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1 INTRODUCTION

ABSTRACT

One way to understand planet formation is through studying the correlations between planet
occurrence rates and stellar mass. However, measuring stellar mass in the red giant regime is
very difficult. In particular, the spectroscopic masses of certain evolved stars, often referred to as
"retired A-stars", have been questioned in the literature. Efforts to resolve this mass controversy
using spectroscopy, interferometry and asteroseismology have so far been inconclusive. A
recent ensemble study found a mass-dependent mass offset, but the result was based on
only 16 stars. With NASA’s Transiting Exoplanet Survey Satellite (TESS), we expand the
investigation of the mass discrepancy to a total of 92 low-luminosity stars, synonymous with
the retired A-stars. We measure their characteristic oscillation frequency, viax, and the large
frequency separation, Ay, from their TESS photometric time series. Using these measurements
and asteroseismic scaling relations, we derive asteroseismic masses and compare them with
spectroscopic masses from five surveys, to comprehensively study the alleged mass-dependent
mass offset. We find a mass offset between spectroscopy and seismology that increases with
stellar mass. However, we note that adopting the seismic mass scale does not have a significant
effect on the planet occurrence-mass-metallicity correlation for the so-called retired A-stars.
We also report seismic measurements and masses for 157 higher luminosity giants (mostly
helium-core-burning) from the spectroscopic surveys.

Key words: asteroseismology — stars: evolution — stars: fundamental parameters — stars:
oscillations (including pulsations)— stars:interiors

A- and F-progenitors that ascend the red giant branch become diffi-

Correlations between the planet occurrence rate and host star proper-
ties, in particular stellar mass, can inform us about planet formation
(e.g., see Fischer & Valenti 2005, Johnson et al. 2010, Dawson &
Johnson 2018, Ghezzi et al. 2018, Yang et al. 2020 and Wolthoff
et al. 2022). For this, it is important to sample stars across a large
range of masses, including those significantly more massive than
the Sun. However, the main sequence A- and hot F-type stars have
broad spectral lines making radial velocity measurements less pre-
cise. Hence, radial velocity planet searches have been biased against
intermediate-mass A- and hot F- type stars. To circumvent this dif-
ficulty in finding planets around the intermediate-mass A- and hot
F-type stars, Johnson et al. (2006) set out to find planets around
their cooler, more evolved counterparts in the subgiant and red giant
regimes. They referred to these stars as "retired A"-stars. However,
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cult to distinguish from their G- and K- counterparts because of their
similar temperatures (7,) and luminosities (L), leaving stellar mass
as the only way to differentiate between these stars. Thus, accurately
determining the stellar mass of these evolved stars is important.
Traditionally, stellar masses are determined using spectroscopy
and grid-based modelling via isochrone fitting. Lloyd (2011) com-
pared the masses of a selection of evolved planet-hosting stars from
the Exoplanet Orbit Database! (Wright et al. 2011) with a sample
of field stars with similar mass (M) and surface gravity (log g) from
the catalogs by Allende Prieto & Lambert (1999) and Glebocki &
Gnacinski (2005). Lloyd (2011) discovered a discrepancy between
the mass distributions for the samples of evolved planet-hosting stars
from the Exoplanet Orbit Database and the field stars and suggested
the masses of these evolved planet-hosting stars were overestimated
by up to 50%. They attributed the deficit of massive evolved planet-
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hosting stars in their sample to the differences in evolution speeds of
stars with different stellar masses. Massive stars evolve faster than
less massive stars and are hence less common, and the failure to
account for this difference in evolution speeds of stars in grid-based
modelling may lead to erroneous determination of the stellar mass.

Later, Johnson et al. (2013) benchmarked their apparent-
magnitude-limited subgiant sample against Galactic stellar popula-
tion models by Girardi et al. (2005) and found no such overestima-
tion in spectroscopic masses. Johnson et al. (2013) argued that their
imposed apparent magnitude limit partially counteracted the lower
number of massive stars expected from their differential evolution
by increasing the relative number of massive stars. However, Lloyd
(2013) used apparent magnitude-limited weights for the isochrone
integration in his 2011 calculations and argued that irrespective of
such limit used in target selection, there was a deficit of massive
stars in the subgiant and red giant regime compared to what was re-
ported in the literature. Supporting this argument by Lloyd (2013),
Schlaufman & Winn (2013) found consistency between the veloc-
ity dispersions for their subgiant sample and their main-sequence
F5-G5 sample, but not with their main-sequence AO-F5 sample.
This consistency led them to conclude that their subgiants are less
massive than main sequence AO-F5 stars.

In addition to the spectroscopy-based mass determinations,
the retired A-star mass controversy has been explored using other
methods like asteroseismology and interferometry. Asteroseismol-
ogy, in particular, can provide us with precise model-independent
stellar masses (Stello et al. 2008; Kallinger et al. 2010; Chaplin &
Miglio 2013; Gaulme et al. 2016; Huber et al. 2017; Yu et al. 2018)
while long-baseline interferometry provides better constraints on
effective temperatures and radii, thus reducing systematic errors in
model-dependent stellar mass determinations (White et al. 2018).
Johnson et al. (2014) made the first attempt to use asteroseismol-
ogy to test the spectroscopic mass of HD 185351-the only known
intermediate-mass evolved planet-hosting star observed by Kepler
(Borucki et al. 2010). However, they could not reconcile their stellar
mass measurements from spectroscopy, asteroseismology and inter-
ferometry. The reconciliation was later achieved by Hjgrringgaard
et al. (2017) with a more comprehensive asteroseismic modelling.
They found an overestimation of about ~ 15% in the spectroscopic
mass of HD 185351. Similarly, for seven of the eight evolved planet-
hosting stars observed using the ground-based Stellar Observations
Network Group (SONG, Andersen et al. 2016) telescope, Stello
et al. (2017) found an overestimation of 15-20% in spectroscopic
masses compared to the corresponding seismic masses. Addition-
ally, using interferometry for five evolved planet-hosting stars, White
et al. (2018) found the spectroscopic masses from the literature to
be 15% larger than their interferometry-based values. On the other
hand, contrary to the above evidence suggesting the presence of a
mass offset, Campante et al. (2017, 1 star) and North et al. (2017, 7
stars) found no apparent difference between the spectroscopic and
seismic masses in their samples of stars, of which not all were host-
ing planets. Ghezzi & Johnson (2015) investigated the presence of a
mass offset with 59 evolved stars using model-independent masses
from binary systems (26 stars) and asteroseismology (33 stars) and
found no significant evidence for it. Later, Ghezzi et al. (2018, 245
stars) arrived at the same conclusion from their spectroscopic and
kinematic analyses.

