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ABSTRACT

We perform an asteroseismic investigation of giant stars in the field of NGC 6791 with previous indications of atypical evolution.
The analysis uses observations from Kepler and Gaia in combination with ground-based photometry, a literature radial-velocity
study, and measurements of eclipsing binaries in the cluster. We derive mass, radius, effective temperature, evolutionary stage,
and apparent distance modulus of each target. Among the investigated cluster giants we find clear evidence of overmassive
and undermassive members, and non-members with strong hints of potential past membership. Our results indicate that about
10 per cent of the red giants in the cluster have experienced mass transfer or a merger. High-resolution high-S/N spectroscopic
follow-up could confirm potential past membership of the non-members, and reveal whether certain element abundances might
expose the non-standard evolution of overmassive and undermassive stars. If so, field stars of similar type could be identified as
what they are, i.e. overmassive or undermassive stars, and not mistakenly classified as younger or older than they are.

Key words: stars: evolution —stars: oscillations —open clusters and associations: individual: NGC 6791 —stars: peculiar —stars:

fundamental parameters.

1 INTRODUCTION

The field of asteroseismology of giant stars has matured in recent
years, and now allow for estimates of radius, mass, and age of stars
from the average asteroseismic measures Av and v,,. Though the
level of accuracy is not yet fully established (Brogaard et al. 2016,
2018a), comparisons with independent measures in star clusters
and detached eclipsing binaries indicate that accuracy is achieved
to within the level of the measurement precision when theoretical
corrections to the asteroseismic scaling relations are taken into
account. Building upon this success, the field of Galactic archeology
has advanced using asteroseismic age estimates for large numbers
of stars observed by CoRoT, Kepler, and K2, with further potential
expected from TESS and PLATO. Such studies are, however, not
without complications. One challenge is that ages of stars are inferred
by evolving a stellar model of the measured mass until radius, T,
and/or luminosity also agrees with observations. The age derived thus
assumes that the star evolved as a single star. Many stars are, however,
born as binaries, or even triples or higher multiples, and there is
plenty of evidence of stars that result from mergers or mass transfer
in such systems. The blue straggler V106 (Brogaard et al. 2018b) is a
specific example in the cluster of this study. In asteroseismic studies
of field stars, such stars will appear artificially young, since their
relatively large mass results in a young age when interpreted as a
single star that evolved in isolation. This was indeed what happened
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in the studies by Chiappini et al. (2015) and Martig et al. (2015)
who found apparently young thick disc stars in the Milky Way. Since
then, the more plausible interpretation that the stars were in fact old
stars that experienced mass transfer or a merger has been preferred
by observations (e.g. Jofré et al. 2016; Yong et al. 2016; Izzard et al.
2018; Silva Aguirre et al. 2018; Miglio et al. 2021). Brogaard et al.
(2016) made a rough estimate of the expected number of such stars
through an asteroseismic study of the open cluster NGC 6819, and
this was further detailed by Handberg et al. (2017). These results
are, however, based on observations of only one open cluster and
therefore quite uncertain.

NGC 6791 is a populous old open cluster and therefore suitable for
a study of the relative number of overmassive stars compared to the
‘normal’ stars that evolved as single. This cluster has already been
studied extensively for various purposes. Platais et al. (2011) carried
out a proper motion (PM) study and established a set of cluster giants
located at unusual positions in the cluster colour—magnitude diagram
(CMD). Their interpretation that those stars were horizontal branch
stars connecting the red clump (RC) stars to the hot horizontal branch
stars of the cluster was challenged by Brogaard et al. (2012), who
demonstrated that one particular star, 2-17 (Kinman 1965), was a
blue straggler star (BSS), not a hot horizontal branch star. Later,
Tofflemire et al. (2014) published a radial velocity (RV) study of the
cluster and revisited the sample of Platais et al. (2011). They found
that some were non-members, and others were close binaries where
a history involving mass transfer is the likely explanation for their
CMD positions. In particular, V106 was later established firmly as
a BSS member by a detailed study (Brogaard et al. 2018b). Still, a
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small number of giant stars close to, but significantly different from,
the well-defined RC of NGC 6791, remained as members in the study
by Tofflemire et al. (2014).

The location of NGC 6791 in the field of view of the Kepler
mission (Borucki et al. 2010) allowed asteroseismic studies of the
giant members (e.g. Basu et al. 2011; Stello et al. 2011; Corsaro et al.
2012; Miglio et al. 2012). However, the targets were chosen to be
close to the cluster sequence in the CMDs, and therefore none of
the atypical stars established by Platais et al. (2011) and confirmed
as members by Tofflemire et al. (2014) were observed as individual
targets. The vast majority of the individual cluster targets observed
by Kepler are ‘normal’ cluster stars that evolved as single. Only one
star was established as a so-called outlier by Corsaro et al. (2012) and
interpreted as an overmassive red giant branch (RGB) star belonging
to NGC 6791 by Brogaard et al. (2012).

In this paper, we investigate the remaining sample of atypical stars
supplemented by a few stars selected to represent the population
of normal cluster stars. Among these, we find clear evidence of
overmassive cluster members, and a single undermassive member.
We also establish the stellar parameters of the non-members in
the Platais et al. (2011) sample, showing them to be old stars.
Our investigation uses asteroseismology exploiting light curves
derived from Kepler superstamps (Kuehn et al. 2015) combined
with ground-based photometry and Gaia parallaxes and PMs. In
Section 2, we introduce the targets and detail the observations and
data used. We also explain how we produced the light curves from
Kepler data. We then move on to extract oscillation frequencies and
derive asteroseismic parameters in Section 3 and use those, along
with supplementary observations to establish stellar parameters in
Section 4. These are discussed and interpreted in Sections 5-7. We
conclude in Section 8.

2 TARGETS AND OBSERVATIONS

In this study, we investigated six giant stars in the field of the open
cluster NGC 6791, which were claimed to be unusual horizontal
branch cluster members in the study by Platais et al. (2011). To
this sample, we added the asteroseismic outlier KIC 2437589 from
Corsaro et al. (2012), which was suggested to be an overmassive
RGB cluster member by Brogaard et al. (2012). Finally, we also
included four giant stars that were meant to serve as a reference
representing normal single cluster giants.

