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ABSTRACT

Context. Determining ages of stars for reconstructing the history of the Milky Way remains one of the most difficult tasks in astro-
physics. This involves knowing when it is possible to relate the stellar mass with its age and when it is not. The young α-rich (YAR)
stars present such a case in which we are still not sure about their ages because they are relatively massive, implying young ages, but
their abundances are α-enhanced, which implies old ages.
Aims. We report the results from new observations from a long-term radial-velocity-monitoring campaign complemented with high-
resolution spectroscopy, as well as new astrometry and seismology of a sample of 41 red giants from the third version of APOKASC,
which includes YAR stars. The aim is to better characterize the YAR stars in terms of binarity, mass, abundance trends, and
kinematic properties.
Methods. The radial velocities of HERMES, APOGEE, and Gaia were combined to determine the binary fraction among YAR stars.
In combination with their mass estimate, evolutionary status, chemical composition, and kinematic properties, it allowed us to better
constrain the nature of these objects.
Results. We found that stars with M < 1 M� were all single, whereas stars with M > 1 M� could be either single or binary. This is in
agreement with theoretical predictions of population synthesis models. Studying their [C/N], [C/Fe], and [N/Fe], trends with mass, it
became clear that many YAR stars do not follow the APOKASC stars, favoring the scenario that most of them are the product of mass
transfer. Our sample further includes two likely undermassive stars, that is to say of such as low mass that they cannot have reached
the red clump within the age of the Universe, unless their low mass is the signature of mass loss in previous evolutionary phases. These
stars do not show signatures of currently being binaries. Both YAR and undermassive stars might show some anomalous APOGEE
abundances for the elements N, Na, P, K, and Cr; although, higher-resolution optical spectroscopy might be needed to confirm
these findings.
Conclusions. Considering the significant fraction of stars that are formed in pairs and the variety of ways that makes mass transfer
possible, the diversity in properties in terms of binarity, and chemistry of the YAR and undermassive stars studied here implies that
most of these objects are likely not young.
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1. Introduction

The young α-rich (YAR) stars were first reported by
Chiappini et al. (2015) and Martig et al. (2015) when perform-
ing studies that combined spectroscopy, and asteroseismology.
From spectroscopy it is possible to study stellar populations of
different metallicities and α-element abundances, hence belong-
ing to different Galactic components (e.g., Hayden et al. 2015),
and from asteroseismology it is possible to study the distri-
butions of masses, and thus ages, of stellar populations (e.g.,
Miglio et al. 2013).

? Full Table B.3 is only available at the CDS via anonymous
ftp to cdsarc.cds.unistra.fr (130.79.128.5) or via https://
cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/671/A21

The YAR stars were identified as stars that coexist with
thick disk stars. The latter stars are defined as objects with
enhanced [α/Fe] abundance ratios that formed 8–10 Gyr ago
(e.g., Chiappini et al. 1997). While they have similar abundance
patterns as thick disk stars, YAR stars are inferred to be signif-
icantly younger (Martig et al. 2015). Since the vast majority of
the thick disk stars are very old (Fuhrmann 1998; Haywood et al.
2016; Silva Aguirre et al. 2018; Miglio et al. 2021), the YAR
stars might be seen as just outliers.

However, understanding these few outliers has great impli-
cations on Galactic archaeology and on stellar evolution theory
in general. On the one hand, current models of Galaxy forma-
tion and evolution do not predict young stars in the thick disk
(Haywood et al. 2016; Buck 2020). Hence, if some thick disk
stars are truly young, we need to significantly modify our theory
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of how the thick disk of the Milky Way has assembled. Alter-
natively, considering that dating stars is still one of the most
challenging tasks in astrophysics, the YAR stars may not pose
a problem to existing Galactic evolutionary models if their ages
are misestimated. This may plausibly be the case if YAR stars
are in fact the result of binary stellar evolution, resulting in the
inferred asteroseismic masses being larger than their initial mass.
This would cause the inferred ages to be systematically too low.

Distinguishing between these two possibilities is important,
hence understanding the nature of these few outliers, the YAR
stars, has become a central topic in this field in the past few years.
This is because YAR stars seem to be present in most samples
of old stellar populations in the Galaxy, as revealed by a number
of recent studies (e.g., Silva Aguirre et al. 2018; Das et al. 2020;
De Brito Silva et al. 2022; Zinn et al. 2022; Matsuno et al. 2021).

Studies on YAR stars can be divided in two avenues. The
Galactic evolution avenue, for example, compares the kinematic
and chemical properties of the YAR stars with those of other
Galactic stellar populations, or the stellar evolution avenue, for
example looking for evidence of binary evolution and mass trans-
fer in existing YAR stars. None of these avenues have concluded
so far that YAR stars are any different from single thick disk stars
and therefore the nature of YAR stars remains a mystery.

More specifically, regarding the Galactic evolution avenue,
after the first reports of the existence of YAR stars by
Martig et al. (2015) and Chiappini et al. (2015), whose abun-
dances were derived from APOGEE (hence infrared) spectra,
Yong et al. (2016) performed a follow-up analysis in the optical
of four YAR stars and determined that the stars were essentially
“normal”, that is, there was neither an indication of s-process
enhancement due to pollution from asymptotic red giant (AGB)
stars, nor some other chemical anomaly that would suggest that
YAR stars had a different origin compared to the thick-disk pop-
ulation. Matsuno et al. (2018) continued that work by perform-
ing a careful analysis of YAR stars alongside a control sample
of thin disk stars. They could not find any signature of YAR
stars being distinct from that of other thin disk stars, hinting at a
binary evolution process behind their formation.

By using larger samples of asteroseismic data from K2 com-
bined with APOGEE and carefully determined ages consider-
ing opacities consistent with α enhancement in the models as
well as corrections of the scaling relations in asteroseismol-
ogy, Warfield et al. (2021) were able to draw age distributions
of α-rich stars at different galactic heights. They also found
the presence of YAR stars in the K2 data. They derived a dif-
ferent age distribution, finding more intermediate-age stars at
z > 1 kpc than at the Galactic plane, which is the area cov-
ered by APOKASC. They suggested that such stars could also
be the result of radial migration or star formation episodes hap-
pening in clumpy bursts throughout the Galaxy. Since their ages
are more uncertain compared to Kepler-derived ages because K2
data have a shorter cadence, a direct comparison of the age distri-
butions between K2 and Kepler fields is still not possible. There-
fore, confirming the existence of these intermediate-age stars
at large z still requires the analysis of larger samples of stars.
These intermediate-age stars are older than the YAR stars by
two Gyr.

Using Gaia data and taking advantage of new machine-
learning tools to derive ages for large samples of stars, Sun et al.
(2020) and Zhang et al. (2021) have been able to identify YAR
stars in the LAMOST dataset and to study them statistically.
They have compared the overall behavior of the YAR population
with that of the thin and thick disks, finding that the YAR stars

indeed have kinematic and chemical distributions that mimic
very well those of the thick disk. Interestingly, Zhang et al.
(2021) found that while the YAR stars have essentially the same
chemical distributions as the thick disk in α- and iron-peak ele-
ments, they tend to be enriched in the s-process element barium
as well as, for a fraction of them, in carbon and nitrogen (C+N).
They attributed this offset to the fact that mass accretion from
RGB or AGB companions has probably been more frequent for
YAR stars than for normal low-mass thick-disk stars.

Moreover, following the second avenue with the aim of
finding indications of mass transfer due to binary evolution to
account for the existence of YAR stars, Yong et al. (2016) stud-
ied the spectral energy distributions of four YAR stars and found
out that three out of four had some infrared excess. In parallel,
Jofré et al. (2016, hereafter Paper I) performed a radial-velocity
(RV) monitoring campaign to evaluate whether YAR stars have
a higher binary frequency than normal stars. Unfortunately, this
earlier study relied on small-number statistics and a time span
that was not sufficient to cover long-period binaries to derive any
strong conclusion on the binary frequencies.

Paper I was then complemented by the theoretical analy-
sis of Izzard et al. (2018), who demonstrated, using population-
synthesis models which included binary systems, that it is per-
fectly possible to create YAR stars through a binary channel. The
number of created such stars strongly depends upon the prop-
erties of the binary system (orbital separation, eccentricity, and
mass ratio). Many of these interactions led the binary to merge
producing a single star at the end. This makes it difficult to inter-
pret the nature of YAR stars by only looking at current binary
fractions such as those found in Paper I or the number of YAR
stars compared to low-mass stars found in the large surveys.

The fact that population-synthesis models including binary
systems can explain the formation of YAR stars has motivated a
further search for spectral signatures in YAR stars that would
hint at the importance of binarity. This was investigated by
Hekker & Johnson (2019), who performed a careful reanalysis
of C, N, and O abundances from APOGEE spectra of YAR stars
with the aim to identify signatures of extra-mixing. While some
YAR stars showed anomalous N/C ratios, others followed the
same trends as the rest of the thick-disk stars. Hekker & Johnson
(2019) could therefore not clearly conclude whether these
stars are the products of binary evolution or whether they are
truly young.

Considering that there is still no consensus on the nature of
the YAR stars, a follow-up of Paper I might provide new insights.
Here we update the binary frequency of the targets from Paper I,
thanks to new RV measurements as well as Gaia observations,
and extend the sample with 15 new targets aiming at improving
the accuracy of the binary statistics. Moreover, the stellar prop-
erties (mass, metallicity, α abundances...) of all targets have been
reassessed thanks to the new data releases of APOGEE and the
subsequent new analyses of asteroseismic data. All this moti-
vates the revision of the results of Paper I, in addition to provid-
ing a more robust diagnostic of the possible presence of long-
period binaries in the sample.

The paper is organized as follows. Section 2 describes the
data used in this work. Section 3 presents our results about
the binary frequency of the different monitored samples. In
Sect. 4 we explore the properties of the stars given their binary
or nonbinary nature, masses, chemistry, and kinematics and in
Sect. 5, we discuss the possible formation scenario for the YAR
stars and discuss individual cases. We conclude our analysis in
Sect. 6.
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Table 1. Various identifiers of the program stars (KIC, APOGEE, and Gaia DR3) followed by the Gaia G and JASS Ks magnitudes.

Star KIC ID APOGEE ID Gaia DR3 ID G Ks Teff log g [Fe/H] [α/Fe] [C/N] M σM Evol
(mag) (mag) (K) (M�) (M�)

O1 10586902 2M19031115+4753540 2131506438378495872 12.00 9.78 4682 2.56 −0.35 0.09 0.06 1.01 0.03 1
O2 2142095 2M19055465+3735053 2099076519018313344 11.50 9.26 4898 2.38 −0.37 0.04 −0.08 1.12 0.05 2
O3 9157260 2M19313671+4532500 2126539467621880320 11.74 9.68 4876 3.28 −0.14 0.09 0.10 0.97 0.09 1
O4 4844527 2M19370398+3954132 2076511722922992896 13.76 11.44 4920 2.38 −0.38 0.21 −0.04 0.77 0.11 2
O5 8611114 2M19023483+4444086 2106349960231621760 10.62 8.48 4864 2.43 −0.20 0.01 0.19 0.98 0.06 2
O6 10463137 2M19151828+4736422 2130913148779139840 12.08 10.01 4948 2.38 −0.42 0.08 0.03 0.88 0.05 2
O7 11870991 2M19411280+5009279 2134976565796276096 11.82 9.72 4907 2.41 −0.38 0.07 −0.04 0.93 0.04 2
O8 7594865 2M19084355+4317586 2105616031923137152 11.91 9.73 4822 2.40 −0.25 0.05 −0.06 1.09 0.06 2
O9 1432587 2M19254985+3701028 2051748212801991296 11.46 8.70 4289 1.63 −0.27 0.07 −0.12 1.05 0.11 1
O10 3658136 2M19382435+3847454 2052200588812290560 11.75 8.87 4406 1.80 −0.15 0.04 −0.23 1.14 0.12 1
O11 10880958 2M19551232+4817344 2086860120203064960 10.57 8.21 4779 2.43 −0.08 0.01 −0.11 1.08 0.05 2
O12 9143924 2M19070280+4530112 2106267904878928896 12.12 9.56 4438 1.86 −0.11 0.03 −0.19 0.95 0.10 1
O13 9605294 2M19513344+4617498 2079527099200861440 11.25 8.86 4721 2.39 −0.03 0.04 0.06 0.97 0.07 2
Y1 9821622 2M19083615+4641212 2130439469722896000 11.98 9.84 4819 2.71 −0.35 0.23 0.03 1.45 0.03 1
Y2 4143460 2M19101154+3914584 2099658950942122624 11.67 9.31 4822 2.51 −0.27 0.20 −0.26 1.52 0.05 2
Y3 4350501 2M19081716+3924583 2100420946858839168 11.69 9.31 4829 3.05 −0.11 0.14 0.02 1.33 0.07 1
Y4 11394905 2M19093999+4913392 2131256887898248576 11.35 9.24 4910 2.50 −0.46 0.17 −0.19 1.29 0.04 2
Y5 9269081 2M19032243+4547495 2106500829544203264 12.03 9.89 4820 2.30 −0.18 0.16 −0.55 1.52 0.07 1
Y6 11823838 2M19455292+5002304 2135277767562458624 11.01 8.83 4943 2.53 −0.39 0.15 −0.22 1.55 0.04 2
Y7 5512910 2M18553092+4042447 2103628703312376448 12.99 10.74 4946 2.49 −0.36 0.13 0.10 1.35 0.04 2
Y8 10525475 2M19102133+4743193 2130894220860474752 10.73 8.55 4781 2.50 −0.20 0.18 −0.13 1.38 0.08 2
Y9 9002884 2M18540578+4520474 2106992311244648448 11.53 8.68 4174 1.56 −0.30 0.18 −0.34 1.46 0.09 1
Y10 9761625 2M19093801+4635253 2130434517620507136 11.47 8.89 4426 1.86 −0.25 0.16 −0.26 1.58 0.08 1
Y11 11445818 2M19052620+4921373 2132045164717799808 12.10 9.88 4751 2.49 −0.12 0.11 −0.06 1.56 0.06 2
Y12 3455760 2M19374569+3835356 2052173380209489408 10.91 8.41 4611 2.58 −0.06 0.12 −0.15 1.36 0.03 1
Y13 3833399 2M19024305+3854594 2100234510918046592 9.22 6.97 4663 2.47 0.05 0.08 0.06 1.36 0.07 2
Y14 8547669 2M19052572+4437508 2106312473757027200 12.18 9.68 4474 2.34 0.03 0.10 −0.26 1.23 0.05 1
Y15 11753104 2M19025410+4957320 2132141994758193024 12.48 10.27 4750 2.43 −0.62 0.24 −0.07 1.13 0.06 1
Y16 11413138 2M19460251+4913014 2086818952931779072 11.50 9.06 4594 2.57 0.17 0.05 −0.18 1.49 0.03 1
Y17 11824403 2M19464438+5002378 2135279962285745280 11.66 8.59 4067 1.38 −0.43 0.22 −0.00 0.99 0.15 1
Y18 12066292 2M19355053+5030152 2135223066858975616 11.52 8.58 4141 1.57 −0.38 0.22 0.08 1.40 0.10 1
Y19 9644558 2M19194578+4619275 2127706388756329088 11.42 9.37 5099 2.37 −0.39 0.19 −0.06 0.63 0.14 2
Y20 9946773 2M19193356+4648258 2127816099398726912 11.46 9.46 5012 2.38 −0.64 0.26 0.15 0.67 0.15 2
Y21 9390558 2M18592488+4556131 2107185760867863296 12.45 10.20 4708 2.37 −0.20 0.15 0.17 0.94 0.14 2
Y22 10554179 2M19534542+4742439 2086447013067213824 10.05 8.09 5080 2.40 −0.65 0.19 0.18 0.71 0.11 2
Y23 9474021 2M19411424+4601483 2080027303965885312 10.86 7.69 4008 1.21 −0.42 0.23 −0.02 1.20 0.21 1
Y24 7670489 2M19083152+4321542 2105623041309762048 11.73 9.38 4564 2.44 −0.26 0.16 −0.15 1.05 0.03 1
Y25 5938430 2M18521894+4116496 2104372729087003648 12.49 10.06 4619 2.67 −0.09 0.17 −0.06 1.10 0.03 1
Y26 3528656 2M19050492+3839005 2100001689331818368 11.34 8.84 4561 2.21 −0.40 0.18 −0.20 1.18 0.04 1
Y27 2570715 2M19211713+3748039 2051105857492905600 12.68 10.28 4713 2.34 −0.23 0.17 0.06 1.19 0.18 2
Y28 3662233 2M19415752+3845044 2073158173792306816 11.76 8.65 4076 1.49 −0.27 0.20 −0.03 1.29 0.25 1