Malla et al. (2020) performed an ensemble study to under-
stand why some seismic studies found a discrepancy between the
spectroscopic and seismic mass scales while others did not. They
combined their seismic results for four evolved planet-hosting stars
with 12 other stars studied by Stello et al. (2017) and North et al.

(2017). From three different spectroscopic sources (Mortier et al.
2013; Jofré et al. 2015; Stock et al. 2018), they found that stars
above a mass threshold of 1.6 Mg had a significant mass offset,
while those below the threshold did not. This result is consistent
with the findings by Stello et al. (2017) and North et al. (2017). The
transition mass of ~ 1.6 Mg, is the same as the one that separates fast
and slow-moving evolving stars in the subgiant regime where most
of the retired A-stars lic. However, the Malla et al. (2020) ensemble
study only had relatively few stars with masses below 1.0 Mg and
above 1.6 Mg, leading to an inconclusive result. More stars across
a wider mass range would be required to make firmer conclusions
about such mass-dependent offset. Fortunately, with the launch of
the Transiting Exoplanet Survey Satellite (TESS, Ricker et al. 2016),
we now have high-cadence time-resolved data for many more stars
with spectroscopically-derived masses. Hence, we can use TESS to
measure the asteroseismic-based masses of these stars.

In this paper, we expand the sample of evolved stars for which
we can test the previous spectroscopic mass determinations against
seismically determined masses, and to provide more stars in the
mass range poorly covered by Malla et al. (2020). For this purpose,
we use the photometric data from the first three years of the TESS
mission and asteroseismic scaling relations to determine the seismic
masses of these stars. With this large data set, we further expand
the scope of the mass offset found by Malla et al. (2020) towards
up to five different spectroscopic sources. In Section 2, we discuss
the selection criteria for our targets. We measure our global seismic
parameters in Section 3 and our seismic masses in Section 4. In
Section 5, we discuss the mass discrepancy between spectroscopic
and seismic mass scales guided by our results. In Section 6, we draw
conclusions based on our findings.

2 TARGET SELECTION AND OBSERVATIONS

We selected 451 evolved stars that had spectroscopic masses pre-
viously studied by either Mortier et al. (2013, M13), Jofré et al.
(2015, J15), Wittenmyer et al. (2016, W16), Ghezzi et al. (2018,
G18), or by Stock et al. (2018, S18) and that were observed in 2-
minute cadence during the first three years of the TESS mission.
Table 1 (Column 2) shows the total number of unique stars in our
sample, along with the number of stars analyzed from each spectro-
scopic survey. All five spectroscopic sources derived their masses
by fitting isochrones or evolutionary tracks, with J15 and S182
utilizing Bayesian inference. We note here that S18 incorporated
evolutionary speeds into their spectroscopic mass determinations.
Fig. 1 shows the colour-magnitude diagram for the 451 stars in our
sample along with solar-metallicity BaSTI tracks> (Pietrinferni et al.
2004) to guide the eye. Of the five chosen spectroscopic sources,
M13, J15, and S18 studied evolved stars and were previously used
to study the mass offset by Malla et al. (2020). G18 studied evolved
stars (both planet-hosting and non-planet-hosting) to derive a planet
occurrence-mass-metallicity correlation, while W16 studied the re-
tired A-stars as observed from the southern hemisphere. In Table 2,
we list the spectroscopic mass range covered by our sample from

2 S18 provided spectroscopic masses based on the location of the star on the
Hertzsprung-Russell diagram. They gave two masses depending on whether
the star is on the red giant branch or the horizontal branch, along with an
associated probability for each. For our purpose, similar to S18, we only
chose the spectroscopic mass with the associated probability greater than
50%.

3 http://basti.oa-teramo.inaf.it/
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Table 1. Star counts for TESS-spectroscopic overlap sample

Spectro- Nobs Nosc Nobs,low Nosc,low Nobs,high Nosc,high

scopic

source

M (@) 3 “ ® (0) @)

Total 451 249 168 92 283 157

unique

stars

M13 32 19 22 14 10 5

J15 162 92 66 31 96 61

W16 41 38 39 36 2 2

G18 78 41 76 40 2 1

S18 220 116 8 5 212 111
Notes:

Nops: Number of stars observed by TESS

Nosc: Number of oscillating stars

Nobs,low: Number of low-luminosity stars observed by TESS
Nosc,low: Number of oscillating low-luminosity stars

Nobs, high: Number of high-luminosity stars observed by TESS
Nosc,high: Number of oscillating high-luminosity stars

M13 : Mortier et al. (2013)

J15 : Jofré et al. (2015)

W16 : Wittenmyer et al. (2016)

G18 : Ghezzi et al. (2018)

S18 : Stock et al. (2018)

A machine-readable version of the table is available online on CDS.

each source and in Table 3, we list the spectroscopic masses of the
stars for each spectroscopic source. From Fig. 2 and also Table 3
(Columns 6-10), we can see that 66 stars are studied by multi-
ple spectroscopic sources. Such stars are plotted multiple times in
Fig. 1.

To distinguish between what can be viewed as subgiants/early
red giant branch stars (low-luminosity sample), akin to the retired A-
star sample, and the more evolved red giant branch and red clump
stars (high-luminosity sample), we define the stars with absolute
magnitude My < 1.25 and colour B—V > 0.8 to be high-luminosity
stars (represented by the dashed black line in Fig. 1). The remaining
stars are considered low-luminosity stars. Of the 451 stars in our
sample, we find 283 high-luminosity and 168 low-luminosity stars
based on the criteria above. A spectroscopic-source-wise break-
down of the low- and high-luminosity stars is provided in Table 1.
We also mark individual stars as a low- or high-luminosity stars in
Table 3 (Column 11).

