calculations of relative
differences between seismic distances and distances derived from
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Figure A1. Left panel: Relative differences between distances derived from Gaia DR3 and seismic distances (black dots) estimated using equation (6). Effects
of the applied correction to Av in the seismic distances are shown as blue dots. Seismic distances were calculated by using 2MASS J magnitudes, while the
reddening effects were derived using dust maps from Green et al. (2018). The effects of extinction are accounted for in the calculations of seismic distances. The
black dashed line is the weighted average difference of —0.0700 % 0.0253. Right panel: Same as left panel, but using dust maps from Drimmel, Cabrera-Lavers
& Lopes-Corredoira (2003) instead. The black dashed line is the weighted average difference of —0.0673 =+ 0.0256.
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Figure A2. Same as Fig. Al, but using magnitudes from 2MASS H band to calculate seismic distances. Left panel: Residual differences using dust maps from
Green et al. (2018). The black dashed line is the weighted average difference of —0.0592 = 0.0211. Right panel: Residual differences using dust maps from
Drimmel, Cabrera-Lavers & Lopes-Corredoira (2003). The black dashed line is the weighted average difference of —0.0582 £ 0.0211.
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Figure A3. Same as Fig. A1, but using magnitudes from 2MASS Ks band to calculate seismic distances. Left panel: Residual differences using dust maps from
Green et al. (2018). The black dashed line is the weighted average difference of —0.0134 % 0.0150. Right panel: Residual differences using dust maps from
Drimmel, Cabrera-Lavers & Lopes-Corredoira (2003). The black dashed line is the weighted average difference of —0.0131 £ 0.0150.
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Figure A4. Same as Fig. Al, but using V-band magnitudes to calculate seismic distances. Left panel: Residual differences using dust maps from Green et al.
(2018). The black dashed line is the weighted average difference of 0.0354 £ 0.0202. Right panel: Residual differences using dust maps from Drimmel,
Cabrera-Lavers & Lopes-Corredoira (2003). The black dashed line is the weighted average difference of 0.0828 + 0.0257.

Gaia DR3 parallaxes. To estimate the effects of reddening we used the
3D dust maps from Drimmel, Cabrera-Lavers & Lopes-Corredoira
(2003), as implemented in the MWDUST package (Bovy et al. 2016).
We also used the updated version of the dust map described in Green
et al. (2018). We retrieved apparent magnitudes in the V band and in
the near infrared J, H and Ks bands from 2MASS, where the effects
of reddening have less impact.

The effects of using different dust maps are more clear when
using visual band (Fig. A4) to calculate seismic distances, with the
weighted average of the residuals going from 0.0354 =+ 0.0202 when
using data from Green et al. (2018) to 0.0828 £ 0.0257 when using
data from Drimmel, Cabrera-Lavers & Lopes-Corredoira (2003).

Meanwhile, the effects of using the two dust maps are much less
significant when using the magnitudes from the 2MASS JHKs bands.
We have adopted magnitudes from the 2MASS Ks band due to small
values of uncertainties in apparent magnitudes when compared with
J and H bands. We also decided to use reddening effects obtained by
the dust maps presented in Green et al. (2018).
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