Notes. The atmospheric parameters, masses and abundances are taken from APOGEE DR16, and APOKASC-3. The column labeled ‘Evol’ lists
the evolutionary stage of the stars, as derived from APOKASC-3, where 1 represents the red giant branch and 2 the red clump.

2. Data

2.1. Chemical abundances and masses

The initial sample of 26 stars from Paper I contained 13 YAR
stars reported by Martig et al. (2015). It also included a con-
trol sample of 13 stars with similar atmospheric parameters but
with masses below 1.2 M�, as inferred from the APOKASC cata-
logue, version 1 (Pinsonneault et al. 2014, hereafter APOKASC-
1), which is a joint project between APOGEE and Kepler. In
Table 1, the two groups are labeled “Y” and “O”, respectively,
in accordance with the denomination used in Paper I. This initial
sample of 26 stars has been supplemented in 2017 by 15 suppos-
edly YAR (Y) stars, as judged from APOKASC-1. The stars are
plotted in Fig. 1 with different symbols.

More precisely, to select the new stars for monitoring, we
defined at the time the Y stars as having masses in excess of
1.3 M� and belonging to the thick disk (thus with [α/Fe] >
[α/Fe]thresh), with [α/Fe]thresh defined according to:
[α/Fe]thresh = −0.06 × [Fe/H] + 0.1. (1)
This relation was taken from Masseron et al. (2017) and follows
the analysis of Izzard et al. (2018), who also used the same mass

threshold for selecting the overmassive stars, under the argu-
ment that individual stars with masses exceeding this limit can-
not exist in the old thick disk anymore. Additionally, for this
study we considered a cut in magnitude, selecting only stars with
Ks < 11 (with the only exception of O4) to be observable by the
HERMES spectrograph (Raskin et al. 2011).

The initial and complementary samples of stars are listed
in Table 1. In addition to listing different IDs of the stars, we
list the magnitudes and the atmospheric parameters as taken
from APOGEE DR16. Although the DR17 is now available
(Abdurro’uf et al. 2022), the most recent mass determinations
were based on DR16; therefore DR16 is used throughout this
study for consistency.

In the top panel of Fig. 1, the α abundances and metallicities
are from APOGEE DR14 (Holtzman et al. 2018), which were
the values we had at the time the first radial-velocity observa-
tions were obtained (see below). We note that the latest pub-
lished APOKASC catalogue is version 2 (Pinsonneault et al.
2018, hereafter APOKASC-2). We nevertheless chose to make
use of APOKASC-3 (Pinsonneault et al., in prep.) rather than
APOKASC-2 to avoid having to revise our results soon after
publication.
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Fig. 1. Tinsley-Wallerstein diagrams for the stars in our sample along-
side with the rest of the APOKASC catalogue version 1 (top panel) or
version 3 (middle and bottom panels). The blue lines indicate different
thresholds between α-rich (“AR”) and α-poor (“AP”) stars: Eq. (1) for
the middle panel and Eq. (2) for the bottom panel, see Sect. 2. Filled
symbols represent stars whose mass is above 1.3 M� and open symbols
represent stars with masses below that limit. The mass is taken from
APOKASC-1 (top panel) or APOKASC-3 (middle and bottom panels).
The bottom panel indicates our final classification as YAR, α-rich (AR)
or α-poor (AP; see text).

Revised classification because of updates in published
data. We stress that the original nomenclature Y1–Y28 and
O1–O13, which has been kept here only for backward compat-
ibility with Paper I, does not correspond to any physical reality
any longer, as revealed by the middle panel of Fig. 1 built from
APOGEE DR16 (Ahumada et al. 2020) and APOKASC-3. It

shows that some Y stars have α abundances below the thresh-
old of Eq. (1). Moreover, for several stars previously classified
as Y, new masses are now too small to maintain that classifica-
tion (these stars are represented as open circles in the middle and
bottom panels of Fig. 1).

A comparison and discussion of the differences between
these catalogs can be found in Appendix A. Since the distribu-
tion of our sample stars among the mass and [α/Fe] categories is
so different from their original assignment (in particular, many
candidates tagged as Y from APOKASC-1 – red filled symbols
in the upper panel of Fig. 1 – do not belong any longer to that
category in the APOKASC-3 catalogue), a new classification is
necessary, which we now describe.

We first need a new definition of α-rich (AR) and α-poor
(AP) stars which separates better the two sequences in the
Tinsley-Wallerstein diagram with APOGEE DR16 values. To do
so, we adopt the criterion of Miglio et al. (2021), namely

[α/Fe]thresh =

{
−0.2 × [Fe/H] + 0.04, if [Fe/H] < 0
0.04, if [Fe/H] > 0.

(2)

We split the sample into AR stars (with [α/Fe] >
[α/Fe]thresh) and AP stars (with [α/Fe] below the threshold) as
displayed in the bottom panel of Fig. 1 with red and blue sym-
bols, respectively. Then, among AR stars, those with a mass
in excess of 1.3 M� (according to APOKASC-3) are flagged
‘YAR’, and are plotted as red filled circles. Table 2 lists the stars
according to this final classification.

There is some degree of arbitrariness in the definition of YAR
stars, especially considering the adopted mass threshold and the
uncertainties on the masses. Some AR stars fall very close to the
here adopted 1.3 M� mass threshold for YAR stars, and could
well classify as YAR considering the mass uncertainties. The
impact of the arbitrariness in the definition of YAR stars on the
conclusion of our analysis is extensively discussed in Sect. 3.4.

2.2. Kinematic properties

To interpret our results, we consider the space motions of the
stars from Gaia eDR3 (Gaia Collaboration 2021). In partic-
ular, we cross-matched the entire APOKASC-3 sample with
the Value Added Catalog AstroNN to have information about
the Galactic orbits. That catalogue uses distances derived with
a neural network trained directly on the APOGEE spectra of
stars with known parallaxes (Jofré et al. 2015b) as described in
Leung & Bovy (2019). The determination of dynamical prop-
erties, such as total velocities, as well as actions, angles,
eccentricities and energies of the orbits are described in
Mackereth & Bovy (2018). That work assumes the solar Galac-
tic radius and height above the midplane to be R� = 8 kpc, z� =
25 pc and a circular velocity of 220 km s−1. It further assumes
a solar motion of [U,V,W]� = [11.1, 12.24, 7.25] km s−1

(Schönrich et al. 2010). Mackereth & Bovy (2018) have imple-
mented the galpy package (Bovy 2015) to derive the dynamical
properties using the gravitational potential MWPotential2014.

For most of our target stars, the Gaia RUWE (‘reduced unit-
weight error’) parameter, which traces stars with large uncer-
tainties on their astrometric data (Lindegren et al. 2018, when
RUWE > 1.4), remains below that threshold (Table B.2), indi-
cating that the astrometric proper motions used for the kinemat-
ical computations are reliable. The binary stars O3 and Y25 are
the only exceptions, however, with RUWE values of 4.05 and
1.83, respectively.
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Table 2. Stars classified according to Eq. (2) for their chemistry and according to a threshold of 1.3 M� for their mass.

Class N stars

YAR 16 Y1, Y2, Y3, Y4, Y5, Y6, Y7, Y8, Y9, Y10, Y11, Y12, Y13, Y16, Y18, Y28
AR 14 O3, O4, Y14, Y15, Y17, Y19, Y20, Y21, Y22, Y23, Y24, Y25, Y26, Y27
AP 11 O1, O2, O5, O6, O7, O8, O9, O10, O11, O12, O13

Fig. 2. Heliocentric radial velocities plotted
as a function of Julian date for stars flagged
as binaries (filled dots: HERMES; open dots:
APOGEE). Each column collects stars of a
given category (YAR, AR or AP, respec-
tively). The labels in each panel give the
star number and the HERMES+APOGEE RV
standard deviation σ(RV), (in km s−1). Stars
are ordered in terms of decreasing σ(RV) val-
ues (HERMES+APOGEE).

2.3. Radial velocities

The RV data were obtained with the HERMES spectrograph
(Raskin et al. 2011) mounted on the 1.2 m Mercator telescope,
at the Roque de Los Muchachos Observatory, La Palma, Canary
Islands. The HERMES spectrograph covers the optical wave-
length range from 380 to 900 nm with a spectral resolution
of about 86 000. RVs were derived by cross-correlating the
stellar spectrum with a mask covering the wavelength range
480−650 nm and mimicking the spectrum of Arcturus (K1.5 III).
The restricted wavelength span is to avoid both telluric lines at
the red end and the crowded and poorly exposed blue end of the
spectrum.

The exposure times were calculated according to the bright-
ness of the star in order to achieve a signal-to-noise ratio (S/N)
of about 15 per pixel around 550 nm. This is normally suffi-
cient to obtain a well-defined cross-correlation function (CCF)
with its minimum defined within a few m s−1. The actual uncer-
tainty on the RV is however larger than the formal uncertainty
on the minimum obtained by the Gaussian fit of the CCF, as
this actual uncertainty should take into account the long-term
RV stability of the spectrograph, on the order of 55 m s−1 (see
Jorissen et al. 2016, where more details about the RV acquisition
may be found; also Sect. 3 below).

The HERMES observations for the initial sample (Y1–Y13
and O1–O13) cover the time span July 2015 till May 2019
(about ∼1400 d) and March 2017 till August 2021 (about
∼1600 d) for the new sample (Y15–Y28). Due to an encod-
ing problem, the star Y14 was only observed twice over a
1-yr time span.

The individual RVs for all target stars are listed in Table B.3.
Table B.1 summarizes the RV results, which will be further dis-
cussed in the following sections. We complement our data with
measurements obtained by APOGEE and Gaia.

3. Binarity diagnostics

In order to assess whether a star is a binary we use the criteria
from Paper I applied on data from HERMES and APOGEE.

Figure 2 presents the RV curves for all stars flagged as spec-
troscopic binaries (SB), whereas Fig. 3 displays the RVs of stars
flagged as constant. Each column of the figures collects binaries
from a given category (YAR, AR, or AP listed in Table 2). Filled
circles correspond to HERMES observations while open circles
correspond to APOGEE observations. In this section we explain
how we conclude on the binary nature of the stars.

3.1. HERMES radial velocities

Assuming that the uncertainty on measurement RVi is σi, the χ2

value based on all N observations is

χ2 =

N∑
i=1

(
RVi − RV

)2

σ2
i

, (3)

where RV is the mean RV value computed from the set of
N observations. Since these χ2 distributions have different
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Fig. 3. Same as Fig. 2, but for stars not flagged
as binaries.

degrees of freedom depending on the number of observa-
tions available for the different stars, we use instead as bina-
rity diagnostics the quantity F2 related to the reduced χ2

(Wilson & Hilferty 1931), and defined as:

F2 =

(
9ν
2

)1/2 (χ2

ν

)1/3

+
2
9ν
− 1

 , (4)

where ν = N − 1 is the number of degrees of freedom of the
χ2 variable. The transformation of (χ2, ν) to F2 eliminates the
inconvenience of having the distribution depending on the addi-
tional variable ν, which is not the same over the whole sample of
stars. F2 follows a normal distribution with zero mean and unit
standard deviation, provided that the σi are correctly estimated.
As in Paper I, we adopt σi = 0.09 km s−1 for all HERMES mea-
surements in order to avoid a deficit of stars in the left wing
of the F2 distribution (displayed in the top panel of Fig. 4) even
though the stability of radial-velocity standards would rather call
for 0.055 km s−1 (Jorissen et al. 2016). There might be a slight
excess of binary stars on the right wing of the distribution (in the
range 1 ≤ F2 ≤ 4; top panel of Fig. 4), but we consider that the
statistical evidence is not strong enough to flag them as binaries.
Among those, Y20 and Y23 may be considered as possible bina-
ries based on the RV trend seen on Fig. 3. Finally, the probability
Prob of a star being a SB was calculated from the χ2 distribution
with ν degrees of freedom. Stars are flagged as SB when F2 ≥ 3,
which is roughly equivalent to Prob ≥ 0.9990.