The selected targets had at least ~ 27 days (one sector) of TESS
data available.* The targets were observed in a 2-minute cadence,
and the data was downloaded from the TESS Asteroseismic Science
Operations Center (TASOC) website.? For our analysis, we used the
corrected light curves (PDCMAP) provided by the TESS Science
Processing Operations Center (SPOC) (Jenkins et al. 2016), which
uses a pipeline similar to the Kepler Science Operations Center
(KSOC) pipeline. Table 3 (Columns 4 and 5) lists the TESS mag-
nitudes and the observing coverage of our targets.

We first excluded any known anomalies (e.g., due to cosmic

4 The stars close to the ecliptic plane (|8| < 6deg) are not in our sample
as TESS did not observe this section during the prime mission.
5 https://tasoc.dk/
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rays or stray light) by only using data with a zero pixel-quality flag
as marked by the SPOC pipeline. The resulting light curves were
subjected to a highpass filter of ~3 uHz (~4 days) to remove any
slow trends. For stars 24 Sex and HD 185351, the quality of the time
series was poor and showed trends with periods less than ~4 days,
which interfered with the detection of oscillations. Hence, we used
a ~50 uHz highpass filter for these two stars. We then performed
a 4-o clipping to remove significant outliers from the light curves.
For seven stars, we also removed any strong features (e.g., dips,
flares) to prevent interference with the oscillation detection before
applying a highpass filter. To do so, we removed any sudden changes
in the mean with amplitudes larger than 4-¢ of the lightcurve and of
duration ~0.1-2.5 days. Lastly, we combined the light curves from
different sectors by normalizing the flux by dividing out the median
on a per-sector basis with the timestamps preserved.

Figs. 3al and a2 show the final light curves for 57 Vir and
36 Dor, representative of short and long time series, which were
observed by TESS for 1 and 22 sectors, respectively. We use these
stars as examples in the following sections.

3 EXTRACTION OF GLOBAL SEISMIC PARAMETERS

Similar to Malla et al. (2020), we computed the power density spec-
tra of each light curve using a discrete Fourier transform. Figs. 3b1l
and b2 show the power density spectra for 57 Vir and 36 Dor.
To measure the frequency of maximum acoustic power vpyax and
the large frequency of separation Av, we used the SYD pipeline®
(Huber et al. 2009). The SYD pipeline corrects for the granulation
background, locates vipax and measures Av from the autocorrelation
of the power spectrum. Figs. 3c1 and c2 show the residual power
spectra after the granulation background is divided out. The vpax
and Av values are tabulated in Table 4 (Columns 5 and 6).

Of the 451 stars analyzed with SYD, we found 249 stars that
exhibit solar-like oscillations — 92 low- and 157 high-luminosity
stars. Table 1 (Columns 3, 5 and 7, i.e., Noscs Niow, oscs a1d Nhigh, osc)
provides a spectroscopic-source-wise breakdown of the solar-like
oscillators in our sample. Here we note that we only have a tentative
detection of viax for four stars, as marked in Table 4 (Column 5).

To verify, and possibly correct, the Av measurements by SYD,
we used échelle diagrams. The échelle diagrams are obtained by
dividing the power density spectrum into segments of length equal
toatrial Ay and then stacking these segments vertically. The acoustic
modes of the same degree form vertical ridges when the trial Ay
corresponds to the correct large frequency separation. We use the
SYD Av as an initial guess. Figs. 3d1 and d2 depict the échelle
diagrams for 57 Vir and 36 Dor respectively. However, the SYD Av
did not provide good vertical alignment for nine stars (marked in
Table 4, Column 6). For these stars, we use the echelle” module
(Hey 2019) to adjust the trial Ay to the final adopted value guided
by the Av—e relation by Corsaro et al. (2012). In such a case, we

6 Although the TESS data (sector 8) of 24 Sex has been previously used by
Malla et al. (2020), we include this star in our ensemble to include all the
available data during the first three years of the prime mission and perform
a homogeneous analysis using the SYD pipeline.

7 https://pypi.org/project/echelle/
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Table 2. Spectroscopic mass range covered for TESS-spectroscopic overlap sample

Spectroscopic source  Mgpec Mspec, osc Mlg‘l’,"evc ML?)‘gc,osc Ml:;%}cl Mgégc};,osc
(1) @) (3) (C)) (5) (6) (7
M13 0.98-2.31 1.04-2.31 1.08-2.03 1.24-2.03 0.98-2.31 1.04-2.31
J15 0.74-3.33 0.91-3.23 0.91-1.99 0.91-1.99 0.74-3.33 1.01-3.23
W16 1.03-2.19 1.03-2.19 1.03-2.19 1.03-2.19 1.62-1.66 1.62-1.66
G18 0.92-2.08 0.92-2.08 0.92-2.08 0.92-2.08 1.33-1.86 1.33-1.33
S18 0.84-6.65 0.84-3.23 0.96-2.29 0.96-1.69 0.84-6.65 0.84-3.23

Notes:

A machine-readable version of the table is available online on CDS.

M13 : Mortier et al. (2013)

J15 : Jofré et al. (2015)

W16 : Wittenmyer et al. (2016)

G18 : Ghezzi et al. (2018)

S18 : Stock et al. (2018)

Mipec: Spectroscopic mass range for all 451 stars

Mipec,osc : Spectroscopic mass for all 249 oscillating stars

M'sgvgc : Spectroscopic mass range for all 168 low luminosity stars

Mg‘l’,‘gc,osc : Spectroscopic mass range for all 92 oscillating low luminosity stars

MEI;%}CI : Spectroscopic mass range for all 283 high luminosity stars

M?;,%];’OSC : Spectroscopic mass range for all 157 oscillating high luminosity stars
Table 3. TESS coverage and spectroscopic masses of the targets
TIC ID HD Name TESS Number of Mmi3 Mjis Mwi6 Magis Msig Category

