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ABSTRACT

Young alpha-rich (YAR) stars have been detected in the past as outliers to the local age − [α/Fe] relation. These objects are enhanced
in α-elements, but they are apparently younger than typical thick disc stars. Here, we study the global kinematics and chemical
properties of YAR giant stars in the APOGEE DR17 survey and show that they have properties similar to those of the standard thick
disc stellar population. This leads us to conclude that YAR are rejuvenated thick disc objects, and the most likely explanation is
that they are evolved blue stragglers. This is confirmed by their position in the Hertzsprung–Russel diagram (HRD). Extending our
selection to dwarfs allowed us to obtain the first general straggler distribution in an HRD of field stars. We also compared the elemental
abundances of our sample with those of standard thick disc stars and found that our YAR stars are shifted in oxygen, magnesium,
sodium, and the slow neutron-capture element cerium. Although we detected no sign of binarity for most objects, the enhancement
in cerium may be a signature of a mass transfer from an asymptotic giant branch companion. The most massive YAR stars suggest
that mass transfer from an evolved star may not be the only plausible formation pathway and that other scenarios, such as collision or
coalescence, should be considered.
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1. Introduction

The majority of disc stars present a trend positing that older
stars have higher values of [α/Fe]. This can be explained in
the context of Galactic chemical evolution: stars born at early
times were formed from a gas enriched in α-elements produced
by Type II supernovae (SNe), which dominated the chemical
enrichment in the initial epochs. Over time, the production
of Fe by Type Ia SNe lowered the level of [α/Fe] (Tinsley
1979; Matteucci & Greggio 1986). The presence of two differ-
ent stellar populations in the Galactic disc has been confirmed
through the presence of two well defined and well separated
sequence in the [α/Fe] − [Fe/H] plane (e.g. Fuhrmann 2011;
Haywood et al. 2013; Recio-Blanco et al. 2014; Hayden et al.
2015), where the so-called high-α stars are older than the low-
α ones (e.g. Haywood et al. 2013; Bensby et al. 2014). Young
α-rich (YAR) stars have been known since at least the study of
Fuhrmann & Bernkopf (1999), who noted the abnormally young
age of HR 4657 given its [α/Fe] abundance ratio (see also
Fuhrmann et al. 2011, 2012). They stand out as outliers to the
general trends. For instance, some YAR objects were noted in
Haywood et al. (2013), and discussed further in Haywood et al.
(2015), as outliers of the observed [α/Fe] − age correlation
of solar neighbourhood stars. Additional works have made use
of new asteroseismic measurements and spectroscopic observa-
tions to identify YAR objects being part of a population of stars
that cannot be explained by standard chemical evolution models.
They are found to be α-enhanced (typically [α/Fe] > 0.1 dex)
but younger (age < 6.0 Gyr) than the typical high-α old thick
disc stars, with a typical mass of 1.5 M� (e.g. Chiappini et al.
2015; Martig et al. 2015; Jofré et al. 2016; Matsuno et al. 2018;
Silva Aguirre et al. 2018; Sun et al. 2020; Zhang et al. 2021;
Jofre et al. 2023). The fraction of YAR stars is estimated to be
∼6% of the α-rich population (Martig et al. 2015).