The targets were all observed by the Kepler mission, but not
all as single targets. Five targets, KIC2436543, KIC 2437209,
KIC 2437267, KIC 2438100, and KIC 2438139 were only observed
as part of larger regions, known as superstamps, covering the
central parts of NGC 6791. KIC2570652 is only observed on a
superstamp for half of the observing quarters. For this target, the
superstamps were supplemented by target-pixel-files. We used the
PYTHON package Lightkurve (Lightkurve Collaboration 2018) to
define apertures and extract light curves of the targets from either
superstamps or target-pixel files. For one target, KIC2707478, which
was not observed on a superstamp, we used the available SAPFLUX
light curves from quarters 10-17. Individual quarters were combined
and the KASOC filter (Handberg & Lund 2014) was applied to the
light curves with a 30d long, and a 0.5 d short, time-scales.

3 ASTEROSEISMIC PARAMETERS

In the asteroseismic analysis of the Kepler light curves, we followed
the methods described in Arentoft et al. (2017), with only a slight
modification introduced in Arentoft et al. (2019). The methods are
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described in detail in those papers, and are therefore only briefly
recounted here. The analysis is based on the power spectra shown
for the cluster members in Fig. 1 and, for the non-members, in the
left column of Fig. 2.

We started by determining the global oscillation parameters v,y
and Av,, which, respectively, is the frequency of maximum power
and the large frequency spacing of modes of consecutive radial
order, determined as an average value based on the entire oscillation
spectrum. The latter value is subsequently refined by investigating the
radial oscillation modes (modes with £ = 0) alone. We determined
Vmax DY performing combined fits of a stellar background and a
Gaussian-shaped oscillation envelope to the individual power spectra
(Arentoft et al. 2017; Handberg et al. 2017). The results for v,,x are
listed in Table 1 and marked with dotted vertical lines in Fig. 1 and in
the left column of Fig. 2. As in Arentoft et al. (2017), the uncertainty
was estimated by splitting each time series in two, performing the
same fit to the resulting power spectra, and taking the uncertainty
as the largest difference between the results from the fit to the full
time-series and to the two half series, divided by +/2. The resulting
uncertainties are rather low, which indicates that our analysis is quite
robust. The mean large frequency separation, Av,,, was determined
for each star using several methods; we used autocorrelation of the
part of the spectrum where the oscillation signal is found, we used the
method described in Christensen-Dalsgaard et al. (2008) and applied
in Arentoft et al. (2017) to similar data, where the part of the power
spectrum that contains the oscillation signal is cut up in sections
of Av/2 and stacked for a range of trial Av-values, and finally a
slightly modified version of the latter applied to € Tau by Arentoft
etal. (2019), where the spectrum is cut up in sections of Av instead of
Av/2, which is more suitable for red giants, see Arentoft et al. (2019).
When the correct Av is used, the regularly spaced oscillation modes
will add up and create a strong signal, see Christensen-Dalsgaard
et al. (2008) for details. It is the results from the last of these methods
that are quoted along with v, in Table 1, however, all three methods
agreed well for all 11 stars. The uncertainty was again estimated for
each star by comparing the results of applying the method to the
power spectrum of the full series to those of the two half series.

We then determined individual frequencies with uncertainties and
signal-to-noise ratios (S/N) following closely the method described
in detail in Arentoft et al. (2017). For the 11 stars, we determined
between 21 and 49 frequencies with S/N up to typically ~20, with two
stars having a bit lower S/N-values (KIC 2436944 and KIC 2438100,
up to ~10) and one star having a bit higher values (KIC 2437353,
up to ~27). We generally only include modes if they have a S/N-
value above 3.5, however, in some cases we include a few modes
with lower S/N if they fit into the expected mode structure for the
solarlike oscillations, as in Arentoft et al. (2017). We then used the
large frequency separation from the analysis above, Av,, to plot and
identify the detected modes in échelle diagrams, i.e. to assign ¢- and,
for £ =0, 2, also n-values to the modes. As illustrated in the rightmost
panels of Figs2 and 3, we applied a constant shift to the x-axis, to
make modes of £ = 0, 2 (the filled circles and triangles, respectively)
line up on the left in the diagrams. The remaining modes, shown as
the diamonds, were identified as £ = 1, however, some of the modes
close to the £ = 0 ridges may be £ = 3. We do not have the means
to separate £ = 3 modes from £ = 1, so we refrain from identifying
£ = 3 modes, but just note that they may be present. A few modes
for some of the stars have uncertain identification, these are shown
as the open circles in the diagrams.

With the mode identification in hand, we can determine the rest
of the seismic parameters that are listed in Table 1. We refined our
value of Av by performing an uncertainty-weighted linear fit to the £
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Figure 1. Power spectra of the eight stars classified as cluster members below. KIC 2438100 has been marked with a (x) as its membership status is uncertain.
The oscillations are clearly visible for all eight stars, and the frequency of maximum power, vy, is for each star indicated by a vertical dotted line.

= 0 modes, which gave us the values listed as Ay, in Table 1, along
with the e-values for each star, see Arentoft et al. (2017) for details.
It is this value for the large frequency separation, Avy, we use in
the analysis described in the sections below. The small frequency
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separation between modes of ¢ = 0, 2 was determined as well, as
was the large frequency separation and € based on only the three
central modes closest to V., Ave, and €, in order to compare to
Kallinger et al. (2012), who used these parameters to discriminate
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Figure 2. Power spectra (left) and échelle diagrams (right) for the three stars, which are classified as non-members below. The vertical dotted lines indicate
Vmax in the power spectra and Av in the échelle diagrams. We have applied a constant shift to the frequencies for constructing the x-axis in the échelle diagrams,
in order to align the £ = 0 modes (the filled circles) and £ = 2 modes (the triangles) on the left side of the diagrams. Modes with £ = 1 are shown as the
diamonds, while modes with uncertain classification are shown as the open circles.