Magnitude sectors used
Mo Mo Mo Mo Mo

M) ) 3) “) ) (6" P ®)° ) (10)° an
612908 30856 - 7.08 2 1.36 £0.07 1.31+0.11 - 1.37 £ 0.07 - L
1713457 90043 24 Sex 5.64 2 1.81 £0.08 1.78 +£0.08 - 1.71 £ 0.04 - L
5630694 103616 - 6.9 1 - - - 1.58 £ 0.07 - L
6013637 115659 46 Hya 2.17 2 - 3.09 £ 0.05 - - 271 +£0.19 H
9710105 223807 - 4.76 2 - - - - 252+0.8 H
11557059 7931 - 7.01 1 - - 1.12+0.25 1.3 +0.08 - L
29921672 10011 - 7.2 1 - - - 1.54 +0.09 - L
32550970 8407 - 6.92 1 - - - 1.13 £ 0.06 - L
47336943 215049 - 7.5 1 - - - 1.42 +0.09 - L
48401372 47562 - 7.45 2 - - - 1.63 +0.23 - L
48777312 190647 - 7.13 1 - 1.02 £ 0.02 - - - L
53873088 5608 - 5.14 1 1.66 +0.08 1.72 +0.07 - - - L
141326842 18885 - 4.93 2 - 191 +£0.1 - - - H
204350437 218594 88 Aqr 2.62 2 - - - - 2.08 +0.85 H
374828367 22796 12 Tau 4.74 2 - - - - 2.29 +0.64 H
374860864 40409 36 Dor 3.75 22 - - 1.12 £ 0.25 - - L
382393070 18322 3 Eri 291 1 - 1.43 +£0.22 - - 1.35 +£0.48 H
422432907 115202 57 Vir 431 1 - 1.41 £0.08 1.26 +£0.25 - - L
436243682 37160 40 Ori 3.21 1 - 1.07 £ 0.04 - - - L

Notes: A machine-readable version of the table for all the 451 stars is available as online downloadable material and from CDS.
: Mortier et al. (2013)

4 Source
b Source
¢ Source
d Source
¢ Source

: Jofré et al.

(2015)

: Wittenmyer et al. (2016)
: Ghezzi et al. (2018)

: Stock et al. (2018)

f Stars are categorised as low- (L) and high- (H) luminosity stars based on the criteria outlined in Sec. 2

take as our uncertainty the minimum shift in Av needed to move the
vertical ridges clearly out of alignment (an illustration of this can be
seen in Fig. 5 of Stello et al. 2011). We find an average uncertainty
of 0.165 uHz for these nine stars. Table 4 (Column 6) lists the final
Av observed for our targets. Despite our attempts to achieve a good
vertical mode alignment using SYD pipeline and/or echelle module,
we could only make a tentative detection of Ay for 28 stars. Further,

we could not measure Av for seven stars. Such stars are also marked

in Table 4 (Column 6).

MNRAS 000, 1-13 (2020)
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Absolute V magnitude (M)

¢ >

Open: No oscillations
Filled: Shows oscillations

Mortier et al. (2013)
Jofre et al. (2015)
Wittenmeyer et al.(2016)
Ghezzi et al. (2018)

® Stock etal. (2018)

0.00 0.25 0.50 0.75 1.00 1.25
Color Index (B-V)

1.50

1.75 2.00

Figure 1. Color-magnitude diagram of the 451 stars in our sample plotted along the solar-metallicity BaSTI evolutionary tracks (Pietrinferni et al. 2004).
Each point represents a star and is colour-coded according to the spectroscopic source to which it belongs. Green triangles represent the stars previously
studied by M13, blue squares by J15, purple diamonds by W16, orange pluses by G18 and red circles by S18. Stars that were studied by multiple spectroscopic
sources are plotted multiple times. A list of the overlapping stars can be inferred from Table 3 (Columns 6-10). The solid black line is the averaged Hipparcos
main-sequence defined by Wright (2005). The dashed black line corresponds to the boundary between the low- and high- luminosity stars in the CMD according
to the criteria listed in Section 5. The area surrounded by dashed orange lines corresponds to the initial selection criteria employed by G18. For stars TIC
356000102, TIC 258873063, TIC 471011913 and TIC 471012056, B magnitude values were not available from the Tess Input Catalog and hence, the By and

Vr values from the Hipparcos catalog (Hgg 2000) were used.

Table 4. Observed parameters and TIC-based seismic mass results for our targets

TIC ID HD Name Tofr Vmax,obs,SYD AVobs,SYD Source of Parallax
[K] [1Hz] [uHz]

) (@) 3 @» () (0) )
612908 30856 - 4895 167.59 + 1.96 13.64 + 0.05 Gaia eDR3
1713457 90043 24 Sex 5027 191.34 + 4.94 13.88 £ 0.11 Gaia eDR3
5630694 103616 - 5009 416.04 + 6.63 30.54 £ 0.16 Gaia eDR3
6013637 115659 46 Hya 5136 5842 +1.71 nan + nan® Hipparcos
11557059 7931 - 4796 160.49 + 3.46 13.17 + 0.09 Gaia eDR3
29921672 10011 - 5025 21234 +£5.21 15.19 £ 0.20 Gaia eDR3
32550970 8407 - 4922 101.15 +1.93 5.25+0.19 Gaia eDR3
47336943 215049 - 5108 470.78 + 12.48 29.30 + 0.09 Gaia eDR3
48401372 47562 - 4976 133.48 +4.41 11.13 £ 0.11 Gaia eDR3
53873088 5608 - 4877 157.49 + 15.56 12.77 + 0.48 Gaia DR2
141326842 18885 - 47258 46.62 + 0.87 4.40 + 0.20° Gaia DR2
204350437 218594 88 Aqr 4439 10.31 + 0.69 1.11 £0.41 Hipparcos
374828367 22796 12Tau 5014 58.36 +2.34 5.43 +0.12 Gaia DR2
374860864 40409 36 Dor 4806 161.84 + 1.08 12.94 + -0.05° Hipparcos
382393070 18322 3 Eri 47068 40.14 + 1.154 nan + nan Hipparcos
422432907 115202 57 Vir 4889 139.50 + 1.81 11.96 +-0.11° Hipparcos
436243682 37160 400ri 48268 41.73 £ 1.01 4.20 + 0.55¢ Hipparcos

Note: A machine-readable version of the table for all the 249 oscillating stars is available as online downloadable material and from CDS.
4 Source: TESS Input Catalogue (Stassun et al. 2018). We adopted an uncertainty of 100 K in the effective temperature (Thygesen et al. 2012).

b Ay found using the echelle module.
¢ Tentative detection.
4 No Av detection.