Until now, two explanations for the origin of YAR stars have
been proposed. One possible idea relies on star formation events
in the region of the bar corotation area (Chiappini et al. 2015). In
this view, the gas in this region would be kept isolated for long
time, so that YAR stars that formed from this cloud may show the
same chemical enrichment of thick disc stars, but are younger in
age. In support of this thesis, Chiappini et al. (2015) found the
YAR stars of their sample to be located in the inner region of the
Galaxy and having dissimilar kinematics from other α-rich stars.
The second explanation follows the evolved Blue Stragglers sce-
nario. Blue straggler stars (BSSs) are believed to be the result of
either a stellar merger (Hills & Day 1976; Momany et al. 2007)
or mass transfer in binary systems (McCrea 1964; Paczyński
1971; Webbink 1985). In both cases, they have experienced an
episode of mass acquisition and for this reason, they can be iden-
tified as stars bluer and brighter than turn-off stars in clusters.
The measured masses of these stars do not reflect their ages, but
the age expected from their high mass is lower than their true
age. Considering this point of view, YAR stars are then thought
to be stragglers stars of the thick disc, namely, rejuvenated thick
disc stars (e.g. Martig et al. 2015; Yong et al. 2016; Izzard et al.
2018). A plausible approach to probing this scenario is to search
for the evidence of mass transfer due to binary evolution in the
spotted YAR sample of stars. Jofré et al. (2016) and the follow-
up work (Jofre et al. 2023), for instance, made a radial velocity
monitoring campaign using the HERMES spectrograph to eval-
uate whether YAR stars were or were not part of binary systems.
In particular, in Jofre et al. (2023), the authors concluded that
YAR stars are very likely to be products of mass transfer, thus
they would effectively not be young. Moreover, if YAR objects
are rejuvenated thick disc stars, their kinematics and spatial dis-
tribution in the Galaxy should be the same as those of this pop-
ulation. This has been verified by recent works, as in Sun et al.
(2020) and Zhang et al. (2021), where the LAMOST dataset was
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used to compare the characteristics of the thick and thin disc
samples with the identified YAR population.

In this paper, we aim to provide stronger constraints on the
thick disc straggler scenario by examining and comparing the
global properties of the YAR objects found in the APOGEE
Data Release 17 (DR17; Abdurro’uf et al. 2022). To achieve this
goal, we utilised the age estimates from the value added cat-
alogue apogee_astroNN − DR17 (hereafter, the astroNN cata-
logue; Leung & Bovy 2019)1. These age estimates are derived
from the [C/N] ratio-mass relationship, making them a useful
tool for examining objects that are believed to have formed due
to an increase in the parent star’s mass, such as YAR stars. It
is worth noting that the astroNN catalogue does not provide
direct stellar mass estimates, but they are reflected in the age
estimates. In the following section, we describe how we selected
our YAR candidates. Section 3 presents the general properties of
our sample, including the Hertzsprung-Russel diagram (HRD),
the metallicity and α abundances, and the kinematic properties
of our YAR stars. In Sect. 4, we look for possible YAR accreted
candidates, while in Sect. 5 we discuss the individual chemical
patterns of our stars. In Sect. 6, we extend our selection to all
gravities. We discuss our results in Sect. 7 and present our con-
clusions in Sect. 8.

2. Data

We used the APOGEE atmospheric parameters and stellar abun-
dances from data release 17 (allStarLite-dr17-synspec_rev1).

When using abundances, we selected 364 605 stars flagged
as ASPCAPFLAG bit 23 == 0 (no flag for BAD overall for
stars), EXTRATARG == 0 (main survey stars) and S/N > 50.
The resulting selection contains stars with widely different atmo-
spheric parameters, as illustrated by the distribution of log g for
the whole sample (see Fig. 1). We divided the sample into three
groups according to log g: red giants at log g < 2.2, clump giants
at 2.2 < log g < 2.7, and dwarfs at 3.5 < log g < 4.45 (top
panel of Fig. 1). As illustrated in the bottom panel of Fig. 1,
the stars in these three groups sample different ranges of mean
radius Rmean, defined as the mean of the galactic pericenter dis-
tance and the galactic apocenter distance. They also have chem-
ical patterns that differ significantly (Fig. 2) for reasons that are
possibly related to intrinsic age and mass distributions of each
of these type of stars, but also to the spectroscopic analysis on
different type of stars.