between red giants of different evolutionary status, see their fig. 4.
Some of the stars display split £ = 2 modes, which was also the
case in NGC 6811 (Arentoft et al. 2017). In those cases, we used the
mean value of the split £ = 2 modes to determine §vp,. We finally
determined the observed period spacing AP, for the £ = 1 modes,
and in some cases also the asymptotic period spacing, AP, using
the same procedures as in Arentoft et al. (2017). AP, can be used
to discriminate between hydrogen-shell-burning and helium-core-
burning giants, the former having observed period-spacing values
around 50 s, the latter in the range 100-300s (Bedding et al. 2011).
We can immediately see from the values listed in Table 1 that five

of our stars can be classified as helium-core-burning giants, while
three stars with AP, ~ 50 are hydrogen-shell-burning giants. We
were not able to determine AP, for three of the 11 stars. In this
paper, we refer to the hydrogen-shell-burning giants as RGB stars
and helium-core-burning as RC stars.

We compared our results for Av and vy« to those of Bossini et al.
(2020), with whom we have five stars in common; KIC 2436944,
KIC 2437353, KIC 2570094, KIC 2438140, and KIC 2437589. They
do not quote uncertainties for their values, but if these are similar
to ours, the results agrees well within lo, or in some cases just
slightly more than 1o. Furthermore, based on the period spacing

MNRAS 507, 496-509 (2021)
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Table 1. Asteroseismic parameters for 11 giants in NGC 6791.

KIC Avps (LHz) Avg (1Hz) 802 (wHz) € Vmax (LHZ) APgps () AP (s)  Av. (uHz) €c v/ Av

2707478 2.565 +0.267 2.430£0.022 0.365 £0.051 0.903 +0.061 16.92 + 0.24 - - 2.391 £0.004 1.009 £ 0.009 0.150 £ 0.021
2436543 3.508 £0.012 3.528 £0.008 0.307 £0.049 0.793 £0.018 25.58 £0.48 209+ 10 - 3.511 £0.014 0.830 £ 0.027 0.087 £0.014
2436944 3.766 £0.042  3.705 £0.024 0.496 £ 0.070 0.967 £0.050 30.73 £0.13 223 +6 295 3.708 £0.036 0.942 £ 0.068 0.134 £0.019
2437353 3.823 £0.021 3.799 £0.022 0.529 £0.052 0.921 £0.043 30.82+0.25 236+9 - 3.809 +0.046 0.901 £ 0.087 0.139 £0.014
2438139 3.852+£0.032 3909 £0.026 0.625£0.011 0.981 £0.047 32.03£0.10 254+6 319 3.942£0.050 0.903 +£0.090 0.160 =+ 0.003
2437267 3.945+0.088 3.970 £0.021 0.350 £0.053 1.223 £0.049 34.44 +£0.50 288+ 12 - 4.040 £ 0.020 1.067 £0.041 0.088 +£0.013
2437589 4.547 £0.064 4.570+0.019 0.567 £0.057 1.107 £0.041 45.58 £ 0.30 - - 4.616 £0.053 0.997 £0.105 0.124 £0.012
2438100 6.092 +0.112 6.095+0.016 0.674 £0.067 0.972 +£0.031 68.41 £ 0.21 - - 6.091 £0.019 0.982+0.032 0.111 £0.011
2570094 6.492 £0.018 6.469 £0.030 0.842 £0.042 1.200 £ 0.043 67.59 £ 0.21 52+3 73 6.502 +£0.023 1.139 £ 0.033 0.130 £ 0.033
2438140 6.724 £ 0.010 6.692 +£0.044 0.859 £0.037 1.218 £0.060 70.36 £ 0.72 52+9 - 6.762 +0.034 1.101 £0.046 0.128 £ 0.006
2570652 8.363 £0.010 8.296 £0.039 1.168 £0.054 1.321 £0.042 88.54 +£0.63 49+4 - 8.365 £ 0.011 1.222 +0.012 0.141 £ 0.007

they conclude that KIC 2436944 and KIC 2437353 are RC stars
while KIC 2570094 and KIC 2438140 are RGB, in agreement with
our results. Like us, Bossini et al. (2020) did not find a period
spacing for KIC 2437589. They list the evolutionary status as unclear,
but probably RGB, which is also the case when we compare our
measurements of Avg, €., and dvg/Av to fig. 4 of Kallinger et al.
(2012): KIC 2437589 is in the upper and lower panels of this figure
placed among the hydrogen-shell-burning RGB stars, but the group
of RC stars lies within 1o in both panels, making a classification
based on these diagrams ambiguous. The same is the case for the five
stars in Table 1 for which AP points to a RC-classification. These
stars lie among the RC-stars in fig. 4 of Kallinger et al. (2012), but
with the RGB-stars within 1o. They are, however, RC stars based
on their observed period spacing. The three RGB-stars in Table 1
with AP, close to 50s can be classified as RGB-stars from the
diagrams of Kallinger et al. (2012) as well. We have two more stars
in Table 1 for which we could not determine a period spacing. For
KIC 2707478, the positions in the diagrams of fig. 4 of Kallinger et al.
(2012) suggest that it is a RGB-star (but note that the possibility of
AGB is not considered in these diagrams), while the same diagrams
suggest that KIC 2438100 seems to belong to the secondary clump
from these criteria, although a RGB-classification cannot be ruled
out. The evolutionary status of KIC 2438100 will be discussed in
detail below.

4 STELLAR PARAMETERS

To infer stellar parameters, we combine the asteroseismic parameters
with the following information: (1) Optical photometry from Stetson,
Bruntt & Grundahl (2003) and Brogaard et al. (2012), 2MASS
photometry (Skrutskie et al. 2006), and Gaia EDR3 photometry
(Riello et al. 2021). (2) Gaia Parallaxes EDR3 and PMs (Gaia
Collaboration 2021; Lindegren et al. 2021). (3) RV information from
Tofflemire et al. (2014).

We used the bolometric correction tables of Casagrande & Van-
denBerg (2014, 2018) to convert observed colours to 7.