These values, together with the mean RV and its standard
deviation, are listed in the first set of columns of Table B.1.

3.2. APOGEE radial velocities

APOGEE data from DR17 (Abdurro’uf et al. 2022) for the sam-
ples under discussion were obtained between JD 2455811 and
2456452 (i.e., September 7, 2011 to June 8, 2013, with a
few more measurements from JD 2458439 to 2458766, i.e.,

November 16, 2018 to October 10, 2019, specifically for O9,
O10, and Y12). In the case of O10, these measurements (rep-
resented as open circles in Fig. 2) are simultaneous to exist-
ing HERMES data, and reveal a zero-point offset RVHERMES −

RVAPOGEE of −0.40 km s−1. Therefore, this zero-point offset has
been applied to all APOGEE velocities listed in Table B.3. These
zero-point-corrected APOGEE RVs were then combined to the
HERMES RVs to compute the overall standard deviation and F2
value (Eq. (4)), as listed in Table B.1, with F2 > 3 used as well
as binarity diagnostic.

We note that, although the formal error on the individual
APOGEE RVs is about 0.02–0.03 km s−1, the standard deviation
of the APOGEE RVs for stars not flagged as SB by the other
data sets is about 0.06–0.07 km s−1 (see for instance O2, O7, O9,
O11... in Table B.1). Therefore, an uncertainty of 0.09 km s−1

has been adopted for each individual APOGEE RV when com-
puting χ2 and the associated F2. This uncertainty is consistent
with improving the symmetry of the F2 distribution. APOGEE
data are especially important to qualify O8 and O10 as binaries
(see Fig. 2), because they reveal a RV trend that was not clear
from HERMES data alone.

3.3. Gaia radial velocities

Before Gaia Data Release 3 became available in June 2022,
an extensive analysis of the RV data provided by Gaia Data
Release 2 (DR2; Gaia Collaboration 2018; Katz et al. 2019) had
been performed. Gaia DR2 RVs span the range JD 2456863.5
to 2457531.5 (2014 July 25 to 2016 May 23), just prior to the
HERMES RV monitoring. The absence of temporal overlap
between HERMES and Gaia DR2 offers an advantage to detect
SB from this comparison, and this advantage would be some-
what diluted by using DR3 RVs instead. Although the individ-
ual Gaia RV data will not be available until Gaia DR4, the
average RV provided by Gaia DR2 turns out to be useful. The
expected uncertainty εRV,DR2 on the Gaia DR2 average velocity
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RVDR2 is computed from the number of transits N and Gaia
RVS magnitude GRVS using the data from Fig. 18 of Katz et al.
(2019), namely:

εRV,DR2 = (−0.429 + 1.019 GRVS − 4.456 × 10−1 G2
RVS

+ 8.542 × 10−2 G3
RVS − 7.629 × 10−3 G4

RVS

+ 2.626 × 10−4 G5
RVS)

× (1.809 − 0.179 N + 1.38 × 10−2 N2

− 6.06 × 10−4 N3 + 1.345 × 10−5 N4

− 1.16 × 10−7 N5), (5)

where the first polynomial in powers of GRVS corresponds to
N = 8 (as given in Jorissen et al. 2020) and the polynomial
in powers of N applies a scaling factor. The quantities RVDR2,
σRV,DR2, and εRV,DR2 are listed in Table B.1. A star is flagged
as a binary if σRV,DR2 > 3 εRV,DR2, or if ∆RV ≡ |RVHERMES −

RVDR2| > 3 εRV,DR2. The Gaia DR2 RV data do not bring up
new SB detections, but confirms those flagged as such by the
HERMES or APOGEE data. For the sake of completeness, the
average Gaia DR2 and DR3 RVs are compared in Table B.2.
With the Gaia DR3 RVs comes a rigorous statistical analysis of
the same kind as that performed with the HERMES RVs, namely
the publication of an F2-like variable (named ‘renormalized-
gof’ in Table B.2) and the associated p-value (named ‘Prob’ in
Table B.2). Star Y21 is the only one to appear as a new binary
from this analysis. However, as Gaia DR3 is the only data set to
flag it as binary, we still consider it as uncertain, and will not add
it in the binary statistics of our analysis.

The Gaia DR3 nonsingle star (NSS) data (Gaia Collaboration
2022) further confirm the results obtained above. It provides SB1
orbits for stars O3, Y4, Y6, and Y9 (as listed in Table B.4), and
detect a first-degree RV trend for Y8, Y25, and Y26 and second-
degree RV trend for O1 (see Table B.2). The RUWE parameter
listed in Table B.2 does not allow us to expand the sample of SBs
already detected by other means.

3.4. Binarity as a function of stellar properties

In summary, when a star is flagged as binary from either
HERMES, APOGEE or Gaia, we classify it as SB, as indicated
by the last column of Table B.1. Comparing the present results
with those of Paper I for the stars in common (stars 1–13), the
binarity diagnostic is confirmed for many stars: O1, O3, O8,
O10, Y4, Y6, Y7, Y8, Y9, and Y12 are flagged as SBs here and
in Paper I. However, there appears to be a few differences. They
concern stars Y2, Y3, O5, and O12 which are newly flagged
SBs (thanks to the larger number of data points and the more
extended time span). In addition, Y1 was classified as a binary
in Paper I but here we show it is constant. The reason was one
measurement in Paper I corresponding to the radial velocity of
another target, increasing the scatter of the RV associated to Y1
and hence the probability of Y1 being a binary.

In the lower panel of Fig. 4, the stellar mass is plotted as
a function of the F2 index, with the star being considered as a
binary when F2 > 3 (either for HERMES and APOGEE data
as a whole, or considered separately; see Table B.1) with its
corresponding symbol being enclosed within a square. Figure 4
reveals that at the low-mass end (M < 0.95 M�), the stars have a
preference for low F2 values, meaning we do not find any bina-
ries for such low masses. At the high mass end however, the stars
span a large range of F2 values, implying that they can be either
binaries or nonbinaries.

Fig. 4. Distribution of F2. Top panel: distribution for the full sample,
adopting 0.09 km s−1 as the typical error on HERMES radial-velocity
measurements. Bottom panel: stellar mass vs. F2 (see Eq. (4)) for
APOGEE and HERMES data combined. The threshold for binarity has
been set at F2 > 3. The symbols follow the classification of Fig. 1
(when the star is considered as a binary, its symbol is enclosed within a
square). Stars with F2 ≥ 4 are displayed at F2 = 4.

Figure 5 displays the mass of the stars as a function of the
[α/Fe] abundance ratio, with symbols as in Fig. 4. The middle
panel in that figure shows the cumulative frequency of bina-
ries (solid line) and single stars (dashed line) as a function of
mass. There is a clear tendency for the binaries to become more
numerous than single stars in the upper mass range (1.4–1.6 M�),
and to be lacking at the lower-mass end (<0.95 M�). The null
hypothesis that the two samples (19 binaries, 22 nonbinaries)
are extracted from the same parent population in term of its mass
distribution cannot be rejected (p-value of 24%; Table C.1).
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Fig. 5. Top panel: stellar mass versus [α/Fe] abundance ratio. Symbols
are as in Figs. 1 and 4. Middle panel: the cumulative frequency distribu-
tions of SBs (solid line) and nonSBs (dashed line). Bottom panel: same
as middle panel, but for [α/Fe].

The lower panel of Fig. 5 displays the cumulative frequency
of binaries (solid line) and single stars (dashed line) as a func-
tion of [α/Fe]. The largest frequency difference amounts to
0.25 and is reached at [α/Fe] ∼ 0.12, where there are more sin-
gle stars than binary stars, but this difference is not large enough
to be any significant in the framework of a Kolmogorov-Smirnov
test comparing samples with sizes 19 (SB) and 22 (non SB; see
Table C.1).

Figure 6 shows the distribution of binary stars in the ([α/H],
[Fe/H]) and ([α/Fe], [Fe/H]) diagrams, to be compared with
Fig. 6 of Mazzola et al. (2020). But as we show in a quanti-
tative manner in Table C.1, our sample does not confirm in a
statistically significant way the prevalence of binaries found by
Mazzola et al. (2020) among the AP stars.

Fig. 6. Top panel: binary and nonbinary stars in the [α/H] versus [Fe/H]
diagram. Symbols are as in Figs. 1 and 4. Bottom panel: same as top
panel, but for [α/Fe] vs. [Fe/H].

The role of the evolutionary stage
It is well known that while mass is the main driver of time
scales in stellar evolution, metallicity, and α-abundances also
play some role (and references therein Warfield et al. 2021).
It is also known that stars along the red giant branch (RGB)
and in the red clump (RC) have indistinguishable spectra
(Masseron & Hawkins 2017) even though RC stars are more
evolved than RGB stars. Thus a straight cut at M = 1.3 M� (or
any other value) in mass for the entire sample might not be rep-
resentative of an age limit in a sample of stars with different
metallicities, α-abundances, and evolutionary stages.

Figure 7 presents the Kiel diagram (Teff , log g) of the sample
stars, alongside with STAREVOL stellar evolutionary tracks for
different masses and metallicities (Siess et al. 2000; Siess 2006;
Escorza et al. 2017), which are represented with different colors.
The figure overplots the AR, YAR, and AP, showing how they
are indeed at a variety of evolutionary stages. The symbols fol-
low our classification of YAR, AR, and AP using the red circles
and blue triangles as before. The symbol radius is proportional
to the stellar mass and encapsulated are the binaries. Most of the
YAR stars fall as expected close to the black and cyan tracks
corresponding to 1.5 M� stars with [Fe/H] = 0 or −0.25, respec-
tively. On the other hand, we note the presence of some low-mass
stars lying at the blue end of the horizontal branch. Their current
mass (around 0.7 M�) and metallicity (around [Fe/H] = −0.5) is
compatible with the evolutionary track of a star of initial mass
0.9 M� and [Fe/H] = −0.5, which reaches the horizontal branch
within the age of the universe.

In Fig. 8 we plot the metallicity and mass of our stars follow-
ing the usual symbols for YAR, AR, and AP stars. In the back-
ground the overall density distributions of the entire APOKASC-3
catalogue are displayed. Thanks to the Kepler data, we know the
evolutionary stage of the stars (as listed in the last column of
Table 1), and separate them in RGB and RC stars in the upper
and lower panels of Fig. 8, respectively. Thanks to the APOGEE
data, we can as well divide the stars of the background according
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Fig. 7. Kiel diagram (Teff , log g) for the sample stars. The symbol radius
is proportional to the mass. Evolutionary tracks from STAREVOL
(see text) have been overplotted for stars with [Fe/H] = 0, and masses
of 1 M� (blue curve), 1.5 M� (black curve). Also plotted are tracks
for [Fe/H] =−0.25, 1 M� (green curve) and 1.5 M� (cyan curve), and
[Fe/H] =−0.5, 0.9 M� (red curve).

to their [α/Fe] ratio according to Eq. (2), (left-hand panels:
AR stars; right-hand panel: AP stars).

The first interesting aspect to notice in Fig. 8 is the differ-
ence in the overall APOKASC-3 distributions, especially at solar
metallicities. Whilst it is rare to find RGB stars with masses
above 1.75 M�, the RC stars can have masses up to 2.5 M�.

The second interesting aspect is the difference in the mass
distributions for stars in the same evolutionary stage but dif-
ferent α-abundances. The contours show that α-enhanced stars
have overall a narrower mass distribution than stars with solar α-
abundances. This is expected, since α-enhanced stars in the solar
neighbourhood are likely belonging to the thick disk, which has
a narrow and old age distribution, so its stars have preferentially
lower masses (Masseron & Gilmore 2015; Miglio et al. 2021).
The contour of AP stars, on the other hand, are likely belonging
to the thin disk, which is forming stars for a long time until the
present day, allowing for stars with a wider range of masses to
exist today.

The third interesting aspect to notice in Fig. 8 is that not all
of our AR stars (open red circles) lie within the 80% contour of
APOKASC-3. Because the mass distributions in APOKASC-3
are different for RGB and RC stars, we see here how assigning
a star the AR category with a simple cut in mass does not reflect
clean samples of stars that are truly different from each other.
For example, the most metal-poor AR star (Y15), despite hav-
ing a mass below the threshold of 1.3 M�, is still too massive for
the allowed mass distribution at that metallicity for RGB stars
in APOKASC-3. Still, our selection process has selected all the
outlying stars in the mass distribution of both RC and RGB for
YAR stars, but has rejected some AR stars that are still overmas-
sive. Comparing the binary frequencies of YAR and AR stars
might lead to uncertain conclusions about the nature of YAR and
AR stars (see further discussion in the Appendix C).

Finally, not accounting for a threshold in the lower mass
range implies including AR stars whose masses are too low to
be on the red giant branch today. Given their masses and age

of the Universe, they should still be on the main sequence, but
they have evolved to the red giant phase. While some stars might
be on the horizontal branch (see Fig. 7), some have even lower
masses. Very recently, Li et al. (2022) have reported the exis-
tence of such stars in APOKASC, and we discuss them more
below and in the next sections.

4. Kinematics and chemistry

Despite the fact that our sample might still be too small to draw
any strong conclusion about the binary frequencies between the
groups defined in the previous sections (see Appendix C), this
sample has great potential to study in detail the evolutionary his-
tory of each star, given that spectroscopic data (time domain
for radial-velocity variations and high-resolution high-signal-
to-noise for abundance analyses), kinematic data (for inferring
their Galactic dynamics) and seismologic data (for inferring their
evolutionary stage) are available. It is thus interesting to study
the stars further, by putting them in the context of the entire
APOKASC catalogue.

4.1. New stellar classifications

Understanding that the evolutionary stage of a star plays a role
in the mass threshold for it to be seen as overmassive, we group
the stars differently. We define bulk stars as those falling within
the 80% contour drawn from the full APOKASC sample in
Fig. 8 (e.g, the second outer contour in the figure). Those stars
falling outside and above this region are defined as “overmas-
sive” while those that are outside and below that region are called
“undermassive”.

From Fig. 8, we may conclude that all our initial classifica-
tion of YAR stars are indeed overmassive, but this new category
includes some AR stars as well (one in the RC and three along
the RGB). This yields a total of 20 overmassive stars. In addition,
two red clump AR stars are undermassive.