MNRAS 000, 1-13 (2020)
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Table 5. Seismic masses for our targets derived using spectroscopic parameters

TIC ID HD Name L M; M, M; Spectroscopic
source used
[Lol Mol Mol Mol
M 2 (3) ) (5) (6) @ ®)
612908 30856 - 11.38 £ 0.32 1.05 £ 0.08 0.99 +0.04 1.18 £ 0.04 G18
11.49 £ 0.32 1.08 + 0.08 1.03 £ 0.04 1.17 £ 0.04 J15
11.35 £ 0.32 1.04 + 0.08 0.98 +0.04 1.18 £ 0.04 M13
1713457 90043 24 Sex 13.33 £ 0.36 1.36 £ 0.11 1.23 £ 0.05 1.67 £0.14 S18
13.18 £ 0.36 1.32£0.1 1.16 = 0.05 1.7+0.14 S18
13.05 £ 0.35 1.28 £ 0.1 1.1 £0.05 1.73 £ 0.14 G18
5630694 103616 - 543 +£0.25 1.08 + 0.09 1.25 £ 0.09 0.8 £ 0.04 G18
6013637 115659 46 Hya 97.54 + 30.94 2.78 + 0.91 - - J15
93.14 +29.54 2.8 +0091 - - M13
11557059 7931 - 10.18 £ 0.29 1.0 + 0.08 0.94 + 0.04 1.12 + 0.08 J15
10.19 = 0.29 1.0 + 0.08 0.95 +0.04 1.11 £ 0.08 G18
29921672 10011 - 10.11 £ 0.45 1.06 + 0.09 0.84 + 0.06 1.69 + 0.15 J15
32550970 8407 - 19.64 + 0.58 1.08 £ 0.09 0.33 £0.03 11.85+ 1.84 S18
47336943 215049 - 5.13+0.15 1.15 £ 0.09 1.04 + 0.05 1.4 +£0.11 S18
48401372 47562 - 15.7 £ 0.44 1.09 £ 0.09 0.98 +0.05 1.36 £ 0.15 S18
53873088 5608 - 13.1 £0.36 1.16 £ 0.15 1.12+0.1 1.26 £ 0.42 W16
13.21 £ 0.37 1.19 £0.15 1.16 £ 0.1 1.25 £ 0.42 G18
141326842 18885 - 61.17 £ 12.99 1.75 £ 0.39 1.57 £0.52 2.17+0.41 W16
204350437 218594 88 Aqr 284.2 +73.95 2.33 £0.65 1.57 £ 1.31 5.13 £7.65 J15
374828367 22796 12 Tau 63.64 + 15.86 1.97 £ 0.52 1.93 +£0.73 2.05+0.31 G18
374860864 40409 36 Dor 9.68 + 0.4 0.93 +£0.08 0.79 +0.05 1.28 £ 0.03 J15
382393070 18322 3 Eri 54.11 + 16.65 1.4 £045 - - M13
54.45 + 16.75 1.41 £0.45 - - S18
422432907 115202 57 Vir 12.01 £ 0.41 0.97 £ 0.08 0.91 +0.05 1.1 +0.06 J15
12.69 + 0.43 1.12 £ 0.09 1.18 £ 0.06 1.03 £ 0.05 S18
436243682 37160 40 Ori 30.34 + 1.0 0.75 + 0.06 0.49 +0.13 1.81 £ 0.96 S18

Note: A machine-readable version of the table for all the 249 stars is available as online downloadable material and from CDS.

M : vmax-only based seismic mass derived using Eq. 1
M, : Av-only based seismic mass derived using Eq. 2

M3 : vmax and Ay- based seismic mass derived using Eq. 3
M13 : Mortier et al. (2013)

J15 : Jofré et al. (2015)

W16 : Wittenmyer et al. (2016)

G18 : Ghezzi et al. (2018)

S18 : Stock et al. (2018)

4 DETERMINING STELLAR MASS

We use two asteroseismic scaling relations to determine three seis-
mic masses: one based on vyax, one based on Av, and one based
on vmax and Av. The vpax-based mass uses the relation between
vmax and the acoustic cutoff frequency (Brown et al. 1991; Kjeldsen
& Bedding 1995). Following Stello et al. (2008), this leads to the
following relation for mass:

Mo (_) (L) (T_ff)3 o
Mo Vmax,0 ] \Lo ) \Tefr,0

To be consistent with Stello et al. (2017) and Malla et al. (2020), we
use Vmax,® = 3090 puHz and Tegr, @ = 5777K (Huber et al. 2009).

We also know that Ay scales with the square root of stellar mean
density (Ulrich 1986). Hence, we compute a Av-based seismic mass
as follows:

o) () ) g
Mo \favAve) \Lo Teto)

Here fy, is a necessary correction factor applied to the scaling

relation linking Av and density. We use the software asfgrid® by
Sharma et al. (2016) to obtain the correction factor.

By combining Eq. 2 with Eq. 1, we measure a seismic mass
using both vipax and Ay with very little dependence on T and
eliminating the need for a luminosity determination, which for data
with good Av measurements, like those from Kepler, has been the
most common way to determine seismic masses on large ensembles
(see Kallinger et al. 2010, Pinsonneault et al. 2014, Serenelli et al.
2017, Pinsonneault et al. 2018 and Yu et al. 2018):

=) (i) () <3>
Me Vmax,® favAve Teff,@ '

To perform a like-for-like comparison between the
spectroscopic-based isochrone masses from the literature and our
seismic masses, we adopt the spectroscopic parameters (T and
[Fe/H]) determined from each spectroscopic survey to derive the
seismic masses using the seismic scaling relations (Egs. 1, 2 and 3).