2.1. Age estimates

We used age and orbital parameter estimates provided by the
astroNN catalogue. Stellar ages in astroNN were estimated, as
explained in Mackereth et al. (2019), using a Bayesian neural
network trained on asteroseismic ages. The age estimates are
based on the [C/N] abundance ratio. This ratio is modified dur-
ing the first dredge-up, when the star starts the red giant branch
(RGB) phase. The intensity of the mixing (hence, the amplitude
of the change of the [C/N] ratio) is linked to the depth of the first
dredge-up, which is itself linked to the mass of the star. For this
correlation to appear, it is necessary for the star to have passed
the first dredge-up, after leaving the subgiant phase; therefore,
this is not expected to apply to the case of dwarfs. The [C/N]
abundance ratio has been utilised in numerous works in liter-
ature for dating giant stars, with the first being the work by

1 The astroNN python package is available at https://github.com/
henrysky/astroNN.
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Fig. 1. Distributions of surface gravity and mean radius of APOGEE
DR17 flag selected stars. The log g normalised histogram is shown at
the top. The dashed vertical lines represent the thresholds chosen to
select stars in three log g intervals (red giants: log g < 2.2, in orange; red
clump stars: 2.2 < log g < 2.7, in purple; dwarfs: 3.5 < log g < 4.45,
in green). The mean orbital radii density histogram of the selected stars
separated into the three log g intervals is shown at the bottom, with the
same legend as in the top panel.

Masseron & Gilmore (2015). The median uncertainty on ages
reported in Mackereth et al. (2019) from applying their proce-
dure to the DR14 is 30%, while these authors also caution that
ages above 10 Gyr are probably underestimated, by as much as
3.5 Gyr.

Figure 3 shows the age − [α/Fe] distributions for the three
types of stars selected to be within 8 kpc from the Galactic cen-
tre. This figure illustrates that the age scale for the different types
of stars is different, with the break between thin and thick disc
stars occurring at 6, 8, and around 9–10 Gyr, respectively, for
red clump stars, giants, and dwarfs; this suggests ∼2 Gyr offsets
between the different age scales. The top plot shows that α-rich
dwarf stars were correctly identified as old objects because, in
fact, the neural network model probably learned that the α-rich
stars are old stars in general. The age− [α/Fe] relation for clump
stars (bottom plot) shows two high-α sequences. This feature is
caused by the possible contamination by red giant stars of the
red clump-selected sample. Because of the difference in the age
scales for red giants and red clump stars, and the fact that the
former cover a wider range in mean radii, we focus this study
on red giants. We comment on clump and dwarf YAR stars in
Sect. 6.

For binaries that are stragglers, it is expected that the change
in the [C/N] ratio will depend on when the mass transfer or
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Fig. 2. [Fe/H] − [α/Fe] distributions for dwarfs, red giants and clump
stars within 3 kpc from the Sun. The red lines in each panel illustrate our
definition of low and high-α stars. The coloured lines represent stellar
density iso-contours: 90%, 70%, 50%, 30%, 15%, 10%, and 5% of the
peak density.

merger occurs. If the straggler forms before the start of the
ascent of the red giant branch, then the [C/N] ratio is expected
to decrease as in a normal massive star. If it forms later, [C/N]
may not be affected by the formation of the straggler and it will
not be correlated with the mass of the straggler. This implies that
thick disc stars detected as apparently young (and truly massive)
on the basis of their [C/N] ratio will represent only a fraction of
stars of the thick disc that have acquired mass due to the straggler
mechanism. An unknown fraction of stars will remain unde-
tected as stragglers because their [C/N] ratio will remain unaf-
fected by the mass transfer or merger of the system. In Sect. 3.1,

0 2 4 6 8 10 12
Age [Gyr]

0.1

0.0

0.1

0.2

0.3

0.4

[
/F

e]

Dwarf stars

0 2 4 6 8 10 12
Age [Gyr]

0.1

0.0

0.1

0.2

0.3

0.4

[
/F

e]

Red giant stars

0 2 4 6 8 10 12
Age [Gyr]

0.1

0.0

0.1

0.2

0.3

0.4

[
/F

e]

Red clump stars

Fig. 3. Age − [α/Fe] distributions for dwarfs, giants, and clump stars,
as defined in Sect. 2 at Rmean < 8 kpc from the Galactic centre. Red
giants and red clump stars are selected to have an error on age below
2 Gyr. The coloured lines represent stellar density iso-contours: 90%,
70%, 50%, 30%, 15%, 10%, and 5% of the peak density.

we show that the objects selected as YAR on the basis of the
age estimates drawn from the [C/N] ratio are effectively more
massive than standard thick disc stars.