4.2. Kinematic and chemical abundance distributions

In this section, we study if the overmassive and undermassive
stars share the kinematical and chemical properties of standard
stellar populations, namely thin and thick disk. From here on we
focus solely on the properties of the overmassive and undermas-
sive stars and compare them with the entire APOKASC-3 as a
control sample.

4.2.1. Kinematics

In this section, we compare the kinematical properties of over-
massive and undermassive stars (computed as described in
Sect. 2.2) with those of the thick disk, following Zhang et al.
(2021) and Warfield et al. (2021). Different dynamical diagnos-
tics are plotted in Fig. 9. The top left panel shows the classical
Toomre diagram. The x-axis shows the rotational velocities (V)
and the y-axis shows the combination of the velocity toward the
Galactic center (U) and the velocity toward the Galactic poles
(W). The thin disk stars are usually considered as having cir-
cular orbits in the Galactic plane, rotating with velocities con-
sistent with the rotation of the Galaxy at V ∼ 220 km s−1 (e.g.,
Bensby et al. 2003). Hence, thin disk stars have small U and W.
This is indeed what is observed for the blue contours in Fig. 9,
which confirms the assignment of α-poor stars to the thin disk.

Thick disk stars rotate slightly slower than the thin disk, that
means they have normally V < 220 km s−1 (Bensby et al. 2003;
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Fig. 8. Metallicities and masses of our stars alongside with the density distribution of APOKASC-3 for RGB stars (upper panel) and RC stars
(lower panel). The α-rich stars are plotted in the left-hand panels, and the α-poor stars are plotted in the right-hand panels. The chemical separation
uses Eq. (2). Contours indicate the percentages 10, 20, 30%, and so on of the APOKASC-3 distributions. The outer contour corresponds to 90%
of the stars being inside the distribution.

Soubiran et al. 2003). Since they form part of a thicker disk, their
velocities toward the Galactic poles are larger than those of the
thin disk stars, making them able to reach higher distances from
the Galactic plane.

In the Toomre diagram, thick disk stars are expected to be
shifted toward lower values of V with respect to thin disk stars,
and to span a larger range of U and W compared to the thin
disk stars. This is indeed the tendency shown by the gray con-
tours in Fig. 9. We therefore interpret α-rich stars as belonging
to the thick disk. We do not see a notable difference between the
over/undermassive stars.

To dig into possible differences between over- and under-
massive stars and standard thick disk stars further, we study the
distributions of the angular momentum Lz and eccentricities e of
the stellar orbits (top right panel of Fig. 9). The thick-disk stars
tend to have lower angular momenta with respect to thin-disk
stars, because of their lower V . Their orbits span a larger range
in eccentricities than the thin disk. The rest of the stars follow
the dynamical behavior of the disk, except perhaps Y20 and Y6.

In the lower left panel of Fig. 9 we plot the energy and the
maximum heights of the orbits. We see how our stars are con-
sistent with disk stars. The lower right panel of Fig. 9 shows
the radial and vertical actions, denoted as Jr and Jz, respectively.
We see how the thin-disk stars have small actions overall, but the
thick disk stars span a wider range. Our stars fall well within the
contours of the thin and thick disks. Y20 and Y6 have relatively
higher radial actions compared to the disk.

We conclude that most of our stars have normal thick disk
kinematics. The overmassive stars are in general consistent with
thick disk kinematics. This is consistent with previous kinematic
studies of young α-rich stars (e.g., Zhang et al. 2021). Under-
massive stars also have kinematics that are consistent with the
thick disk. We do not find a notable difference among binaries
and nonbinaries in their overall kinematics.

4.2.2. Chemical abundances

In Fig. 10 we show the same populations as in Fig. 9 but
now the metallicity is plotted against different abundance
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Fig. 9. Dynamical properties of the overmassive and undermassive
stars. In the background we display in gray the α-rich population from
APOKASC-3 as defined by Eq. (2) and in blue we display the contours
of the α-poor population, for reference. Green stars represent the over-
massive stars, and magenta triangles the undermassive stars. Objects
encapsulated in squares are the binaries.

ratios. This is customary to evaluate whether stars have been
chemically enriched by a common nucleosynthetic channel
and can be attributed to a common stellar population
(e.g., Hawkins et al. 2015; Jofré et al. 2019; Buder et al. 2019;
Kobayashi et al. 2020). We consider the abundances reported in
APOGEE DR16 (see Sect. 2). The idea here is to see from the
chemical point of view whether the overmassive and undermas-
sive stars belong to the stellar populations of the thick and thin
disks as inferred from their kinematics or whether they present
instead some anomalies in their chemical imprint. The contours
and symbols follow Fig. 9, namely the gray contours represent
the α-rich (thick disk) population and the blue contours the α-
poor (thin disk) population. Green stars represent the overmas-
sive stars, and magenta triangles the undermassive stars.

When focusing on the panels with α-capture elements (O,
Mg, Ca, and Si), we see that the overmassive stars follow the
thick disk. We note however that Y1 and Y15 are more O-rich
and Ca-rich than the thick disk. As the undermassive stars are
concerned, we note that their abundances tend to be slightly
lower than the thick disk, except for O where Y20 has high O
whereas Y19 has no reported O abundance.

Aluminum, sodium, phosphorus, and potassium also trace
different star-formation environments. Like the α-capture ele-
ments, they are produced in massive stars and released to the
interstellar medium (ISM) through type II supernova, but their
yields depend on metallicity. Our overmassive and undermassive
stars follow the distributions of the thick disk for Al, although
for Na there is more scatter and some stars fall off the overall
disk distribution. We note that the sodium abundance is derived
from only two weak lines in APOGEE spectra, and therefore
is not derived with particularly high precision (Jönsson et al.
2020). In the left panel of Fig. 11 we plot the spectra around the
Na I λ16388.9 Å line, which is indicated by the red vertical mark.
We show six stars, which are sorted by increasing Na abundance.

The temperature and metallicity of the stars are indicated along-
side with the [Na/Fe] abundance, showing how these parameters
have an effect in the shape of the Na line. In all cases, how-
ever, the Na line is very weak, even for the [Na/Fe]-enhanced
cases, which means that these abundances should be taken with
care. Sodium can furthermore be altered during the evolution of
stars, slightly increasing in the atmosphere of red giants through
dredge-up mechanisms, by an amount that might correlate with
mass (see Smiljanic et al. 2009, and discussion therein).

Other interesting abundances are those of P and K.
Although P is one of the most uncertain elements in APOGEE
(Jönsson et al. 2020), because the lines are weak and can suffer
contamination from telluric lines (see also Hawkins et al. 2016),
we have a number of overmassive and undermassive stars that
are clearly outside the disk populations. Potassium, on the other
hand, is an element whose abundance is measured from strong
lines which results in a precision that is comparable to other ele-
ments (Jönsson et al. 2018, 2020). We can see that our overmas-
sive and undermassive stars have a tendency not to follow the
distribution of the thin and the thick disk, with overmassive stars
being systematically P and K rich while the undermassive stars
are P-poor.

The middle panels of Fig. 11 show the line profile of P and
K for stars covering the wide range in abundances as seen in the
panels of Fig. 10. The reason why the P abundances are so uncer-
tain appears clearly from these spectra: it is almost impossible to
detect the λ15 711.5 Å line and it is very hard to tell if the line
is not blended with Fe (see Jönsson et al. 2018; Hawkins et al.
2016). Indeed, P abundances are not reported in DR17, which
means that these measurements, particularly those for Y19 and
Y20 which are very low, should be taken with care. Determining
upper limits might be more suitable in this case. The profiles of
the K lines at 15 163.1 and 15 168.4 Å, on the other hand, show
that the measurements of these abundances should rely on more
solid grounds.

Nickel, chromium, manganese, and copper are tracers of
star-formation histories through their SN Ia production, and our
stars follow the trends of the disk. However, the undermassive
stars have lower [Ni/Fe] and [Cr/Fe] ratios than the disk popula-
tions. There are some overmassive stars with low Cr abundances
as well. The right-hand panel of Fig. 11 shows the Cr I line at
15 680.1 Å, which was the only Cr line used by Hawkins et al.
(2016) to determine the Cr abundance. We can see how the line
becomes weak for low Cr abundances, therefore we conclude
that the low Cr abundance reported for some stars is likely real.
In fact, we show in Fig. 12 below that it cannot be attributed to a
temperature effect. We note however that this Cr line is blended
(see Fig. 10 of Hawkins et al. 2016).

We finally notice that for some but not all abundance ratios
there is a systematic difference between the over- and under-
massive stars. The undermassive stars have systematically lower
abundances for Ca, Al, P, K, Ni, Cr, and Co. It is possible that
this is due to a systematic effect related to stellar parameters,
since undermassive stars are systematically hotter than overmas-
sive stars, undermassive stars being likely blue horizontal-branch
stars (see Fig. 7). In Fig. 12 we show the same panels as in
Fig. 10 but as a function of effective temperature Teff . The con-
tours show that the abundances of some elements are correlated
to Teff . This might account for the systematic difference for some
overmassive and undermassive stars in Ca, Al, K, Ni, and Co,
but does not explain the difference in P and Cr, since a few over-
and undermassive stars do not follow the abundance trend with
temperature and clearly stand out.
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Fig. 10. Abundance ratios for APOKASC-3 stars (contours and gray dots) and for our sample stars. Symbols and colors are as in Fig. 9.

Fig. 11. Line profiles of Na I (λ16 388.9 Å), P I (λ15 711.5 Å), K I (λ15 163.1 and 15 168.4 Å) and Cr I (λ15 680.1 Å) for a selection of stars
sorted by decreasing abundance. The line under consideration is indicated with a vertical red line. For each star, parameters are given for reference,
including the abundance of the considered element.

4.2.3. Conclusion about stellar populations

From Figs. 9 and 10 we might deduce that our overmassive and
undermassive stars seem to belong mainly to the thick disk. We
do not see a significant difference between binaries and constant
stars in their overall chemical or kinematic patterns.

We detect a systematic difference between overmassive and
undermassive stars in several abundance ratios such as P, Ni,

and Cr. Some such differences can be attributed to a systematic
effect, a detection limit or blends. We can however not exclude
the possibility that these differences are caused by an alteration
in the atmospheres of stars that might contain interesting infor-
mation about their nature. A few stars stand out as far as Na,
P, K, Cr are concerned, having systematically higher or lower
abundances than the rest of the stars. We stress that after the
visual inspection the spectra around the best Na and P lines for
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Fig. 12. Abundance ratios for APOKASC-3 in contours and our sample. Symbols and colors follow the same definition as in Fig. 9.

these stars in APOGEE, they can still be too weak or blended
to measure any abundance with confidence. In fact, these abun-
dances are flagged as uncertain in APOGEE DR7. To confirm
the anomalies of these abundances, other wavelength domains
or higher resolution than APOGEE would be needed.

4.3. The role of carbon and nitrogen

Carbon and nitrogen abundances in red giants have extensively
been studied as signatures of specific nucleosynthesis processes,
and therefore of specific evolutionary phases. Since red giants
with masses larger than ∼1 M� have exhausted hydrogen through
the CNO cycle operating in their cores during the main sequence,
the abundances of C, N, and O have changed in their interiors.
Once red giants experience the first dredge-up, CNO-processed
layers are brought to the surface, altering the photospheric abun-
dances (Iben 1967; Smiljanic et al. 2009).

In particular, after the first dredge-up the relative abundance
ratio [C/N] changes by an amount that depends on the stellar
mass (Iben 1967). This implies that it is possible to use [C/N]
abundances of large samples of giant stars to infer their mass dis-
tribution. Masseron & Gilmore (2015) showed how this funda-
mental effect could be used to put constraints on the evolution of

the thin and thick disk using [C/N] of red giants from APOGEE.
That paper opened up a new way to estimate masses and ages
in red giants using spectra (Martig et al. 2016; Ness et al. 2016),
and to perform studies of Galaxy evolution when ages are not
known with accuracy (Hasselquist et al. 2019; Jofré 2021). How-
ever, the exact relation between age and [C/N] also depends
on the stellar chemical composition, evolutionary stage and
other stellar-evolution processes that are not well constrained yet
(Salaris et al. 2015; Lagarde et al. 2019; Shetrone et al. 2019).

In particular, the stars of our sample which do not fol-
low the expected [C/N]-age relation might have experienced
mass-transfer. Because of extra-mixing mechanisms, a scatter
is admittedly expected in the [C/N]-age relation (Martig et al.
2016; Lagarde et al. 2019) but nonstandard mixing due to mass
transfer is not considered in such studies. Outliers of the relation,
therefore, can help us to identify post-mass-transfer objects.

In the left panels of Fig. 13 we plot the [C/N] abundances
as derived by APOGEE as a function of the mass as derived by
APOKASC-3 for stars along the RGB and at the RC. For refer-
ence we also plot the contours of the thick-disk abundances. The
plots show how badly the majority of the over- and undermas-
sive stars do not follow the disk population, which supports the
idea that these stars had an evolution with binary interaction.
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Fig. 13. Left: [C/N]-mass relation for the stars in our sample alongside with the α-rich APOKASC-3 distribution. The upper panel shows the stars
classified as RGB and the lower panel shows the RC stars. The symbols follow our new classification based on the contours of Fig. 8. Binary stars
are enclosed with squares. Middle and right panels: [C/Fe] and [N/Fe] abundances as a function of mass.

Fig. 14. Same as Fig. 13, but for [C/Fe] and [N/Fe] as a function of
metallicity.

The middle and right panels of Fig. 13 show the [C/Fe] and
[N/Fe] abundances as a function of mass. Overmassive stars have
[C/Fe] abundances that are systematically higher than the thick
disk. Regarding the [N/Fe] abundances, while some stars have
abundances that agree well with the thick disk, a considerable
amount is N-rich. In particular, Y5 and Y19 have a [N/Fe] abun-
dance that is very high given their mass.

In the left-hand panels of Fig. 14 we plot the carbon abun-
dances as a function of metallicity, and our stars lie inside the

disk populations although at the higher end. Finally, the right-
hand panels show the nitrogen abundances. Here a large num-
ber of overmassive and undermassive stars fall off the disk pop-
ulation, pointing toward a different process happening inside
the stars.