We used isoclassify9 (Huber et al. 2017; Berger et al. 2020)

8 https://ascl.net/1603.009
9 https://github.com/danxhuber/isoclassify
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Jofré et
al.(2013)
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Ghezzi et
al. (2018)

Stock et
al. (2018)

Figure 2. Venn diagram representing the 451 stars studied by the five
spectroscopic sources: Mortier et al. (2013, M13), Jofré et al. (2015, J15),
Wittenmyer et al. (2016, W16), Ghezzi et al. (2018, G18) and Stock et al.
(2018, S18).

to compute luminosities for the solar-like oscillators in our sample.
We used the spectroscopic parameters (T and [Fe/H]) from the
corresponding spectroscopic source (M 13, J15, W16, G18 or S18).
We also adopted Gaia eDR3 parallaxes (Gaia Collaboration et al.
2016, 2022a) for stars in the magnitude range 6 < G < 21 (57
stars), Gaia DR2 parallaxes (Gaia Collaboration et al. 2018) for
stars with 5 < G < 6 (97 stars) and Hipparcos parallaxes for the
rest (van Leeuwen 2007, 95 stars). The source of parallax used
for each star is marked in Table 4 (Column 7). We discuss our
choice of parallaxes in more detail in Appendix A. We also used
the Tycho VT photometry as an input. For three stars (NGC 4349
127, BD+20 274 and BD-13 2130), the Tycho VT magnitudes were
unavailable and hence, we used the 2MASS K magnitudes. We set
the dustmap parameter to ‘allsky’ to use a combination of reddening
maps (Drimmel et al. 2003, Marshall et al. 2006, Green et al. 2015
and Bovy et al. 2016) to provide full sky coverage as implemented
in the mwdust package by Bovy et al. (2016). Table 5 (Column 4)
shows the resulting luminosities using the spectroscopic parameters
from each spectroscopic source.

Now, with all the input for the scaling relations at hand, we
derived the three seismic masses My, M, and M3 from Egs. 1, 2
and 3 using the spectroscopic parameters from M13,J15, W16, G18
and S18. We list the seismic masses in Table 5 (Columns 5-7) for
each spectroscopic source. We will compare these seismic masses
to their corresponding spectroscopic masses in Section 5.

5 MASS COMPARISON
5.1 Mass-dependent mass offset in low-luminosity stars

There is clear evidence in the literature that the different seismic
masses based on the scaling relations in Egs. 1, 2, and 3 do not
perform equally well. Based on analyses of nearly equal-mass cluster
red giants, both Miglio et al. (2016) and Howell et al. (2022) found
that the vmax-based relation (Eq 1) provides results that are more in
line with astrophysical expectations and that show the least scatter

MNRAS 000, 1-13 (2020)
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Figure 3. Comparison of the SYD results for single-sector (Column 1) and
multi-sector (Column 2) data. In Column 1, we present the SYD results for
the single-sector 57 Vir data, while Column 2 represents the SYD results
for multi-sector 36 Dor data (22 sectors). Row a (Panels al and a2) depicts
the light curve after combining the multi-sector data (where applicable),
removing any known anomalies, and applying a highpass filter with a cut-
off frequency of ~3 uHz (~4 days) and a 4-o clipping. Row b (Panels bl
and b2) shows the power density spectrum of the corresponding star, and
Row ¢ (Panels c1 and ¢2) depicts the background-corrected power spectrum.
Row d (Panels d1 and d2) shows the échelle diagram computed from the
smoothed power density spectrum, plotted using the echelle module (Hey
2019).

(among equal-mass stars). We therefore expect Eq. 1 to be the best
seismic mass to use for our comparison with the spectroscopic
results. However, we first wished to check for our sample that Eq. 1
provides the most robust results. Because our sample is comprised
of field stars, we do not have an astrophysical "true’ mass for each
star to serve as a reference. However, we can still compare our three
different seismic masses to the spectroscopic mass, which we can
use as our reference mass even if it has a suspected offset from the
true mass. This is because the potential offset is expected to change
smoothly with mass in an ensemble sense. Hence, the scatter in the
differences between each seismic mass scale and the spectroscopic
one, for a given reference mass, still gives an indication of the overall
precisions of the different seismic mass scales.

Of the 168 low-luminosity stars, 92 show solar-like oscilla-
tions (Table 1, columns 4 and 5). We plot the difference between
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Figure 4. Difference between the spectroscopic and seismic mass plotted as a function of spectroscopic mass for 92 low-luminosity stars with solar-like
oscillations. Column 1 depicts the mass offset before any corrections were made, and Column 2 depicts the mass offset after correcting the offset in the weighted
average by decreasing the Ti¢ by 100K. The seismic masses used in panels al and a2 are the vipax-based seismic masses, in bl and b2 are the Av-based seismic
masses, and in ¢l and c2 are the ‘vimax + Av’- based seismic masses. The green triangles use the spectroscopic masses and parameter by M13 (14 stars), blue
squares use those by J15 (31 stars), purple diamonds use those by W16 (36 stars), orange pluses use those by G18 (40 stars) and pink circles those by S18 (5
stars). The dashed black line represents no difference between the spectroscopic and seismic masses. The dash-dotted red line represents the weighted average

mass offset.

the seismic and spectroscopic mass scales as a function of the spec-
troscopic mass in Fig. 4 (Panels al, bl and c1, with a panel for each
seismic scale). Here, we use all five different spectroscopic sources.
The 22 low-luminosity stars listed in Table 3 appear in more than
one of our spectroscopic sources and are plotted multiple times.
Stars with tentative detections are also included in this analysis.
In agreement with Miglio et al. (2016) and Howell et al. (2022),
we indeed see the smallest scatter (at fixed reference mass) for the

vYmax-based seismic mass (Eq. 1), supporting its use. In addition, we
note that the three seismic mass scales have different zero-points
relative to the spectroscopic reference, but interestingly, that dif-
ference is largely proportional to the exponent of 7.g in the three
mass scaling relations. Hence, it seems this is not dominated by an
intrinsic zero-point difference between the seismic scales, but more
likely pointing to a systematic offset in the adopted T4 scale. If we
adjust the T scale by -120 K, we can bring all three seismic mass

MNRAS 000, 1-13 (2020)
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scales to a similar zero-point'? (Fig. 4a2, b2 and c2). We note that
this T, shift is comparable to our adopted 7o uncertainty (100 K,
Thygesen et al. 2012).11

For our main comparison between seismic and spectroscopic
masses, we adopted the viax-based seismic scale. However, we did
not apply the 120K T, shift in the following as we do not claim
to know what the true mass scale of our sample is. In Fig. 5, we
show this comparison for each spectroscopic source. By plotting
our results together with the ensemble study results by Malla et al.
(2020) for M13, J15 and S18 (black dots), we find our results are
consistent with their findings. Further, from Fig. 5, we find that
the mass offset is the smallest for the S18 subsample in which
evolutionary speeds were taken into account.