Literature reddening values E(B — V) for NGC 6791 vary from
0.10 to 0.16 (An et al. 2015, and references therein). To determine
our reddening value, we first required agreement between the
spectroscopic and photometric 7. of the components of the eclipsing
binary V18 (Brogaard et al. 2011) where the latter was determined
using the bolometric correction tables of Casagrande & VandenBerg
(2014) and the observed B — V component colours. This yielded
E(B — V) = 0.178 for an adopted [Fe/H] = +0.29 as measured by
Brogaard et al. (2011) for the binaries on the upper main sequence.
Since this reddening value is larger than the literature values, and
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since the spectroscopic T.; measurements have an uncertainty of
+125K, we adopted a value E(B — V) = (.16, which is consistent
with both V18 and the upper end of the the literature values. Tes of
the giant stars were then adjusted independently for V — K and Ggp
— Grp until the bolometric corrections matched the observed colour
at [Fe/H] = +0.35, which takes into account likely diffusion effects
on [Fe/H] for the cluster giants relative to [Fe/H] = 40.29 at the
turn-off (Brogaard et al. 2012). An iteration with the next step was
needed to include the correct logg in the transformations.

Since our adopted reddening is on the high side of the mean
literature values, we investigated whether any of our target stars had
a spectroscopic T estimate in the literature that we could compare
to. Perhaps surprisingly, we found that all optical spectroscopic
investigations of red giant stars in NGC 6791 relied on photometric
T estimates where some reddening value was adopted without
strong arguments. Villanova etal. (2018) mention that they do attempt
to derive purely spectroscopic values, but that this turned out to be
less precise, causing them to revert to the use of photometric Tegr
estimates. The only exception is the APOGEE infrared spectroscopic
survey (Majewski et al. 2017), which however rely on their spec-
troscopic temperatures being calibrated on to a photometric scale
(Holtzman et al. 2018; Jonsson et al. 2020). Two of our targets have
APOGEE-2 DR16 (Jonsson et al. 2020) T values, which we show
in Table 2 for comparison to our derived values. As seen, our values
based on Gaia colours are about 60 K and 10 K hotter than DR16,
respectively, for the two stars, suggesting that our reddening value is
not far off. We found that +0.01 to E(B — V) corresponds to about
+20K. We also show Ty, [Fe/H] and logg from Villanova et al.
(2018) for two overlapping targets in Table 2. Their T, values are
about 140 K cooler than our coolest estimates (Ggp — Grp), Which
according to our approximate conversion above would give E(B — V)
=0.09, lower than any value in the literature for NGC 6791, and 0.04
mag lower than adopted in their analysis. The main explanation is
that they used different colour—temperature relations. We tried their
colour combinations with our relations for KIC 2436543 and found
a value close to 4500 K, 100 K hotter than their value, considering
that they also applied an additional —25K as suggested in their
spectroscopic analysis. Two things, in addition to the low reddening,
suggest that their temperatures are too cool. First, their metallicity
is the same as derived for turn-off stars in the cluster by Brogaard
et al. (2011) suggesting either that element diffusion does not take
place in the cluster or that 7. should be higher. Secondly, their logg
values are 0.3 dex too low compared to our asteroseismic values,
also indicating that the true effective temperature values are larger.
Summarizing, it appears that both photometric and spectroscopic
measurements support that our T values are likely close to the true
values. The difference between our estimates from V — K, to Ggp
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Figure 3. Echelle diagrams for the eight stars classified as members. KIC 2438100 is again marked with a (x) due to its uncertain membership status, and
we have again applied a constant shift to construct the x-axis. The legends are as in Fig. 2. We note that some of the modes classified as £ = 1 may be £ =
3 and, as was the case in NGC 6811 (Arentoft et al. 2017), some of the £ = 2 modes are split in two, which may be due to period spacing for £ = 2. Most
of the stars show rich mode-structure for £ = 1, which allows us to determine the observed period spacing, AP and, in some cases, the asymptotic period
spacing, AP.
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— Grp suggest an uncertainty of about 100 K or less in general, but
larger in a few cases. We have not averaged the 7. estimates from
the two colours, but kept both to examine the effects of adopting
either set.

With T in hand, we calculated masses and radii for the giants
using the asterosesimic scaling relations. These are based on the
asteroseismic parameters Vm,y, the frequency of maximum power,
and Av, the large frequency spacing between modes of the same
radial degree. Av is known to scale approximately with the mean
density of a star (Ulrich 1986) while v,y scales approximately with
the acoustic cut-off frequency of the atmosphere, which is related
to surface gravity and effective temperature (Kjeldsen & Bedding
1995; Belkacem et al. 2011). The relations can be written as

Av P 1/2
Avg fav (%) ; (H
e (T} o
Vmax,0 " 8o Teff,@

where p, g, and T, are the mean density, surface gravity, and effective
temperature, and we have adopted the notation of Sharma et al. (2016)
and Brogaard et al. (2018a) that includes the correction functions fa,
and f, . We adopt the solar reference values from Handberg et al.
(2017), Avg = 134.9 uHz and vy o = 3090 pHz. By rearranging,
expressions for the radius and mass can be obtained:

: ( Vm; vmamax ) ( % ) ( TC > / ( )
P‘O f ax v ,O fAV A Vo 1 1,0

© ( 'm: Ux ax ) ( v 3 ) ( © ) / ( )
M .fV ax Vma Noj .fA AU() 1 ff,

Some empirical tests of these equations have been performed,
e.g. Brogaard et al. (2012), Miglio et al. (2012), and Handberg et al.
(2017). A much larger effort is still needed to establish the obtainable
accuracy in general. However, it appears that using a correction
fay calculated from models (Rodrigues et al. 2017), and assuming
Sfome = 1 reproduces masses and radii for red giants at a level of
a few per cent (Brogaard et al. 2018a). We therefore adopted that
procedure here. First, calculations were done without corrections
to Av, to obtain a mass estimate, and then we iterated using the
theoretical corrections to Av from Rodrigues et al. (2017). To obtain
fav, the evolutionary status is needed, for which employed our AP
measurements. For the three stars where we could not determine
AP, we relied on alternative indications, as detailed later.