There is extensive literature studying the production of nitro-
gen in stars (Palacios et al. 2016). In addition to play a role in
the CNO cycle, N can be produced as part of the nucleosynthe-
sis happening in AGB stars. It is also a signature of extra mixing
because of rotation. It is therefore interesting that so many of our
stars have enhanced nitrogen abundances.

5. Discussion

In this section we discuss in more detail the nature of the over-
massive and undermassive stars given the results obtained above
about their chemical abundances, kinematics, masses and bina-
rity. We discuss separately overmassive and undermassive stars,
as summarized in Table 3.

5.1. Overmassive stars

These stars correspond to Y1 (90), Y2 (90), Y3 (90), Y4 (90),
Y5 (90), Y6 (90), Y8 (90), Y9 (90), Y10 (90), Y11 (90), Y12
(90), Y13 (90), Y14 (90), Y15 (90), Y16 (90), Y18 (90), Y23
(80), Y26 (90), Y27 (80), Y28 (90). Numbers between paren-
theses indicate the contour level of Fig. 8, which was used to
select them.

One very encouraging result from our analysis is the
[C/N]-mass relation plotted in Fig. 13, because of its strik-
ing similarity with the Fig. 5 of Izzard et al. (2018), which
was made using population synthesis models which included
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Table 3. Stars classified according to Eq. (2) for their chemistry and according to the contours of the mass distributions of Fig. 8.

Class N Stars

Overmassive 20 Y1, Y2, Y3, Y4, Y5, Y6, Y8, Y9, Y10, Y11, Y12, Y13, Y14, Y15, Y16, Y18, Y23, Y26, Y27, Y28
Undermassive 2 Y19, Y20

binaries. Firstly, the models of Izzard et al. (2018) show that
many overmassive stars do not follow the decreasing trend of
[C/N] with mass; we reach similar conclusions based on obser-
vations. Secondly, their study followed the evolution of the bina-
ries by considering mass transfer and merging events. In partic-
ular, they investigated the properties of the binaries after 8 Gyr
of evolution (the age of the thick disk) in the stellar population
and colored the [C/N]-mass relation according to the final binary
frequency. While these exact frequencies were dependent on sev-
eral parameters of the population synthesis models (e.g., separa-
tion, eccentricities, and mass ratio of the initial binaries, fraction
of initial binaries with respect to initial single stars in the model,
etc), Izzard et al. (2018) could conclude that after 8 Gyr of evo-
lution, stars with end masses above about 1.4 M� are products of
mergers and therefore are single at the end of the simulation. Y1,
Y16, Y10, Y5, and Y11 have masses above that threshold, and
are found to be single in our analysis, supporting the idea that
they are merger products. Izzard et al. (2018) further found that
stars with end masses between about 1.2 and 1.4 M� are prod-
ucts of mass transfer which remain as binaries. Y18, Y3, Y28,
Y23, Y12, and Y8 fall in that mass range, and are binaries.

Izzard et al. (2018) did not distinguish between RC and RGB
stars in their analysis, but we have shown in Fig. 8 that the evo-
lutionary stage might be important for defining a mass thresh-
old between products of mass transfer via Roche-Lobe overflow
or via mergers. We note that Y13 and Y27 have high levels of
[C/N] compared to the bulk of RC stars, and that in Fig. 5 of
Izzard et al. (2018) a band of single stars for [C/N] around zero
is present. The single-star nature of Y13 and Y27 in that sense
may be accounted for. Y2 and Y6 are on the other hand bina-
ries and have high masses. We have seen how the mass thresh-
old between normal and overmassive stars needs to consider the
evolutionary stage; therefore the comparison between our results
and those of Izzard et al. (2018) is not straightforward.

It is interesting that many of the stars fall well within the
[C/N]-mass relation (see Fig. 13), suggesting they are “truly
young” (Hekker & Johnson 2019). These are Y4, Y9, Y14, Y15,
and Y25. We find that they are binaries, and that Y4 and Y15
have a relative enhancement of [N/Fe], which is an indicator
of either extra-mixing, pollution caused by transfer of material
synthetized by an AGB star, or rotation (Palacios et al. 2016).
Most of the other abundances are consistent with classical thick
disk population. In particular, there are several overmassive
stars with possible enhancements in [P/Fe]. Only Y25 does
not show evidence of abundances behaving differently from the
thick disk.

Furthermore, there are several overmassive stars with rela-
tively low Cr abundances and both undermassive stars with very
low Cr abundances. We do not have an explanation for such a
low Cr abundance which seems to affect mostly the undermas-
sive stars and not other giant stars of APOKASC.

While we have concluded that the binary frequency in the
group of overmassive stars is not significantly different from that
of the total group of bulk stars (see Table C.2), it is worth dis-
cussing the binary frequency a bit further. The result of Table C.2

is obtained by considering all overmassive stars together, namely
by considering the entire mass range and not separating the sam-
ple by evolutionary stages. For YAR stars however, the binary
frequency appears to vary as a function of mass when separat-
ing the stars according to their evolutionary stage (Sect. 3.4).
In particular, among the red giant stars, the most massive ones
appeared to be single. This might be explained by making a dif-
ference between a merger (in which the total mass of the new
star is equivalent to the sum of masses of the two individual stars
before the merger) and mass transfer via Roche-Lobe overflow
(in which the total mass of the new star only increases by a frac-
tion of the primary mass and its final mass is thus smaller than
the total mass of the individual stars.)

Individual cases
Y1: KIC 9821622. This is a RGB star, with no signs of binarity

after 13 HERMES observations spanning 1080 days. The aver-
age of the HERMES RVs agrees with the sole RV APOGEE mea-
surement. Its enhanced α abundances suggest this star belongs
to the thick disk. Y1 was classified as binary in Paper I but that
was because of a bad measurement in one of the initial runs due
to the high crowding in the Kepler field. This star has a slight
enhancement of O and Ca with respect to other stars, and a sig-
nificant enhancement in K. [C/N] is also significantly enhanced.
Jofré et al. (2015a) and Yong et al. (2016) performed a detailed
chemical analysis using high-resolution optical spectra and this
star was found to be Li-rich. According to these studies, neutron-
capture elements such as Ba, La, Y, and Eu are not enhanced in
this star. Yong et al. (2016), however, found a mild IR excess in
Y1. The anomalies in the different chemical abundances point
toward nonstandard evolution, in which this star merged with a
companion, producing a single star. This might have happened
some time ago because its rotational velocity is rather slow (v sin i
of 1.0 km s−1, Jofré et al. 2015a). It is worth noting that its dynam-
ics might be consistent with the thick or the thin disk, since it lies
in an overlapping region in the dynamical planes.

Y2: KIC 4143460. With new RV measurements and the com-
bination of different RV sources we were able to conclude that
this star is a binary. In Paper I it was not identified as binary,
and the APOGEE or Gaia measurements alone also suggest it
is single. Here, thanks to 7 HERMES RV measurements, which
cover a time span of 1382 days, it is possible to detect binarity.
Y2 does not stand out in kinematics, nor in most of the chem-
ical abundances, except Na and N. Indeed, this is the most Na
and N enhanced overmassive star of the sample. The enhance-
ment of N could point toward pollution from an AGB star. How-
ever, Yong et al. (2016) included Y2 in their analysis, finding
normal Ba, Y, and other neutron-capture elemental abundances,
but a mild IR excess. This star could have gained mass through
mass transfer. To characterize the orbit of this star and unveil the
nature of the companion, as well as constrain further the mass
transfer mechanisms, we still need more RV measurements.

Y3: KIC 435050. This star is a long-period binary, since
the ten HERMES measurements spanning 2200 days reveal a
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clear drift (Fig. 2). Y3 is depleted in [Na/Fe], slightly depleted
in [Cr/Fe] and enhanced in [K/Fe]. This star has been included in
the analysis of Yong et al. (2016), also reporting a slight deple-
tion in Cr of [Cr/Fe] = −0.1 but Matsuno et al. (2018) find
solar abundances for Cr. The authors also find enhancement in
K. Yong et al. (2016) also found a slight IR excess in this star.
While Y3 shows normal C and N abundances (although C is
at the top of the [C/Fe] distribution), its [C/N] ratio is peculiar,
being too large given its mass. We conclude that Y3 experienced
mass transfer.

Y4: KIC 11394905. This is a red clump star that was quickly
identified as binary after only three RV measurements spanning
650 days. Yong et al. (2016) also suspected its binary nature, but
did not detect any IR excess. Gaia DR3 provides a spectroscopic
orbit for this binary. Its dynamical properties are normal. The
elements that stand out are P, C, N, and Cr which is why we ded-
icate some discussion to Y4. From the visual inspection of the
line profiles of P in Fig. 11, the [P/Fe] abundance might rather be
considered as an upper limit. Matsuno et al. (2018) determined a
very enhanced K abundance of about 1 dex from optical spectra,
but in APOGEE Y4 seems to have normal [K/Fe].

Y5: KIC 9269081. This RGB star does not show up as
a binary after eight HERMES RV measurements spanning
1382 days and consistent with the five APOGEE RV measure-
ments and with Gaia DR2. Y5 is the most [N/Fe]-enhanced star
and most [C/Fe]-depleted star of our sample. This implies a very
low [C/N] abundance ratio. It could be a low-mass weak G-band
star candidate (Palacios et al. 2016). These stars are thought to
be created by ab initio pollution with material processed through
the CNO cycle. These stars have low carbon but high nitrogen
abundances due to extreme pollution and mixing. These stars
tend to be Li-rich, but Matsuno et al. (2018) did not report any
Li enhancement in Y5. It however does not show significantly
different abundances from the disk population, except for phos-
phorus but the corresponding spectral line, if existing, is very
weak (see Fig. 11). Matsuno et al. (2018) comments however on
the enhancement of Na and K, but on Fig. 10, they do not clearly
stand out. We note that Hawkins et al. (2016) also find a high Na
abundance for this star. Since most of these weak G-band stars
are not in binary systems, the nature of the polluter progenitors
is poorly constrained. Y5 has relatively hot kinematics which is
very consistent with the thick disk.

Y6: KIC 11823838. This is a red clump binary star
with enough RV measurements to characterize its orbit (see
Appendix B.1). With ten RV measurements it is possible to
estimate a 816-day period. This star presents enhanced [P/Fe]
and [N/Fe] ratios, as well as a [C/N] ratio on the verge of the
expected trend for normal RC stars. Matsuno et al. (2018) found
a K enhancement of 0.8 dex but the K APOGEE abundance is
normal. Matsuno et al. (2018) did not find enhancement of other
neutron-capture elements. Y6 is the star with the lowest [C/Fe]
ratio in the sample, and shares similar properties to Y5, making
it another candidate for a low-mass weak G-band star candidate,
but Y6 is a binary. Its kinematics is among the hottest of our
sample, but still consistent with the thick disk.

Y8: KIC 10525475. This is a red clump binary that was iden-
tified from seven HERMES RV measurements spanning 1300
days. These measurements are not numerous enough to charac-
terise the orbit. Y8 has low [Na/Fe] and [Cr/Fe] abundances, and
a slightly enhanced [K/Fe] ratio (although this might be a tem-
perature effect). Matsuno et al. (2018) find moderate enhance-

ment of K but solar values for Cr. C and N are normal in
APOGEE for this star, but its [C/N] ratio does not obey the
[C/N]-mass relation for red clump stars.

Y9: KIC 9002884. This is a binary red giant star identified
from eight HERMES RV measurements spanning 1300 days; the
mean HERMES and APOGEE RVs disagree. A circular orbit
of period 594 d has been derived (Table B.4). While its [C/N]
abundance ratio follows the expected trend with mass, its [N/Fe]
abundance is significantly enhanced.

Y11: KIC 11445818. This is a red clump star that does not
seem to be binary, as concluded from 22 RV HERMES mea-
surements spanning 2200 days, as well as consistent HERMES,
APOGEE, and Gaia RVs. Unlike Y5, Y11 has normal C and N
abundances compared to stars of the same metallicity, but its C
abundance is very high compared to other stars of the same mass.
Its [C/N] ratio does not follow the [C/N]-mass relation for red
clump stars. Y11 is the most [P/Fe]-enhanced star in our sam-
ple. Its line is however still very weak (Fig. 11), and could be
blended with another metallic line since Y11 is relatively metal-
rich and cool compared to the other stars in our sample; hence the
APOGEE P abundance could be an upper limit. All the other abun-
dances and kinematics agree well with the disk populations. The
abundances derived by Matsuno et al. (2018) from optical spec-
troscopy are normal as well. This star could be a good candidate
for a truly young α-rich star if its [C/N]-age relation followed the
bulk of APOKASC-3, but that is not the case.

Y15: KIC 11753104. This RGB star was identified as binary
from seven HERMES RV measurements spanning 1600 days. Its
[C/N] abundance ratio is normal, but its [N/Fe] ratio is enhanced,
as well as Ca and O. Its other abundances are normal, except for
Cr which is a bit low compared to the disk stars.

Y26: KIC 3662233. This red giant branch star was found to
be a binary from seven HERMES RV measurements spanning
1600 days. Its abundances are all normal, except for Na which is
depleted. The Na line is however very weak in Y26 (see Fig. 11).

5.2. Undermassive stars

These are Y19 (90% contour in Fig. 8) and Y20 (90% con-
tour). Both have been quoted as undermassive by Yu et al. (2018)
and Li et al. (2022), therefore their low masses were not sub-
jected to a systematic analysis in APOKASC-3. Both stars have
a mass of 0.6 M� (±0.14 and 0.15 M� respectively; Table 1),
and although it is possible that they are low-mass horizon-
tal branch stars (see Fig. 7), some of their abundance ratios
and their extremely low mass make them deserve further dis-
cussion. We wish to clarify that the quoted mass uncertainties
encapsulate both systematic and random sources of uncertainty,
and that the systematic uncertainties are not negligible in this
regime. As mentioned above, both stars have been flagged as
low mass by Yu et al. (2018) and Li et al. (2022), as well as
by up to seven different analysis pipelines within APOKASC,
but the exact scale of asteroseismic masses has been disputed
(Gaulme et al. 2016). This scale is particularly challenging to
derive for low-metallicity stars (e.g., Epstein et al. 2014) and
core helium-burning stars (An et al. 2019) where the asteroseis-
mic correction factors are important (e.g., Sharma et al. 2016).
Given that situation, and the fact that our Galaxy’s evolution-
ary history predicts the majority of α-rich clump stars to be
uniformly old, we expect the mass dispersion at a given metallic-
ity to be a better tracer of the measurement uncertainties in this
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regime, and to offer a better way to determine whether stars are
offset from the bulk of the population. Among the main popula-
tion of α-rich clump stars (see Fig. 8), the average mass seems
to be metallicity-dependent, but its (almost uniform) spread is
only about 0.05 M�, which likely represents the majority of the
random measurement uncertainties in this regime. Given that sit-
uation, Y20 and particularly Y19 are not expected to have a sig-
nificantly lower mass than other α-rich clump stars of similar
metallicity (see more details in Appendix D).