5.1.1 Fitting the mass-dependent mass offset

It is clear from Fig. 5 that there is a mass-dependent mass offset.
To quantify this offset, we fitted polynomials of varying orders and
a step function (following a suggestion by Malla et al. 2020) to
the mass offset without 7, g-correction and computed the Bayesian
Information Criterion (BIC). Schwarz (1978) first proposed BIC as
a way to choose between alternate models in regression where the
model with the lowest BIC is the preferred. We used the weighted
least squares (WLS) method from the statsmodel module in python
to fit polynomials of order 0—7 and the step function. We found the
BIC to be minimum for a first-order polynomial fit (BIC = -82.89)
of the following form:

Mgpec — Miis = (0.43 + 0.05) Mgpec + (—0.32 £ 0.07) Mo, (4)

However, a second-order polynomial fit had a BIC of -78.58, with
the difference in BIC (ABIC) being 4.31. This value of ABIC implies
that the first-order polynomial is a good fit to our mass offset(Fabozzi
et al. 2014; Raftery 1995). However, we cannot completely rule out
a second-order polynomial. Future work is needed to expand beyond
the limits of the current study and comprehensively model the offset
to potentially rule one out. Fig. 6 shows how well the first order
polynomial model fits the mass offsets. We advise caution on the
use of Eq. 4 because it is only applicable to stars with spectroscopic
masses 0.91-2.90 Mg, as can be inferred from Table 2 (Column 5).

From Fig. 5 (Panels a—e), we note that fitting the first order
polynomial to individual spectroscopic sources yields intercepts
between -0.7 Mg and -0.06 Mg and slopes between 0.26 and 0.67.
We find that the slopes for individual fits of M13 (0.67 + 0.18), J15
(0.48 £ 0.05) and S18 (0.51 + 0.33) are consistent with each other.
G18 has the least slope of 0.26 + 0.1 owing to the larger scatter in
its mass offsets. The W16 sample has the most precise fit with a
slope of 0.64 + 0.08 while S18 has the least precise fit because of
only five data points. 12

Despite the larger ensemble size used in this work, our study
still suffers from a deficit of low-luminosity stars with spectroscopic

10" The spectroscopic masses remain unchanged and were not adjusted based
on the adjusted T scale.

11 Because the three mass scaling relations also depend differently on lu-
minosities, we did try to reconcile the average mass offsets by changing
luminosity under the assumption that there is no parallax offset or T.g-
offset. However, this required increasing luminosity by 0.5 Ly, which is
beyond what we expect from the systematic parallax errors (Lindegren et al.
2018; Zinn et al. 2019b; Gaia Collaboration et al. 2018).

12 1t follows from Eq. 4 that the planet occurrence-mass-metallicity corre-
lation remains unaffected by the mass offset.
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masses below 1 Mg and above 1.8 Mg.!? From Table 2 (Column
5), we note that our low-luminosity solar-like oscillators covers a
spectroscopic mass range of 0.91-2.19 Mg. As a result, we are
unable to define how the mass offset behaves at masses well below
1 and well above 2 M. With TESS observing more evolved stars in
the late subgiant/early red giant branch regime, future work might be
able to explore the mass-dependent mass offset at sub-solar masses
and masses above 2 Mg.

5.2 The high-luminosity stars

Of the 451 stars, we have 283 high-luminosity stars, according to the
criteria listed in Sec. 2 (also marked individually in Table 3, column
11). The most luminous stars in this sample oscillate at frequencies
too low to resolve with the length of our current TESS data and our
highpass filter of 3 pHz. The most luminous star in our sample
oscillates at 0.3 uHz. We need at least 15 sectors of TESS data (i.e.
more than a full year’s coverage) to detect oscillations at this vimax.
However, we find no such stars with multi-sector TESS data oscillat-
ing at such small frequencies in our sample. To be conservative, we
do not report any seismic detections below a vimax of 8 uHz. Taking
this hard detection limit into account, we have 157 solar-like oscil-
lators, a spectroscopic source-wise breakdown of which is provided
in Table 1 (columns 6-7). Similar to our low-luminosity sample, we
compare our seismic masses to the spectroscopic masses by plotting
the difference between the two as a function of spectroscopic mass
in Fig. 7. We do not have a statistically significant high-luminosity
star sample size for the spectroscopic sources M13, W16 and G18.
Hence, these sources have been excluded from the figure and any
discussion concerning the high luminosity stars.

From Fig. 7, we see a rather complicated mass offset. This
observed offset is non-trivial to understand from a stellar evolu-
tion point, unlike the arguments used on the low-luminosity sam-
ple, where stellar tracks are well separated and non-overlapping.
The high-luminosity stars are mostly in the region of the colour-
magnitude diagram where the tracks clump together, making it
harder to determine stellar mass using stellar models. Therefore,
determining the stellar masses using a more model-independent
method like asteroseismology might provide more robust stellar
masses for these stars. However, the vpax-based seismic relation
(Eq. 1) seems to break down for stars with radius larger than about
30-50 R (Zinn et al. 2019b and Zinn et al. 2023), which affects up
to six stars!'# in our sample.

6 CONCLUSIONS

We constructed a sample of 451 evolved stars from five different
spectroscopic sources: M13, J15, W16, G18, and S18. Of the 451
stars, we found 249 solar-like oscillators from 2-min cadence TESS
data and measured their viax and Av.

To explore the mass-dependent mass offset between the spec-
troscopic and seismic masses for subgiants and red giants, we de-
termined the seismic masses from three different scaling relations
(Egs. 1, 2 and 3) using spectroscopic parameters from M13, J15,

13- Although the Malla et al. (2020) ensemble has three stars with spectro-
scopic masses greater than 2 Mg, they have not been observed by TESS
during its three-year primary mission.