Assuming that the targets are cluster members, and employing
Gaia EDR3 parallaxes together with the photometry and T esti-
mates allowed us to also use the asteroseismic scaling for mass in
three additional forms as first done by Miglio et al. (2012):

i ( v § ) < ) / ( € > ( )
]V[@ fA AU@ 14@ 1 ff,0
IMI@ ( : lamax o ) (LLQ ) ( ]Te“»Q ) / ( )
fVmax

M ( - )12/5( Av )—|4/5 ( L )3/10 .
Mo \ fomm Vmax.0 SavAvg Lo .

A complication with this is the well-known issue of a zero-point
offset in the Gaia DR2 and EDR3 parallax values (e.g. Lindegren
etal.2021; Stassun & Torres 2021). For the EDR3 parallaxes, we give
both the catalogue values and those corrected according to Lindegren
et al. (2021), and we adopt the latter. As indicated by Stassun &
Torres (2021) through a study of eclipsing binaries, there could be
an additional offset of 15 pas, although not statistically significant
in their study. For all conversions between parallax and distance, we

2
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used the simple inversion d = 1/x. This procedure is valid in our
case since all targets except one have o,/m < 0.08 [see panel (i) of
figure 6 Bailer-Jones et al. 2018]. Due to the uncertainty on the exact
parallax zero-point, we decided to also determine our own parallax
estimate as part of the analysis. We did that by adjusting the parallax
zero-point until the mass scatter from the four mass equations for
all members was minimized. Note that this corresponds to requiring
the radius to be identical as determined from both equation (3) and
L = R*T}; with L and Ty derived from observed magnitudes and
bolometric corrections.

As an alternative to the Gaia EDR3 parallax, we also repeated the
procedure assuming the apparent distance modulus as determined
using turn-off eclipsing binaries (Brogaard et al. 2011, 2012), (m —
M)y = 13.51 along with our adopted reddening E(B — V) = 0.16 and
the V, (V — Kj) or the G, (Ggp — Ggrp) photometry.

Our procedures resulted in a number of estimates for various
properties of the targets. All this information is available in Table 2.
The first entries are multiple identification IDs for the targets. Then
follows our T estimates along with a comparison to values from
Majewski et al. (2017) and Villanova et al. (2018) for overlapping
targets. After that we display dynamical values, i.e. RV measure-
ments from Tofflemire et al. (2014) and PM values from Gaia
DR2 and EDR3. Parallax values from Gaia are shown for DR2 and
EDR3, the latter both with and without the correction to the parallax
zero-point suggested by Lindegren et al. (2021). For the corrected
EDR3 parallaxes we also give the uncertainty and o,/m and the
true distance modulus values derived by inverting the parallax. Then
follows the asteroseismic properties, starting with evolutionary state
and theoretical correction to Av. A section gives the asteroseismic
mass, radius, luminosity, surface gravity, and a derived parallax
based on the asteroseissmic scaling relations in equations (3) and
(4). Three separate sections give mass estimates based on equations
(4)—(7) and their mean value and RMS with different assumptions
for obtaining L/Lg, as explained above. The last line of the table
gives our classification of each giant.

CMDs of the targets are shown in Fig. 4, where they are compared
to PARSEC isochrones (Bressan et al. 2012) in the upper panel
and cluster members from Cantat-Gaudin et al. (2018) in the lower
panel. This is supplemented by Fig. 5, which shows mass versus
parallax to allow visual separation of members from non-members
and overmassive and undermassive stars from normal cluster stars.

As shown, e.g. by Montalban et al. (2012), in models of both RGB
and RC stars, and for a given (Av), the average separation between
frequencies of radial and quadrupolar pressure-dominated modes
({do2)) decreases with increasing stellar mass. Therefore, using (d;)
as an additional constraint on stellar mass should in principle be pos-
sible. However, Corsaro et al. (2012) and Handberg et al. (2017) have
shown that the observational trends do not quite follow the theoretical
ones. This discrepancy remains for our observations: (dp)/(Av)
values are nearly identical for RGB and RC of low mass while theory
predicts them to be significantly different (see e.g. fig. 7 of Handberg
et al. 2017). As discussed in Joergensen et al., in preparation,
however, model-predicted small frequency separations may be sig-
nificantly biased by the so-called surface effects. This is particularly
relevant for RC stars where, depending on the mass, even the most
pressure-like v, , — » modes may have mode inertias higher than what
radial modes would have at the same frequency (see e.g. fig 3 in Mon-
talban et al. 2012). This makes v, ¢ — » modes less sensitive to surface
effects than radial modes, affecting directly the value of the small fre-
quency separation. While this could potentially explain current dis-
crepancies, more investigations are needed. We therefore refer to Jo-
ergensen et al., in preparation for details and postpone the use of (dy;)
as a mass indicator until a more solid theoretical basis is established.
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Figure 4. Colour—magnitude diagrams of the giant stars investigated. Upper panel: The blue solid squares are non-members. The red circles are members
of normal mass. The dark red triangles are overmassive members. The purple downwards pointing triangle is an undermassive cluster member. The yellow
diamonds are helium-burning stars. PARSEC isochrones (Bressan et al. 2012) are plotted to allow a comparison to expected locations. The red triple dot—dashed
lines is an 8.5 Gyr, [Fe/H] = +0.35 isochrone at (m — M)y = 13.51 with an RGB mass of 1.12 Mg and an RC mass of 1.07 Mg. The blue dot—dashed
isochrone represents the helium-burning part of the same isochrone, but shifted to the approximate apparent distance modulus of the non-members. The dashed
dark red isochrone assumes the same metallicity and apparent distance modulus but has an age of 3.5 Gyr, which corresponds to masses of 1.48 Mg, for both
the RGB and RC, more representative of two of the the overmassive members. The long-dashed isochrone represents the helium-burning part for an age of
1.65 Gyr corresponding to a mass of 1.89 Mg, properties which should resemble those of KIC 2438100. All isochrones have been shifted by the same amount
of reddening, E(B — V) = 0.08 for E(V — K) = 2.72 x E(B — V), which is, however, not the assumed reddening of the stars, due to a well-known issue that
stellar models are often not able to reproduce the observed Tegs and colours of giants. Lower panel: the grey-filled circles are cluster members according to
Cantat-Gaudin et al. (2018; membership probability >0.6). Note that our non-members are members according to Cantat-Gaudin et al. (2018). KIC 2436944
was not considered by Cantat-Gaudin et al. (2018) because it does not have proper motion values in Gaia DR2. This star has a nearby companion which
has likely also affected the Gaia colour, as also indicated by the quite different location in the upper panel. The black open circles are RC stars investigated
asteroseismically by Bossini et al. (2020). Other symbols are as described in the upper panel.
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Figure 5. Mass and parallax of the giants. The parallaxes are the Gaia EDR3 parallaxes corrected according to Lindegren et al. (2021). The masses are
derived using the Gaia photometry assuming (m — M)y = 13.51 £ 0.06 and E(B — V) = 0.16 for the members and assuming the Gaia EDR3 parallax for the
non-members. The mass errorbars are determined from the rms of the mass derived using the four different mass equations. The solid lines are estimates of
RGB mass and parallax for NGC 6791 using measurements of eclipsing binary stars (Brogaard et al. 2012) and assuming E(B — V) = 0.16. The dash—dotted
lines mark the corresponding uncertainty range. For the parallax this range includes the possibility that E(B — V) could be as low as 0.10.