Undermassive stars offer an interesting opportunity to study
the poorly understood process of mass loss in red giant stars.
Figure 7 has shown that some models are consistent with
the location of Y19 and Y20 on the blue edge of the red
clump/horizontal branch. These models have an initial mass of
0.9 M� and a metallicity of −0.5 and reach the blue horizontal
branch within the age of the universe when a RGB mass loss of
at least 0.2 M� is considered. However, our stars have masses
below 0.7 M�, suggesting that the mass loss should have been
higher than 0.2 M� on the RGB for Y19 and Y20. Quantifying
the amount of mass loss in individual low-mass stars is still a
matter of debate. In the detailed study of mass loss in clusters
of age 7 Gyr, Miglio et al. (2012) found that the mass loss might
be at most 0.1−0.2 M� during the RGB (see also Yu et al. 2021),
arguing that very low-mass RC stars must originate from a differ-
ent channel. Salaris et al. (2016) analysed metal-poor stars in the
globular cluster 47 Tuc and concluded that the mass loss along
the RGB must be between 0.17 and 0.23 M� for stars of metallic-
ity −1 dex, which is lower than the metalllicity of Y19 and Y20.

There are extremely few stars with M < 0.7 M� in the
RC in APOKASC (this is why Y19 and Y20 were selected,
because they stand beyond the 90% mass-distribution contour),
suggesting that stars with masses that low might have expe-
rienced unusually high mass loss. While models considering
larger amounts of mass loss than the canonical ones predict Y19
and Y20 to be on the horizontal branch, it seems odd that in this
case APOKASC would include so few such stars. Perhaps there
is another mechanism that formed Y19 and Y20, for example
stripping mass due to binary interactions.

Very recently, Li et al. (2022) published the discovery of
about 40 red giant stars that have only partially transferred their
envelopes; therefore they are not hot subluminous stars of spec-
tral type B (sdB) but simply very low-mass giant stars. Their
study is based on APOKASC, and Y19 is one of the low-mass
red giants they uncovered. Li et al. (2022) have ran stellar evolu-
tionary models with a progenitor mass of 1.5 M� that lost differ-
ent amounts of mass due to binary stripping. They were unable
to reproduce masses of 0.6 M� with standard evolution without
binary interaction, even when including mass loss in their mod-
els. It was found that after losing part of its envelope, the mass-
losing star has a structure essentially identical to that of a star
that began its life with such a low mass and did not experience
stripping. Li et al. (2022) claim that it is impossible to decipher
how much mass a star has lost based on its current properties.
However, the 0.6 M� models without mass loss are older than
the universe, while the mass-loss models with binary interaction
produce realistic ages for the very low-mass stars.

Individual cases
Y19: KIC 9644558. After monitoring this star with HER-

MES for 1600 days and securing six RVs, no evidence of vari-
ability was found. The average HERMES, APOGEE, and Gaia
velocities are all consistent with each other. Therefore this star
is likely single. It is the warmest star of the sample, with a tem-

perature of 5100 K. Its abundances are at the edge of the disk
population, and follow the expected trend when displayed as
a function of temperature. The exceptions are [Na/Fe], [P/Fe],
[K/Fe], and [Cr/Fe], but considering the weakness of the corre-
sponding lines, we should rather consider Na, P, and Cr abun-
dances as upper limits. Y19 deviates from the main trend in
the [C/N]-mass relation for red clump stars. Given its [C/N]
abundance ratio, this star should be more massive than inferred
from asteroseismology. Its [C/Fe] ratio is normal for its metal-
licity and mass. Its [N/Fe] abundance is slightly enhanced for
its metallicity, and very enhanced for its mass. Li et al. (2022)
have included this star in their sample of undermassive stars.
They used MIST isochrones to estimate the lower-mass limit
that a star with Y19 metallicity can have if it lives for 13.8 Gyr
and reaches the zero-age-helium-burning phase. That mass cor-
responds to 0.87 M� (Li, priv. comm.), which is larger than Y19
derived mass, even including a generous amount of 0.2 M� for
mass loss (their Fig. 2). Their analysis considered a mass for this
star of 0.57 ± 0.2 M�, lower than the value adopted by us but
consistent with the uncertainties. Li et al. (2022) thus ran mod-
els for this star including stripping from binary interaction, but
from our analysis Y19 is not a binary.

Y20: KIC 9946773. This star does not show significant RV
variations from the six HERMES measurements spanning 1600
days so that we consider it to be a single star. Li et al. (2022)
did not flag this star as undermassive because its current mass
is consistent with a MIST isochrone that includes the generous
mass loss of 0.2 M� at a metallicity of −0.6. This star is indeed
less extreme than Y19 and could well have experienced an evo-
lution with mass loss during its RGB phase without the need to
advocate binary interaction. Yet, its mass is still systematically
below most of red-clump stars in the sample, hinting at Y20 hav-
ing experienced a larger mass loss than its peers, or it started
with an initial mass at the lower edge of the disk population. We
note that this star is more metal-poor than most of the stars in
the sample, including most of the APOKASC stars (Fig. 14),
which makes it hard to compare Y20 with other APOKASC
stars. Because of its high temperature, Y20 has P and Cr spectral
lines too weak to measure the corresponding abundances. The
low abundances reported by APOGEE are probably in this case
very uncertain. We cannot assess whether the [C/N] ratio and
the C and N abundances of Y20 are normal because we have no
control APOKASC RC stars at these metallicities. Nevertheless,
Na and O are enhanced, suggesting that some extra mixing hap-
pened in this star. Y20 has a quite large radial action and could
therefore have formed at larger Galactic radii, where the ISM has
a lower chemical enrichment history.

6. Conclusion

In this paper we have extensively studied the nature of a sam-
ple of young α-rich stars in the APOKASC catalogue. These
stars have masses that are higher than typical α-rich stars in the
Galaxy, and therefore point toward an interesting formation sce-
nario. We have performed a long-term RV monitoring campaign
using the HERMES spectrograph in La Palma, Spain, which
has allowed us to assess with enough confidence if the stars
are in binary systems or not. From this stellar sample we have
further used information about the chemistry from APOGEE
DR16, the RVs, and astrometry from Gaia DR2 and DR3, and
the inner properties such as masses and evolutionary stages from
APOKASC-3 to study their nature.
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Using the evolutionary stage of the stars we could separate
red clump from red giant branch stars and select carefully the
overmassive from the normal stars. We found that the most mas-
sive stars tend to be single, which is in agreement with the pop-
ulation synthesis models of Izzard et al. (2018) who predicted
that the most massive ones should be the product of mergers
while the others could result from either mergers, mass transfer
via RLOF or winds allowing for a variety of binaries and single
stars in their models.

The new masses from APOKASC-3 also allowed us to find
that two of our initially selected overmassive stars are in fact
undermassive, which means their masses are below the turn-off
mass of globular clusters of 0.8 M�. While mass loss in some
models might explain masses below 0.8 M� at the red clump,
accounting for masses of 0.6 M� might require further under-
standing of mass loss. One of the stars studied here was already
reported by Li et al. (2022) to be a stripped giant from a binary
companion, but we find it to be RV constant in this study.

From the astrometric Gaia data we found that the stars fol-
low the dynamical properties of other thick disk stars, according
to previous works in the literature (e.g., Zhang et al. 2021). From
the APOGEE DR16 data we could investigate further the chem-
ical abundances finding that most of the abundances are consis-
tent with thick disk stars. We found however some anomalies
in elements that might be sensitive to nonstandard stellar evo-
lution, such as C, N, Na, P, and K. We further found very low
abundances of Cr for some of the stars. These abundances in any
case need to be confirmed with spectra of higher resolution or in
a different wavelength range because the lines in APOGEE are
very weak and could be blended.

Overall from our analysis we conclude that the young α-
rich stars are most likely product of binary interaction and are
not truly young. The variety of possibilities to form them when
binary evolution is involved is large and therefore they cannot
be expected to show all the same observational properties. In
fact, they are quite different from each other. Some are short- or
long-period binaries, and others appear to be single. Some have
typical chemistry, others have enhanced or depleted abundances
of a particular element. Some follow the usual trends of [C/N]
with mass, others stand out. Some have an IR excess, others
do not (Yong et al. 2016). Some have high masses, others very
low (Li et al. 2022). They all however seem to be similar in their
kinematics, sharing their origin with the thick disk, hence shar-
ing its formation epoch at least 8 Gyr ago. Our detailed study,
however, cannot rule out the possibility that some of the stars in
our sample (like Y25) might still be truly young.

It is long known that determining ages of stars is among the
most challenging tasks in astrophysics. We need to have very
precise and accurate measurements of several observables such
as stellar parameters, distances, and oscillation modes in the
case of asteroseismology. These measurements need to agree
with well-calibrated stellar models which accurately describe
stellar evolution, including poorly understood processes such as
mass loss, mixing or convection. But even if stellar models and
observational measurements are becoming precise and accurate
in modern astronomy, there will always be a good chance that
some stars are born in pairs and exchange material throughout
their lifetimes. In that case, accurate models and measurements
will not be sufficient for dating stars, since its current mass does
not tell us for how long a given star has existed.

From this relatively small sample of 41 red giants we could
already see how much can be potentially learned from the evo-
lution of red giant stars when long-term RV monitoring, high-
resolution spectroscopy, asteroseismology, and astrometry is

available for them. We could grasp the rich variety of signatures
that binary evolution might produce. It is exciting to realise how
we are entering a new golden epoch to study these processes in a
statistical manner. The arrival of Gaia DR3 combined with TESS
and PLATO in the near future, and the new spectroscopic surveys
such as SDSS-V, WEAVE or 4MOST being soon released will
offer immense opportunities. In the near future we will learn to
distinguish single from binary stars, and so be able on the one
hand to apply our best stellar models to precise measurements of
individual stars and properly reconstruct the Milky Way history,
and on the other hand, to address the long-standing problems of
stellar evolution theory.
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Appendix A: Main differences in masses between
APOKASC catalogues

In Figure A.1 we compare the masses reported by APOKASC-
1 (our original sample for selecting the stars), and the final
masses to be published as part of APOKASC-3. One can note
that uncertainties have notably decreased, and that some stars
that in APOKASC-1 were reported to have masses above 1 M�,
in APOKASC-3 have masses below that value.

The significant changes in the distribution and categorization
of our objects of interest likely stem from the evolution in the
analysis that occurred between the first APOKASC data release
and the most recent sample. In APOKASC-1 (Pinsonneault et al.
2014), the analysis focused on a much smaller sample of stars,
and they were analyzed using techniques that had been devel-
oped for dwarf stars (e.g. Chaplin et al. 2014). In particular, νmax
and ∆ν values were inferred from a single analysis pipeline, and
then four other pipelines were used for confirmation and outlier
rejection. The resulting parameters were then combined with the
spectroscopic temperature and metallicity measurements, either
raw or calibrated, and compared to the predictions of stellar
models (similar to Stello et al. 2009; Basu et al. 2010, 2012;
Gai et al. 2011; Chaplin et al. 2014). Evolutionary states were
only inferred from asteroseismology for a fraction of the stars
(∼25%), and so could not be used as a generic prior on the fits.
Results were quoted from a single combination of observables,
grid modeling framework, and underlying models, and the vari-
ance in the fits was used to define an uncertainty. No further
calibrations were applied.

In the intervening time, it became clear that the methods
used in APOKASC-1 were not entirely optimal. Epstein et al.
(2014) showed that the results were particularly lacking
accuracy at low metallicity, and further work suggested that
stellar models of red giants tended to be offset from observa-
tions as a function of mass and metallicity (Tayar et al. 2017;
Joyce & Chaboyer 2018a,b; Salaris et al. 2018), which likely
biased the inferred parameters. As part of the APOKASC-2 anal-
ysis (Pinsonneault et al. 2018), estimates of evolutionary state
were substantially improved (Elsworth et al. 2019). In addition,

Fig. A.1. Comparison of masses reported by APOKASC-1 and
APOKASC-3.

it was realized that different seismic pipelines tended to pro-
duce results with constant offsets, and so averaging them, after
calibration, could be used to improve the seismic precision.
Rather than using a grid of models directly, and inheriting their
uncertainties, model-derived corrections to the scaling relations
were applied (Pinsonneault et al. 2018) and empirical calibra-
tions were used to put the whole sample onto the mass scale
of open clusters. APOKASC-3 (M. Pinsonneault et al., in prep)
inherits the same underlying averaging and empirical calibration
framework, but instead uses the large ensemble of radii from
Gaia that are now available to determine a νmax - dependent cal-
ibration to the scaling relations in order to ensure accuracy as
well as precision.
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Appendix B: Complementary information on
binarity

Table B.1 collects all information about binarity at hand from
the different data sources (see Sect. 2). Criteria flagging a star
as binary are marked in bold face, and binary stars appear as
open squares in figures throughout the paper. Table B.2 provides
a comparison of the Gaia DR2 and DR3 RVs for our target stars.
Table B.3 provides the individual HERMES RVs for all sample
stars. The full table is only available at CDS.