14 namely, HD 27256, 73 Tau, HD 2774, 88 Aqr, HD 11977, 19 Sex
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Figure 5. First order polynomial fit to the difference between the spectroscopic and seismic mass plotted as a function of spectroscopic mass for 92 low-
luminosity stars with solar-like oscillations. Panel (a) uses the spectroscopic masses and parameters by M13 (14 stars), (b) uses those by J15 (31 stars), (c)
uses those by W16 (36 stars), (d) uses those by G18 (40 stars) and (e) uses those by S18 (5 stars) We used the viax-based seismic masses (M) without any
Teg-correction applied. The black circles in Panels a, b and e refer to the results by Malla et al. (2020). The solid red line represents an uncertainty-weighted
least-squares fit to the data. The dashed black line represents no difference between the spectroscopic and seismic masses. Here, we used all five different

spectroscopic sources.

W16, G18 and S18. We divided our initial sample into two sub-
sets: 168 low- and 283 high-luminosity stars, such that the low-
luminosity stars are synonymous with the previously studied retired
A-stars (as defined by G18). Of these, we found 92 low- and 157
high-luminosity stars with solar-like oscillations. Comparing the
spectroscopic and seismic masses for low-luminosity stars (mostly
late subgiants and early red giants) reveals an increasing mass oft-
set with mass between the two stellar mass scales. However, we
found that the planet occurrence-mass-metallicity correlation does
not significantly change when adopting the seismic masses. Despite
our efforts to expand our ensemble size and to include more stars in

the mass ranges not previously covered by Malla et al. (2020), our
study is deficient in low-luminosity stars with spectroscopic masses
well below 1 Mg and above 2 Mg. A further study exploring these
mass ranges may be needed to explore further the nature of the
mass-dependent mass offset we observe.

We also found a mass offset between the spectroscopic and
seismic masses for high-luminosity stars (primarily consisting of
the red clump and more luminous stars). A possible explanation
for the observed offset is the error-prone mass determination using
isochrones due to the clumping together of evolutionary tracks in
this region of interest.

MNRAS 000, 1-13 (2020)
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Figure 6. First order polynomial fit to the difference between the spectro-
scopic and seismic mass plotted as a function of spectroscopic mass for 92
low-luminosity stars with solar-like oscillations. Here, we used the vpax-
based seismic masses (M) without any Tg-correction applied. The solid
red line represents an uncertainty-weighted least-squares fit to the data. The
dashed black line represents no difference between the spectroscopic and
seismic masses. Here, we used all five different spectroscopic sources. The
22 low-luminosity stars that appear in more than one of our spectroscopic
sources appear multiple times.
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APPENDIX A: A NOTE ON USE OF PARALLAXES

For computing luminosities using isoclassify in Sec. 4, we used
parallaxes from three different sources: Gaia eDR3, DR2 and Hip-
parcos.

The Gaia eDR3 catalogue,15 improves the precision by a factor
of 1.5, compared to Gaia DR2 (Lindegren et al. 2021). So we prefer
Gaia eDR3 parallaxes for our targets if they are available. However,
despite the precision improvement, the Gaia eDR3 parallaxes suf-
fer from systematic offsets and must be corrected for a zero-point
offset. For our Gaia eDR3 parallaxes, we use the python code'¢ by
Lindegren et al. (2021) to compute the zero-point offset based on
the position, colour and magnitude of the star. The zero-point oft-
sets are then subtracted from the Gaia eDR3 parallaxes. However,
these corrections can only be applied to stars with 6 < G < 21.
To overcome these limitations, we only use the Gaia eDR3 par-
allaxes for stars with 6 < G < 21 and Gaia DR2 parallaxes for
stars with G < 6. We corrected our Gaia DR2 parallaxes using an
astrometric_pseudocolor- and magnitude-based relation given
by Zinn et al. (2019a).

We know that Gaia DR2 parallaxes are prone to calibration
issues for stars brighter than G = 5 (Drimmel et al. 2019). Hence,
we used Hipparcos parallaxes for stars with G < 5. Also, we do
not have any Gaia eDR3/DR2 measurement available for 66 stars.
For these 66 stars, we use Hipparcos parallaxes instead. We also
use Hipparcos parallaxes for three stars that have a larger fractional
error in Gaia parallaxes than in Hipparcos.

By comparing the corrected eDR3 parallaxes to the DR2 ones
for the stars that have both measurements (107 stars, where 58 stars
are solar-like oscillators and 49 stars are not), we obtain a median
fractional difference of about 0.8% between the two parallaxes mea-
surements. For seven stars,]7 we find the fractional difference to be
more than 5%, but less than 32%. A possible reason for a larger
fractional difference for these stars is due to the improvement in
parallaxes from Gaia DR2 to eDR3. In conclusion, we find that the
parallaxes from Gaia eDR3 corrected using the code by Lindegren
et al. (2021) and from Gaia DR2 corrected using the relation by
Zinn et al. (2019a) are consistent with each other.

Table A1 summarises our discussion on the use of parallaxes in

15 In this paper, we use Gaia eDR3 and DR3 synonymously because the
Gaia DR3 builds upon the Gaia eDR3 catalogue (Gaia Collaboration et al.
2022b)

16 https://gitlab.com/icc-ub/public/gaiadr3_zeropoint

17 Five of the seven stars are solar-like oscillators, namely TIC 29921672,
TIC 422279419, TIC 156291668, TIC 165193011, and TIC 5630694. Two
are non-oscillating stars (TIC 439871393 and TIC 62734192).
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Table A1. Parallax sources used for our targets

Benchmarking the spectroscopic masses of 249 evolved stars

Source of Criteria Correction Niot Niot,osc

Parallax applied

(1) @ 3 “ O]

Gaia eDR3 6<G<21 Lindegren 109 57

et al. (2021)

Gaia DR2 5<G<6 Zinn et al. 157 97
(2019a)

Hipparcos  G<5 and exceptions N/A 185 95

Note: Exceptions include stars who do not have Gaia parallaxes, and stars
whose fractional error in Gaia parallaxes is larger than in Hipparcos.
Niot: Number of stars in our entire sample for which we adopt this

parallax source

Niot,0sc: Number of oscillating stars in our sample for which we adopt

this parallax source

G : Magnitude (phot_g_mean_mag) from Gaia eDR3. If not available,

we used the magnitudes from Gaia DR2.

A machine-readable version of the table is available as online download-

able material and from CDS.

this paper. We also provide the source of parallax for each solar-like

oscillator in Table 4 (Column 7).

This paper has been typeset from a TEX/IXTEX file prepared by the author.
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