5 RESULTS AND DISCUSSION

The general results that emerge from interpretation of Table 2, and
Figs. 4 and 5 are the following:

Three stars, KIC 2570652, KIC 2438139, and KIC 2707478, are
clear non-members located at a roughly common distance that is
smaller than that of the cluster. This is evidenced by their Gaia
EDR3 parallaxes, which are supported by the much smaller mass
scatter among the results from the different mass equations when
using the parallax than when assuming the cluster distance. Both RV
and PM also clearly imply non-membership. All three non-members
are low mass giants and thus old stars. Differences in radial velocities
and PMs indicate that they are most likely not related in any other
way than their common distance. But the very similar properties of
KIC 2438139 to the cluster RC stars and the indication from Fig. 4
that KIC 270478 is an early AGB star with a mass consistent with
the cluster, leaves a suspicion that these stars could be former cluster
members. Comparsions to the isochrones in the upper panel of Fig. 4
show that all stars can be assumed to have very close to the same
reddening, even the non-members, except for KIC 2570652, which
cannot be naturally explained by an isochrone unless its reddening
is significantly lower than that of the cluster, the metallicity is much
lower than that of the cluster, and/or something has affected the
photometry.

We consulted the 3D reddening map of Green et al. (2019) at the
coordinates of our targets. With the exception of two stars they all
yielded E(g — r) between 0.14 and 0.17 with uncertainties of 0.02
at their parallax distance. KIC 2570652, however, yields E(g — r) =
0.10, about 0.055 lower. Using the transformation E(By) = 0.884 x
E(g — r) from Green et al. (2019) and E(V — Ks) = 2.72 x E(B
— V) from Casagrande & VandenBerg (2014) this would lower the
reddening in (V — Ks) by about 0.13. As seen in the top panel of
fig. 4, this makes the colour more consistent with stars of similar
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mass, when accounting for the fact that this is an RGB star with
a radius similar to the cluster RGB members. However, the colour
is still smaller than expected for the cluster, which is even more
pronounced for the Gaia colour in the lower panel. Since Ggp —
Grp 18 more sensitive to metallicity than (V — K), this suggests that
the metallicity of KIC 2570652 is lower than NGC 6791. Returning
to the 3D reddening map of Green et al. (2019), one of the other
non-members, KIC 2438139 shows a very discrepant and oddly low
value of E(g — r) = 0.01 at the parallax distance. At the same time,
there is a steep increase to E(g — r) = 0.17 at about the cluster
distance. If the very low reddening was true then it would not be
possible to match the colour of the star with any isochrone when
accounting for the RC nature of the star unless it has a much higher
metallicity then any other star known. We therefore suspect that the
steep incline in reddening with distance in the 3D reddening map is
due to a lack of stars a lower distances, and that the true reddening
of KIC 2438139 is similar to the reddening at the cluster distance.
The third non-member, KIC 2707478 has a reddening map value of
E(g — r) = 0.014 largely independent of the assumed distance and
consistent with that of the cluster.

The potentially incorrect assumption of super-solar metallicity for
the non-members has minor influence on their derived parameters
and distances. Reducing the assumed metallicity from [Fe/H] =
40.35 to [Fe/H] = 0.0 changes the bolometric corrections BCg
and BCy by 0.005-0.001 mag and reduces the predicted colours
by 0.022-0.046 mag for (Ggp — Ggrp) and 0.013-0.028 mag for
(V — Kj). These colour changes correspond to T changes of 37—
77 K for the Gaia colour and 7-19 K for (V — Kjs). The isochrone
comparison thus supports that KIC 2438139 and KIC 2707478 have
properties consistent with the cluster members, except for the
distance, suggesting that perhaps they are past cluster members.
High resolution follow-up spectroscopy is needed to investigate this
possibility through abundance measurements.



The other giants are all cluster members based on their parallaxes,
radial velocities, and PMs. However, while some members have
similar masses close to what is expected for giant stars in the cluster,
M ~ 1.15Mg on the RGB (Brogaard et al. 2012) and about 0.09 Mg,
less in the RC (Miglio et al. 2012), others are significantly more
massive, as seen in Fig. 5. This indicates that they experienced mass
transfer and/or a stellar merger in their past.

As part of our analysis, we calculated the true distance modulus
from the Gaia EDR3 parallaxes with corrected zero-point. The
weighted mean for the cluster members is 7 = 0.237 £ 0.006
mmag corresponding to (m — M)y = 13.13 £ 0.05 mag with an
additional systematic +0.13 mag due to the potential additional
0.015 mmag Gaia EDR3 parallax zero-point offset determined by
Stassun & Torres (2021). This can be considered an upper limit to
the systematic uncertainty, since other studies find parallax offsets of
this size or smaller (Huang et al. 2021; Ren et al. 2021; Vasiliev &
Baumgardt 2021; Zinn 2021) after the correction by Lindegren et al.
(2021), but not in the same direction.