B.1. Orbits

We present in Fig. B.1 and Table B.4 the orbits of KIC 11823838
(Y6), KIC 5512910 (Y7), KIC 9002884 (Y9), and KIC 3455760
(Y12), computed along the guidelines described in Pourbaix
(1998).
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Fig. B.1. Orbits and O-C residuals of KIC 11823838 (Y6, Top panel),
KIC 5512910 (Y7, Second panel), KIC 9002884 (Y9, Third panel), and
KIC 3455760 (Y12, Bottom panel).
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Table B.1. Results of the HERMES and APOGEE RV monitoring are displayed in columns 3 to 8 and 9 to 11, respectively, and are statistically
combined in columns 12 to 14. Columns RV and σ list the mean RV and the corresponding standard deviation. The probability Prob of the star
being in a binary system, from the HERMES data alone (and adopting an uncertainty of 0.07 km s−1) is listed in column 5 (in fact, Prob is the
probability integral of the χ2 distribution from 0 to the observed χ2 value for N − 1 degrees of freedom) are tabulated as well. N denotes the total
number of HERMES or APOGEE RV measurements for each star and ∆t is the number of days between the first and the last observation. The
value F2 in column 13 corresponds to the F2-statistics of the combined HERMES-APOGEE RVs, assuming a 0.4 km s−1 offset between their
zero points and a minimum uncertainty on the RVs of 0.09 km s−1 (see text). Columns 15 to 18 correspond to the Gaia DR2 RV measurements,
which cover the time span JD 2456863.5 to 2457531.5 (2014 July 25 to 2016 May 23), just prior to the HERMES monitoring thus. The column
labelled ε lists the expected uncertainty on the Gaia DR2 RV (see text). The column labelled ∆RV under the heading Gaia DR2 corresponds to
RVHERMES − RVDR2. ∆RV under the heading APOGEE corresponds to RVHERMES − RVAPOGEE, after applying the zero-point offset of −0.40 km s−1

to the APOGEE velocities. Values in bold face identify binary signatures. The last column summarizes the situation regarding binarity, collecting
the diagnostics from HERMES, Gaia DR2, and APOGEE. When the only binary signature is an offset between Gaia DR2 and HERMES, the star
is flagged as ’SB?’.

HERMES APOGEE Gaia DR2 HER
HER & APO

&APO & DR2
Star class RV ± σ F2 Prob N ∆t SB RV ± σ N ∆RV σ F2 SB RV ± σ ε ∆RV SB SB

(km/s) (d) (km/s) (km/s) (km/s) (km/s) (km/s) (km/s)

O1 AP 5.56 ± 2.33 41 1.0 7 1390 SB 8.23 1 -2.67 2.36 45 SB 1.86 ± 1.39 1.04 3.70 SB SBe

O2 AP −16.30 ± 0.11 1.2 0.8762 8 1083 −16.26 ± 0.06 3 -0.04 0.10 0.77 −15.62 ± 0.47 0.78 -0.68
O3 AR −29.27 ± 3.39 53 1.0 7 1392 SB −22.13 1 -7.14 4.03 66 SB −30.39 ± 2.40 0.87 1.12 SBa SBc

O4 AR −150.89 ± 0.23 2.6 0.9953 3 708 −151.01 ± 0.03 3 0.12 0.16 2.2 - - - -
O5 AP 5.84 ± 0.14 2.1 0.9807 7 1082 6.23 ± 0.16 5 -0.39 0.24 6.9 SB 6.15 ± 0.23 0.42 -0.31 SB
O6 AP −30.86 ± 0.12 1.4 0.9162 7 1391 −30.78 1 -0.08 0.12 1.3 −30.06 ± 0.47 1.41 -0.80
O7 AP 2.00 ± 0.07 -0.6 0.2840 6 1390 1.98 ± 0.07 2 0.02 0.06 -0.92 3.18± 1.00 1.37 -1.18
O8 AP −46.47 ± 0.10 0.7 0.7537 9 1392 −46.75 ± 0.11 3 0.28 0.16 3.5 SB −47.73 ± 0.58 1.11 1.26 SB
O9 AP −69.82 ± 0.12 1.3 0.9073 8 1128 −69.77 ± 0.06 4 -0.05 0.10 0.92 −69.45 ± 0.27 0.64 -0.37
O10 AP 6.99 ± 0.09 0.2 0.5624 7 1393 6.96± 0.25 8 0.03 0.19 5.3 SB 7.55 ± 0.84 0.81 -0.56 SB
O11 AP −5.98 ± 0.07 -0.6 0.2677 7 1392 −5.93 ± 0.07 3 -0.05 0.07 -0.82 −5.41 ± 0.29 0.50 -0.57
O12 AP 29.21 ± 0.12 1.3 0.9021 7 1391 29.09 ± 0.10 5 0.12 0.13 2.1 29.97 ± 0.40 0.99 -0.76
O13 AP −41.42 ± 0.09 0.2 0.5625 6 1389 −41.01 ± 0.08 3 -0.41 0.22 5.2 SB −41.19 ± 0.52 0.80 -0.23 SB
Y1 YAR −5.78 ± 0.10 0.6 0.7089 13 1080 −5.75 1 -0.03 0.09 0.49 −4.80 ± 0.41 0.94 -0.98
Y2 YAR 6.30 ± 0.20 4.0 1.0 7 1382 SB 6.11 ± 0.15 3 0.19 0.20 4.9 SB 7.02 ± 0.63 1.00 -0.72 SB
Y3 YAR −83.48 ± 0.13 2.0 0.9795 10 2208 −83.78 ± 0.05 3 0.30 0.18 4.5 SB −82.95 ± 0.49 0.82 -0.53 SB
Y4 YAR −70.62 ± 3.30 30 1.0 3 648 SB −75.73 1 4.31 3.71 41 SB −70.54 ± 1.48 0.82 -0.08 SBc

Y5 YAR −86.11 ± 0.10 0.7 0.7430 8 1382 −86.10 ± 0.05 5 -0.01 0.08 -0.17 −85.98 ± 0.60 1.12 -0.13
Y6 YAR −24.07 ± 4.52 71 1.0 8 1386 SB −18.41 ± 0.20 2 -5.66 4.65 83 SB −19.71± 1.84 0.61 -4.36 SB SBb,c

Y7 YAR −39.23 ± 2.16 41 1.0 8 1382 SB −39.16 1 -0.07 2.02 43 SB −36.65± 1.51 2.39 -2.58 SBb

Y8 YAR −44.36 ± 1.22 24 1.0 7 1387 SB −39.98 1 -4.38 1.92 38 SB −43.58 ± 0.75 0.58 -0.78 SBd

Y9 YAR −33.45 ± 3.19 55 1.0 8 1381 SB −37.98 ± 0.10 5 4.43 3.34 76 SB −31.94 ± 0.93 0.55 -1.51 SB SBb,c

Y10 YAR −56.97 ± 0.12 1.6 0.9454 10 2213 −56.94 1 -0.03 0.12 1.5 −56.59 ± 0.25 0.62 -0.38
Y11 YAR −26.73 ± 0.08 -0.3 0.3809 11 2208 −26.75 1 0.02 0.08 -0.44 −25.95 ± 0.70 1.18 -0.78
Y12 YAR −46.81 ± 0.81 25 1.0 13 1842 SB −46.80± 1.08 8 -0.01 0.90 35 SB −45.74 ± 0.38 0.70 -1.07 SBb

Y13 YAR −62.15 ± 0.09 -0.1 0.4566 14 1488 −62.30 ± 0.06 3 0.15 0.10 0.79 −61.73 ± 0.15 0.37 -0.42
Y14 AR −45.46 ± 0.08 -1.6 0.0063 2 309 −44.97 ± 0.11 5 -0.49 0.26 5.6 SB −44.90 ± 0.41 1.22 -0.56 SB
Y15 AR −54.79 ± 0.21 4.1 1.0 7 1604 SB −55.68 1 0.89 0.37 9.2 SB −55.57 ± 0.57 1.52 0.78 SB
Y16 YAR −15.15 ± 0.03 -2.0 0.0223 5 1603 −15.25 ± 0.00 2 0.10 0.05 -1.3 −14.63 ± 0.27 0.83 -0.52
Y17 AR −67.70 ± 0.08 0.1 0.5427 4 1603 −67.71 ± 0.06 2 0.01 0.07 -0.43 −66.45 ± 0.57 0.80 -1.25
Y18 YAR 2.17 ± 0.15 2.1 0.9812 6 1604 2.18 ± 0.03 2 -0.01 0.13 1.7 3.55 ± 0.77 0.77 -1.38
Y19 AR −41.10 ± 0.06 -0.9 0.1893 6 1604 −41.03 1 -0.07 0.06 -0.90 −40.28 ± 0.45 0.82 -0.82
Y20 AR −30.63 ± 0.15 2.0 0.9768 6 1603 −30.87 1 0.24 0.16 2.8 −31.05 ± 0.65 0.66 0.42
Y21 AR −30.71 ± 0.07 -0.4 0.3427 7 1602 −30.89 ± 0.12 5 0.18 0.13 2.4 −29.91 ± 0.75 1.40 -0.80
Y22 AR 75.64 ± 0.05 -1.2 0.1128 6 1604 75.89 ± 0.08 3 -0.25 0.14 2.3 76.37 ± 0.46 0.47 -0.73
Y23 AR −121.84 ± 0.07 -0.4 0.3349 5 1605 −122.02 1 0.18 0.10 0.57 −121.06 ± 0.40 0.47 -0.78
Y24 AR −51.08 ± 0.07 -0.3 0.3895 5 1603 −51.31 ± 0.04 2 0.23 0.13 1.8 −49.72 ± 0.40 1.01 -1.36
Y25 AR −49.41 ± 0.52 13 1.0 9 1604 SB −43.35 1 -6.06 1.98 44 SB −43.23± 1.32 1.37 -6.18 SB SBd

Y26 AR −87.78 ± 3.94 59 1.0 7 1604 SB −84.22 ± 0.25 3 -3.56 3.65 70 SB −93.54 ± 0.55 0.67 5.76 SB SBd

Y27 AR −3.60 ± 0.09 0.3 0.6345 6 1602 −3.65 ± 0.04 3 0.05 0.08 -0.13 −2.15±0.94 1.94 -1.45
Y28 YAR 9.06 ± 1.03 20 1.0 6 1606 SB 11.15 ± 0.14 3 -2.09 1.32 31 SB 9.40 ± 0.52 0.85 -0.34 SB

Notes. aThe Gaia eDR3 RUWE (’reduced unit-weight error’) parameter is 4.01 for this star, further indicative of its binary nature. bSpectroscopic
orbit available from HERMES data (see Appendix B.1). cSpectroscopic orbit available from Gaia DR3 (see Appendix B.1). dFirst-degree RV trend
in Gaia DR3 eSecond-degree RV trend in Gaia DR3
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Table B.2. Gaia DR2 and DR3 radial velocities. RUWE is the ’reduced unit weight error’ from Gaia DR3. ’renormalized_gof’ is the renormalized
goodness-of-fit of Gaia DR3 RVs and ’Prob’ is the p-value of the renormalised DR3 χ2 (see Gaia DR3 documentation). The SB assignment in the
last column has been copied from Table B.1 whereas the SB DR3 assignment is based on Prob being smaller than 0.01. The column ’NSS Rem.’
lists the assignment made by the ’non-single star’ (NSS) team (Gaia Collaboration 2023) to any one of the subtypes ’first-degree RV trend’ (1D
trend), ’second-degree RV trend’ (2D trend), or ’SB orbit’ (SBO), as listed in Table B.4.

Star RVDR2 ± σ εDR2 RVDR3 ± σ RUWE renormalized_gof Prob SB NSS Rem.
(km/s) (km/s) (km/s) DR3 all

O1 1.86 ± 1.39 1.04 3.49 ± 1.13 1.06 11.45 0.00 SB SB 2D trend
O2 −15.62 ± 0.47 0.78 −15.95 ± 0.24 0.93 -1.36 0.90
O3 −30.39 ± 2.40 0.87 −30.42 ± 1.36 4.01 22.88 0.00 SB SB
O4 - - −150.05 ± 1.76 0.99 -
O5 6.15 ± 0.23 0.42 5.98 ± 0.18 0.97 0.28 0.23 SB
O6 −30.06 ± 0.47 1.41 −31.05 ± 0.45 0.91 -0.91 0.81
O7 3.18 ± 1.00 1.37 2.15 ± 0.37 0.95 -0.59 0.63
O8 −47.73 ± 0.58 1.11 −47.66 ± 0.55 0.85 1.21 0.06 SB
O9 −69.45 ± 0.27 0.64 −69.64 ± 0.25 1.05 0.39 0.31

O10 7.55 ± 0.84 0.81 7.14 ± 0.23 0.87 -0.37 0.56 SB
O11 −5.41 ± 0.29 0.50 −5.65 ± 0.17 0.94 0.52 0.11
O12 29.97 ± 0.40 0.99 29.67 ± 0.30 0.87 0.06 0.46
O13 −41.19 ± 0.52 0.80 −40.79 ± 0.24 0.90 -0.18 0.45 SB
Y1 −4.80 ± 0.41 0.94 −5.46 ± 0.32 0.95 -0.51 0.59
Y2 7.02 ± 0.63 1.00 6.13 ± 0.37 0.88 0.41 0.31 SB
Y3 −82.95 ± 0.49 0.82 −83.04 ± 0.28 1.06 0.53 0.19 SB
Y4 −70.54 ± 1.48 0.82 −72.05 ± 0.75 1.29 9.74 0.00 SB SB SBO
Y5 −85.98 ± 0.60 1.12 −85.69 ± 0.45 0.99 0.15 0.53
Y6 −19.71± 1.84 0.61 −23.56 ± 1.31 1.47 25.84 0.00 SB SB SBO
Y7 −36.65± 1.51 2.39 −38.62 ± 1.24 1.19 0.33 0.27 SB
Y8 −43.58 ± 0.75 0.58 −43.79 ± 0.45 1.05 8.31 0.00 SB SB 1D trend
Y9 −31.94 ± 0.93 0.55 −33.81 ± 0.80 1.10 16.15 0.00 SB SB SBO

Y10 −56.59 ± 0.25 0.62 −56.94 ± 0.23 0.82 0.39 0.23
Y11 −25.95 ± 0.70 1.18 −26.90 ± 0.39 0.95 -1.06 0.83
Y12 −45.74 ± 0.38 0.70 −46.52 ± 0.31 1.03 3.90 0.00 SB SB
Y13 −61.73 ± 0.15 0.37 −61.90 ± 0.13 1.07 -1.18 0.67
Y14 −44.90 ± 0.41 1.22 −45.01 ± 0.54 0.99 0.38 0.99 SB
Y15 −55.57 ± 0.57 1.52 −55.68 ± 0.43 0.94 -1.30 0.91 SB
Y16 −14.63 ± 0.27 0.83 −15.13 ± 0.23 1.00 -0.30 0.52
Y17 −66.45 ± 0.57 0.80 −67.25 ± 0.23 0.86 0.38 0.36
Y18 3.55 ± 0.77 0.77 2.39 ± 0.37 0.87 1.62 0.26
Y19 −40.28 ± 0.45 0.82 −40.45 ± 0.32 0.89 0.17 0.32
Y20 −31.05 ± 0.65 0.66 −30.89 ± 0.33 0.82 1.03 0.08
Y21 −29.91 ± 0.75 1.40 −30.35 ± 0.77 1.01 4.43 0.00 SB
Y22 76.37 ± 0.46 0.47 75.93 ± 0.25 0.94 0.88 0.11
Y23 −121.06 ± 0.40 0.47 −121.46 ± 0.16 0.99 -1.12 0.79
Y24 −49.72 ± 0.40 1.01 −51.00 ± 0.33 0.98 -0.61 0.68
Y25 −43.23± 1.32 1.37 −46.48 ± 1.07 1.83 8.09 0.00 SB SB 1D trend
Y26 −93.54 ± 0.55 0.67 −92.53 ± 0.37 0.90 4.68 0.00 SB SB 1D trend
Y27 −2.15±0.94 1.94 −3.10 ± 0.72 1.06 1.18 0.04
Y28 9.40 ± 0.52 0.85 8.99 ± 0.38 0.93 1.61 0.08 SB
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Table B.3. Individual radial velocities. The first column lists the KIC identifier, the second column the Julian Date, and the third column the
barycentric radial velocity. The long-term uncertainty on each RV is 0.07 km s−1. The full table is available from CDS, Strasbourg.