2.2. The young α-rich (YAR) sample

We defined our sample of YAR by selecting bright red giants
(log g < 2.2) with age less than 4 Gyr; age error less than 3
Gyr; [α/Fe] > 0.15 dex at [Fe/H] > 0 dex and [α/Fe] >
−0.075 × [Fe/H] + 0.15 dex below solar metallicity, so that they
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Fig. 4. Sample used in this study divided in three separate intervals of mean radius: 0–6 kpc (top panels), 6–9 kpc (middle panels), and 9–20 kpc
(bottom panels). The number of stars above the line at [α/Fe] = 0.15 and younger than 4 Gyr is indicated on each plot. All the stars in this figure
were selected to have an error on age below 3 Gyr.

are located above the red line in the central upper panel of Fig. 2
(which divides the high-α thick disc sequence from the low-
α thin disc sequence). In this way, we selected our sample of
249 stars. Figure 4 shows our sample divided into three differ-
ent intervals of mean radii from the Galactic centre: 0–6, 6–9,
and 9–20 kpc. The number of YAR stars increases sharply from
Rmean > 9 to Rmean < 6 kpc, as expected if these objects are dom-
inated by thick disc stars. The precise fractional number of stars
of both the thick disc and YAR samples for different rangesof the
radius is listed in Table 1. The choice of the limit on the age error
impacts the number of low-metallicity stars. Selecting stars with
errors on their ages lower than 3 Gyr essentially removes all stars
below metallicity of −0.9 dex, except for the youngest objects,
with ages lower than 4 Gyr (visible in the age-metallicity dis-
tribution plots). Setting limits at ages lower than 4 Gyr and age
errors lower than 3 Gyr comes from a compromise between stars
that can reasonably be considered as bona fide young alpha-rich
objects and the total number of objects. The mean error on age
of the YAR is 2.08 Gyr.

We made use of the Gaia DR3 data (Gaia Collaboration
2023a) to investigate the binarity of our YAR sample. In partic-
ular, we explored the renormalised unit weight error (RUWE)
included in the gaia_source table. Indeed, this parameter
expresses an indication of the astrometric solution quality of
a source and can then give a good hint of a star being in an

Table 1. Fractional number of stars for thick disc and YAR samples in
different mean radii ranges.

N0−6/N6−9 N6−9/N9−20

Thick disc 2.98max=3.04
min=2.92 2.66max=2.75

min=2.56

YAR 4.16max=5.24
min=3.35 2.65max=4.02

min=1.81

Notes. The second column represents the fraction of star within 6 kpc
from the galactic centre over the stars in the range 6–9 kpc. The third
column show the analogous quantity but for 6–9 kpc and 9–20 kpc
ranges. The fraction can be minimised or maximised (min and max)
taking into account the Poisson uncertainties of N0−6, N6−9, and N9−20.

unresolved multiple system (this affecting the goodness and the
uncertainty of the astrometric solution). Only 9 stars out of the
249 (about 4%) in our sample display a value of ruwe > 1.4.
This is the typical value above which the parallax measure-
ment of a source can be considered less reliable (Lindegren et al.
2021). For this reason, we can expect sources characterised by
ruwe > 1.4 as likely multiple systems. In addition, just two
YAR stars in the sample are catalogued as binaries (specifically,
a single-lined spectroscopic binary and a combined astromet-
ric + single lined spectroscopic orbital model binary) by the
nss_two_body_orbit catalogue of the non-single stars (NSS)
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Fig. 5. HRD of the YAR stars with log g < 2.2 and [Fe/H] > −1. The colour of the points is coding age (left plot) and metallicity (right plot). In
both panels the small grey dots in background represent the thick disc reference sample (details of the selection are given in Sect. 2.2).

tables of Gaia DR3 (Gaia Collaboration 2023b). A possible rea-
son for such a low percentage of multiple systems among our
YAR sample can be the possible small orbital separation of the
system detected, which should not significantly impact the astro-
metric solutions (as suggested in Kounkel et al. 2021). In addi-
tion, as we discuss in Sect. 7, straggler stars can be the product of
a merging or a coalescence phenomenon. We note that the YAR
object formed in this case is a single star.