In Fig. 5, we compare the masses and parallaxes to predictions
of cluster RGB mass and parallax from eclipsing binary members
of NGC 6791 (Brogaard et al. 2012). For the parallax prediction,
we have adopted E(B — V) = 0.16 for the estimate, but allowed
for the possibility of E(B — V) = 0.10 in the uncertainty estimate.
We also compare to a predicted parallax from our asteroseismic
measurements and photometric 7. values. Taken at face values,
the comparison to the eclipsing binary predictions suggest that
NGC 6791 has E(B — V) ~ 0.13. However, we cannot discriminate
strongly between this and our adopted E(B — V) = 0.16 or even the
lower extreme E(B — V) = 0.10 due to the combined effects of uncer-
tainties in the parallax, the parallax zero-point, the 7.4 scale, and the
adopted independent apparent distance modulus. Our asteroseismic
parallax estimates also shown in Fig. 5 seem to support the Gaia
parallaxes, and thus E(B — V) 2~ 0.13, but they depend critically on
the adopted bolometric corrections, and also on E(B — V) with lower
values resulting in larger parallax predictions. We therefore refrain
from trying to optimize E(B — V) though this might be possible in the
future if reddening independent spectroscopic T values and precise
asteroseismic parameters can be obtained for a larger sample of
cluster giants. Luckily, our conclusions are robust against the adopted
E(B — V), except for small changes to the absolute mass scale.

6 DETAILS ON INDIVIDUAL TARGETS

In this section, we give details on the individual targets based on the
derived properties from Tables 1, 2, and Fig. 4.

6.1 Undermassive cluster member

KIC 2436543 was originally chosen to serve as a reference of the
normal cluster stars that evolved as single stars. As it turned out, the
star is a clear member according to RV, PM, and parallax, but the
mass, M = 0.90 & 0.07 Mg, is lower than measured for any other
RC star in the cluster —both in our study and all others in the literature,
signalling that for some reason this star experienced a higher mass-
loss than any other measured RC giant in this cluster. In this sense it
resembles the very low mass 0.71 4= 0.08 Mg RC star KIC 4937011
in NGC 6819 measured and discussed by Handberg et al. (2017),
although the mass-loss is less extreme in our case. KIC4937011
is also Li-rich (Anthony-Twarog et al. 2013). Therefore, whatever
caused the high mass-loss might also have caused Li production.
Investigating whether KIC 2436543 is Li-rich might therefore reveal
further resemblance, or not, to KIC4937011.
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6.2 Overmassive cluster members

KIC 2437267 is a clear member according to RV, PM, and parallax.
It is an overmassive M = 1.45+0.15My RC star according to
asteroseismology.

KIC 2437589 was not in the study by Platais et al. (2011) but noted
as an outlier in Corsaro et al. (2012) and suggested as an overmassive
RGB member by Brogaard et al. (2012). We could not measure an
asteroseismic AP and it is therefore not certain whether it is an RGB
or RC star. We choose the RGB phase, since this gives the smallest
mass scatter, M = 1.49 £ 0.02 Mg, and it is also the only phase
consistent with the CMD position for a star of this mass in Fig. 4.

KIC 2438100, is most likely a cluster member, but the interpreta-
tion is a little unclear. The RV membership probability is relatively
low (56 per cent) and the PM values are at the limits of what can be
considered for members, but also not ruling out membership; Gaia
DR2 (PMRA,PMDEC) = (—0.508, —2.193) compared to the mean
cluster values of (—0.421, —2.269) (Cantat-Gaudin et al. 2018) or
(—0.434 £ 0.008, —2.266 + 0.010) Gao (2020). The Gaia EDR3
parallax is consistent with cluster membership, but the parallax
changed significantly between DR2 and EDR3, suggesting some
complication. We could not measure an asteroseismic period spacing
AP to determine the evolutionary status. Without this classification
there are two possibilities for the correction to Av, yielding either an
RGB star with a mass of M = 1.73 & 0.06 M, or a clump star with
amass of 1.83 +0.14 Mg.

The assumption of the RGB phase results in a lower mass scatter by
a factor of about two compared to a RC scenario. However, the CMD
position suggests a helium-burning star and so does €., as explained
earlier, which is why we favour the RC scenario. The derived parallax
is then 0.212 mas, which is the lowest of the members. However, the
effective temperatures from the two colours are different by more
than 160 K, signalling large uncertainty, and if T, is actually a bit
lower than the smallest estimate then the derived parallax is identical
to the Gaia EDR3 parallax.

A metallicity measurement would be of great value for fully
decisive conclusion. We were unable to find a high-resolution result
in the literature, but Warren & Cole (2009) has a calcium triplet
(CaT) equivalent width measurements of this star and other NGC
6791 giants. This is, however, not conclusive, since KIC 2438100
has the lowest value among their NGC 6791 targets. While this is
partly expected due to a known correlation between K, magnitude
and the CaT, we note that their CaT measurement values for the solar
metallicity cluster NGC 6819 (Slumstrup et al. 2019) are as high as
those for NGC 6791, making this a weak membership discriminator.

Since all membership criteria RV, PM, parallax, and CaT suggest
borderline membership, we assume this star is a member. The mass
is fairly high and one could speculate that some kind of violent mass
transfer or merger has been involved. This could perhaps naturally
explain why the RV, PM, and parallax are close to but not exactly as
expected for a member, since a collision could have affected these
parameters.