KIC JD RV
(km s−1)

1432587 2457232.6041087 -69.96
1432587 2457542.6037500 -69.77
1432587 2457564.6391761 -69.68
1432587 2457599.5249996 -69.99
1432587 2457601.5896846 -69.94
1432587 2457940.6157278 -69.73
1432587 2458280.6954023 -69.76
1432587 2458361.5447534 -69.76
2142095 2457232.5567835 -16.41
2142095 2457541.5000000 -16.42
2142095 2457564.5794659 -16.37
2142095 2457599.5111468 -16.39
2142095 2457601.5772863 -16.31
2142095 2457866.7037368 -16.15
2142095 2458284.5117667 -16.18
2142095 2458315.7041689 -16.18

... ... ...

Table B.4. Orbital elements obtained from HERMES or Gaia DR3.

KIC P e ω T0 V0 K f (M) N σ(O −C)
(d) (◦) (JD-2 400 000) (km s−1) (km s−1) (10−2 M�) (km s−1)

9157260 (O3 - DR3) 675 ± 30 0.30 ± 0.04 313 ± 11 57351 ± 18 −25.7 ± 0.3 8.64 ± 0.41 3.9 ± 1.3 23 -
11394905 (Y4 - DR3) 591 ± 14 0.19 ± 0.09 170 ± 23 57600 ± 35 −71.6 ± 0.2 3.71 ± 0.32 0.30 ± 0.11 22 -
11823838 (Y6 - HER) 915.8 ± 0.6 0.15 ± 0.01 320 ± 3 56103 ± 8 −22.61 ± 0.02 6.09 ± 0.05 2.07 ± 0.05 10 0.04
11823838 (Y6 - DR3) 894 ± 14 0.26 ± 0.04 312 ± 7 57019 ± 16 −22.50 ± 0.16 6.62 ± 0.21 2.4 ± 0.3 23 -
5512910 (Y7 - HER) 1659.5 ± 5.4 0.36 ± 0.03 40 ± 3 59 093 ± 19 −40.35 ± 0.07 3.39 ± 0.07 0.55 ± 0.04 9 0.13
9002884 (Y9 - HER) 593.8 ± 0.8 0.079 ± 0.005 338 ± 7 57533 ± 12 −34.40 ± 0.02 3.94 ± 0.04 0.37 ± 0.01 13 0.07
9002884 (Y9 - DR3) 585 ± 16 0.034 ± 0.064 288 ± 96 57451 ± 155 −34.41 ± 0.16 4.09 ± 0.23 0.41 ± 0.03 21 -
3455760 (Y12 - HER) 918.1 ± 2.8 0.460 ± 0.006 303 ± 1 58753.2 ± 1.7 −46.54 ± 0.01 1.52 ± 0.01 0.0235 ± 0.0007 21 0.08

Notes. P is the orbital period, e is the eccentricity, ω the argument of periastron, T0 the epoch of periastron passage, V0 the velocity of the centre
of mass of the system, K the semi-amplitude of the velocity variations, f (M) the mass function, N the number of observations, and σ(O − C) the
standard deviation of the O-C (’observed - calculated’) residuals.
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Appendix C: Binary frequencies among specific
stellar groups

C.1. YAR, AR, and AP

Table C.1. Binary frequencies among chemical classes AP, AR, and
YAR. p1 is the one-sided p-value for the corresponding 2×2 contin-
gency table (see text).

Mthresh = 1.3 M�

class NSB NnonSB %SB p1(%)

AR 5 9 35.71
YAR 9 7 56.25
Tot 14 16 46.67
p1(%) 22.5
AP 5 6 45.45
AR 5 9 35.71
AP + AR 10 15 40.00
YAR 9 7 56.25
Tot 19 22 46.34
p1(%) 24.3
YAR + AR 14 16 46.67
AP 5 6 45.45
Tot 19 22 46.34
p1(%) 61.3

Binary frequencies among AP, AR, and YAR stars are listed in
Table C.1. To quantify this, the various subpanels of Table C.1
can be seen as 2 × 2 contingency tables

( a b
c d

)
, where f1 − f2

can be used to measure the degree of disproportion between the
frequencies appearing on the first and second lines, with f1 ≡
a/(a + b) = a/N1 and f2 ≡ c/(c + d) = c/N2. If the frequencies
listed on lines 1 and 2 correspond to independent quantities, then
the probability of occurrence of any such

( a b
c d

)
array with N1

and N2 fixed is expressed by the hyper-geometric distribution
[N1! N2! (a+c)! (b+d)] / (N! a! b! c! d!), with N = N1+N2. The
one-sided p-value corresponds to the probability of occurrence
of that particular array plus the probabilities associated with all
other possible arrays whose degree of disproportion | f1 − f2| is
equal to or greater than that of the observed array. For instance,
the one-sided p-value associated with the array

( 2 10
5 8

)
is the sum

of the probabilities associated with the occurrence of that array
and of those having even more extreme degrees of disproportion,
namely

( 1 11
6 7

)
and

( 0 12
7 6

)
.

To flag significant differences between binary frequencies in
our sample, the p-value should thus be as small as possible. The
p-values listed in Table C.1 correspond to the exact Fisher test
for a 2 × 2 contingency table (see Jorissen et al. 2016)1

The first line of the contingency table on top of Table C.1
refers to AR stars and the second one to YAR stars, whereas the
first column refers to the number of binary stars and the second
column to the number of nonbinary stars. The contingency table
in this case corresponds to

( 5 9
9 7

)
, and the corresponding p−value

of 0.93 reflects the absence of significant difference in binary fre-
quencies between AR and YAR stars. By combining the AP and
AR against YAR samples, as done in the middle of Table C.1,
an almost equally poorly significant result is obtained with a
p−value of 0.91. Finally, the lower part of Table C.1 shows the

1 They are derived using the fisher_exact routine from the
scipy.stats library of python.

contingency table of all α−rich (AR and YAR) against the AP
sample. The p−value here is 0.61.

In summary, the largest difference in the frequencies of bina-
ries and nonbinaries is found when separating the samples on
YAR and AR categories, in which 36% of the AR stars are bina-
ries compared to 56% of YAR stars, but the difference is not
significant given the p−value of 23%.

C.2. Uncertainties due to the adopted definitions of groups

Our classification of stars as AP, AR or YAR described in
Sect. 2 contains some degree of arbitrariness associated with the
adopted mass and [α/Fe] thresholds. In this section we therefore
study the impact of these thresholds on the derived binary fre-
quencies.

We could for instance have set the mass threshold for YAR
stars at M > 1.4 M� as in Paper I and Martig et al. (2015)
instead of M > 1.3 M� adopted throughout this work. On the
other hand, in Paper I, the O stars were selected on the condi-
tion M < 1.2 M� (corresponding to stars with ages above 6 Gyr
which is the threshold used by Zhang et al. 2021).

If one considers YAR stars as having masses above 1.4 M�
and AR stars as having masses below 1.2 M�, the binary fre-
quencies for YAR and AR stars are 37.5% (4/9) and 25%, respec-
tively, slightly different from those listed in Table C.1, but with
a high p-value of 62%. If we adopt instead a conservative cut
at M < 1.0 M� for AR stars (old thick disk), keeping the YAR
threshold at M > 1.4 M�, then the binary frequencies are 33%
for YAR stars and 15% for AR stars (corresponding to a one-
sided p-value of 60% but the sample of AR stars is small).

The second source of arbitrariness is the chemical threshold
for separating AR from AP stars. We define AR and AP stars fol-
lowing Eq. 2 but could have adopted our initial criterion (Eq. 1).
In that case, we obtain 61% of YAR being binaries, and 35% of
AR being binaries.

Another important aspect to consider is the uncertainty on
the masses and chemical abundances. By running a Monte-Carlo
simulation over the uncertainties on the masses and chemical
abundances, we can estimate the uncertainty in the binary frac-
tion of each category by counting the AP, AR, YAR stars in each
simulation. To do so, we assigned to each star a random value for
the mass and abundances drawn from a normal distribution cen-
tered on the value given in Table 1 and with a standard deviation
equal to the corresponding uncertainty on the mass, [α/Fe] or
[Fe/H]. These values are on average 0.1 M�, 0.008 dex and 0.008
dex, respectively. Counting the binaries in each stellar group in
1000 realisations, we find a mean binary frequency of 0.52±0.04
for YAR stars, 0.40 ± 0.04 for AR stars, and 0.44 ± 0.02 for AP
stars, indicating that mass and abundance uncertainties are not
the major source of uncertainty on the binary fractions.

Although the binary frequencies do depend on the cuts
adopted for defining the different populations, these variations
never reach the level necessary to make the AP, AR, YAR binary
frequencies differ significantly from one another, as may be
judged from the above p−values which never reached below
22%.

If anything, we may conclude that the frequency of binaries
among YAR stars seems slightly larger than among AR stars,
but not at all in a statistically-significant manner, whereas the
binary frequency among AR and simply AP seem identical, but
we cannot rule out the possibility that all AR stars are old α−rich
stars that have evolved without binary interaction.

We comment that these frequencies cannot be directly com-
pared to other multiplicity frequencies as a function of stellar
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parameters found in other studies such as Badenes et al. (2018)
or Mazzola et al. (2020), because our sample is still very small
and it does not intend to be representative of the red giant popula-
tion in the disk nor has been corrected for selection biases. Here
we have attempted to see if YAR stars have a higher tendency to
be in binary systems compared to other lower-mass stars in the
disk, and our analysis shows this is not the case.

C.3. Overmassive, undermassive, and bulk

Table C.2 shows the 2 × 2 contingency tables for the new
groups defined in Sect. 4.1 following the same line of thought
as Table C.1. Again, there is no significant difference in the
binary frequencies for the different groups considered here. Fur-
thermore, it is difficult to compare the binary frequencies among
overmassive and undermassive stars, since there are only two
undermassive stars. From here we conclude that regardless of
how the samples are defined (YAR, AR, and AP or overmassive,
undermassive, and bulk), the binary frequencies are not signifi-
cantly different. We remark that our analysis considers the dif-
ferent above categories as a whole, that is, there is no attempt
to study possible variations of the binary frequency within each
category as a function of other stellar properties.

Table C.2. Binary frequencies among the classes "overmassive",
"undermassive", and "bulk". p1 is the one-sided p-value for the cor-
responding 2×2 contingency table.

Mthresh = 80% contours

Class NSB NnonSB % SB p1(%)

overmassive 11 9 55.00
bulk 8 11 42.11
Tot 19 20 48.72
p1(%) 31.4
undermassive 0 2 0.00
bulk 8 11 42.11
over + undermassive 11 11 50.00
bulk 8 11 42.11
Tot 19 22 46.34
p1(%) 42.5
overmassive 11 9 55.00
undermassive 0 2 0.00
Tot 11 11 50.00
p1(%) 23.8
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Appendix D: Discussion about mass uncertainties
of Y19 and Y20

Both stars were processed by up to seven pipelines in the
APOKASC analysis, so their resulting masses are robust. The
measurement errors and spread between the pipelines are a little
bit larger, reflecting a slightly less precise estimate than usual,
but those errors are properly propagated into the mass uncer-
tainty. In addition, the fact that it also came out low when ana-
lyzed by for example Yu et al. (2018) and Li et al. (2022) points
toward an uncertainty that is not a simple systematic error in
APOKASC-3 measurements.

Because these stars are in the clump and have low masses,
the corrections to the δν the small frequency interval, which
depends on models) vary more than usual from pipeline to
pipeline. That is expected given that we are in a parameter range
where such corrections have had less calibration and some of
the modeling choices matter more. Still these stars always come
out as having low masses, therefore there is no obvious seismic
indication that their calculated masses could be incorrect.

Given that the uncertainties on the masses include both ran-
dom and systematic contributions, we compare Y19 and Y20 to
the ensemble of other stars.

The upper panel of Fig. D.1 shows the mass and metallicity
distribution of the red clump sample for the α−enhanced stars,
similar to Fig. 8. Here we only show Y19 and Y20 as crosses.
From the error bars one might think they could well be nor-
mal stars whose uncertainties are large. The lower panel in that
figure, however, shows the distribution of uncertainties, distin-
guishing random from systematic. While systematic uncertain-
ties are larger for lower masses, which is explained by the dis-
cussion above, the random uncertainties are comparable for all
stars.

Assuming that the large error bars mean that they could be
part of the normal ensemble thus implies that these stars are not
affected by the same systematic effects than all other stars, which
is unlikely.
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Fig. D.1. Upper panel: Mass and metallicity density distribution of red
clump α−enhanced stars in APOKASC-3 alongside with Y19 and Y20
with crosses. Lower panel: Same distribution as above but now random
uncertainties are plotted with orange bands and systematic uncertainties
with gray error bars.
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