6.3 Normal cluster members

Asteroseismology places KIC 2436944 in the RC phase. The RV
suggests membership, and the mass is M = 1.03 +0.18 Mg, as
expected for a normal RC member. The Gaia DR2 showed a negative
parallax and no PM measurements. Although this was corrected in
EDR3, this target has a nearby companion, which likely still affects
the Gaia parameters, including the photometry. Supporting this is the
fact that in Fig. 4, the (V — K;) colour seems much more consistent
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with the RC location than the Gaia colours. Also, the mass scatter
is much smaller when assuming the eclipsing binary based cluster
distance rather than the Gaia EDR3 parallax. Since nothing was
found out of the ordinary, except for the uncertain Gaia parallax that
is likely caused by a nearby star, we suggest that the very same issue
of erroneous photometry is what caused Platais et al. (2011) to select
this star as being special.

KIC 2437353 has properties very similar to KIC 2436944 in all
aspects, including the mass, which is M = 1.05 £ 0.05 My, which
is expected for a RC member that evolved as single.

KIC 2570094 and KIC 2438140 are two very similar RGB mem-
bers as evident from both the CMDs and their asteroseseimic parame-
ters. Their masses can be assumed to be identical at the measurement
precision level, and are M = 1.20 £ 0.01 Mg, if adopting the Gaia
parallax, M = 1.08 £ 0.04 My, using the V, (V — K;) photometry
and binary distance, or M = 1.16 £ 0.01 M, using the G, (Ggp —
Grp) photometry and binary distance.

6.4 Non-members

KIC 2570652 is on the lower RGB with a mass just below 1 M.
Since no measurable mass-loss is expected at the early giant phase
the low mass indicates an old star.

KIC 2438139 is classified as RC and has very similar parameters to
the RC members of the cluster. The mass of M = 1.12 £ 0.01 Mg, as
derived using the Gaia EDR3 parallax is also consistent with that of
the RC members. However, the parallax is significantly larger than for
the cluster members and the magnitudes are smaller than the member
RC stars in the CMDs, both signalling that the star is closer than
the cluster. RVs and PMs clearly indicate non-membership. High-
resolution spectroscopic follow-up is needed to investigate element
abundances that can reveal whether this star was once a part of
NGC6791.

KIC 2707478 is similarly just around 1 Mg, and not member
according to RV, RM and parallax. Global seismic parameters are
consistent with low-mass RC, but we have no AP measurement
to confirm that. The RC phase was chosen because of a smaller
mass scatter than if the RGB phase was adopted. The radius then
suggests that the star is in the late RC or early AGB phase, which
is also consistent with the CMD position in Fig 4. SB1 Binarity was
detected by Tofflemire et al. (2014). This could have affected the
photometric measurements.

7 NON-STANDARD STELLAR EVOLUTION
PRODUCTS

The main purpose of our investigation was to look for the existence of
overmassive cluster members in NGC 6791 among the photometric
outliers identified by Platais et al. (2011). Three such stars are
now identified, KIC 2438100, KIC 2437267, and KIC 2437589. It
is difficult to turn this into a percentage of cluster stars that turn
overmassive during their evolution. One way to obtain a percentage
is to take the number of overmassive giants relative to the number
of RC stars, since only this area of the CMD has been searched
for overmassive stars. A problem that arises is that we can only do
asteroseismic measurements for relatively bright giants in the cluster,
and that there are in fact still quite a few of them that have not (yet)
been investigated. In Fig. 4, the RC stars that have been investigated
asteroseismically by Bossini et al. (2020) are marked with the black
open circles, but it is clear that more RC stars are present in the
cluster. Searching the literature did not reveal additional RC stars
with asterosismic measurements. A number count in the observed
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CMD by Cantat-Gaudin et al. (2018) gives about 30 stars consistent
with the RC phase, while Gao (2020) lists 27 RC stars. Using this, the
number of cluster stars that turn overmassive would be roughly 3/30
= 10 percent. This is, however, is a very uncertain number because
there might be more overmassive stars among those that have not been
investigated yet. An additional complication is caused by the EHB
stars present in NGC 6791 (Liebert, Saffer & Green 1994), which
are also thought to be related to mass transfer in binary stars. There
are about six such stars in the cluster, as we verified using TOPCAT
(Taylor 2005) to select PM members in NGC 6791. The same number
has been confirmed through spectroscopy (Liebert et al. 1994), three
also thorough asteroseismology (Reed et al. 2012). If we include
those in our calculation, we end up with only 3/36 = 8,3 percent
of stars turning overmassive. There is also the complication of the
mass dependence of the lifetimes of giants discussed by Miglio et al.
(2021), which we have made no attempt to account for.

Despite these complications, a similar investigation in the open
cluster NGC 6819 yielded a similar fraction, 6/51 = 12 per cent, of
overmassive giants (Handberg et al. 2017), suggesting that a number
close to 10 percent might be common among open clusters, and
therefore perhaps also common among field stars. This would be
consistent with the 9—14 per cent overmassive field giants identified
in the APOKASC (Pinsonneault et al. 2018) sample of thick disc
stars by Izzard et al. (2018).

However, the situation might be more complicated than suggested
by the similar numbers from the two open clusters and the asteroseis-
mic field giant sample. The three overmassive giants in NGC 6791
all appear to be single stars (Tofflemire et al. 2014), whereas most
of the overmassive giants in NGC 6819 are in eccentric long period
binary systems with periods of the order P ~ 1000d (Milliman
et al. 2014; Handberg et al. 2017), indicating that they were perhaps
triples at some point. Therefore, it is not clear whether the formation
mechanisms and evolutionary scenarios are similar.

8 CONCLUSIONS

We performed an asteroseismic investigation of giant stars in the
field of NGC 6791 with previous indications of atypical evolution.
Among these stars we found evidence of overmassive and under-
massive cluster stars, and non-members with hints of potential past
membership.

Our results show that about 10 per cent of red giants are expected
to have experienced mass transfer or a merger if the field population
of the Galaxy is similar to that of the cluster. This is important, since
for such stars the common age dating methods that assume single
star evolution are invalid.

High-resolution high S/N spectroscopic follow-up could reveal
the potential past membership of the non-members and determine
whether some element abundances might allow to expose the non-
standard evolution of overmassive and undermassive stars. If so, field
stars of similar type could be identified as what they are, and not be
mistakenly classified as younger or older than they are.
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