The source table of Gaia DR3 provides as well two vari-
ability indicators based on radial velocity time series: the radial
velocity renormalised goodness of fit (rv_renormalised_gof)
and the P-value for constancy based on a chi-squared criterion
(rv_chisq_pvalue). They are both limited to stars brighter
than GRVS = 12. The selection that we adopted (suggested in
the Gaia DR3 documentation) to find potential radial veloc-
ity variable stars also invokes the total number of epochs
used to obtain the radial velocity (rv_nb_transits), namely:
rv_renormalised_gof > 4 AND rv_chisq_pvalue < 0.01
AND rv_nb_transits ≥ 10. 12 YAR stars out of 249 (about
5%) are classified as variable with this method, with 4 of them
having ruwe> 1.4.

For the most complete binarity analysis possible, we finally
explored the radial velocity scatter (corresponding to the param-
eter vscatter) from APOGEE DR17. We catalogued stars as
likely binaries when vscatter> 1 km s−1, as suggested in the
APOGEE DR17 documentation. In fact, the histogram of the
radial velocity scatter (for the complete sample of APOGEE
DR17) peaks at around 70 m s−1 and presents a long tail at higher
scatter values, probably due to variability from stellar binaries.
Thus, 1 km s−1 represents a good threshold compared to the peak
of the distribution. The 21 YAR stars (approximately 8%) are
the outcome of this selection: 3 of them are classified as vari-
able stars through the Gaia DR3 radial velocity and 1 of them
has ruwe > 1.4. In total, from these investigations, 35 of the 249
YAR stars show at least one sign of binarity between RUWE,
Gaia DR3 NSS solution, Gaia DR3 radial velocity time series
and APOGEE DR17 radial velocity scatter and only 1 star shows
signs of binarity in all diagnostics.

We selected a sample of thick disc stars as a reference popu-
lation, defined here as being at [α/Fe] > 0.15 at [Fe/H] > 0 and

[α/Fe] > −0.075 × [Fe/H] + 0.15 below solar metallicity and at
ages greater than 4 Gyr. It contains 24 357 stars.

3. General properties

We go on to study the HRD, metallicity, α-abundance, and kine-
matics of our sample and compare it with the thick disc.

3.1. HRD

Figure 5 shows the (Teff , MK0) HRD of the 249 YAR stars of our
sample colour-coded by age (left panel) and metallicity (right
panel) of the stars. Background grey points are thick disc red
giant stars over the same metallicity interval. The MK0 magni-
tudes were obtained using the AK_TARG estimate of extinction
given in the APOGEE catalogue to correct the K band magni-
tudes, and the distance was taken from the astroNN catalogue.
YAR stars are located to the left of the background distribution,
as expected if they represent the evolution of more massive stars.
We note that (as expected from the left panel of Fig. 5), within
the population of YAR stars, the most massive objects (as mea-
sured by their young age) are hotter than the less massive ones.
The youngest (and most massive) objects and the most metal-
poor occupy the upper left part of the sequence, as expected.
Inversely, the oldest (age greater than 3 Gyr) and most metal-
rich stars are dominant on the bottom-right part of the sequence.

In Fig. 6, we show the analogous HRD of Fig. 5, restrict-
ing the metallicity interval to −1 < [Fe/H] < −0.8 dex, to
focus primarily on the effect of age (or mass). The figure illus-
trates that YAR stars are well detached from the background
population at the same metallicity, due to the increase in mass
producing apparently younger objects. This is clear when look-
ing at the isochrones in the left panel of the figure. The blue
and fuchsia lines represent old (age = 12 Gyr, approximately
the age of the thick disc) and young (age = 2 Gyr) metal poor
([Fe/H] = −0.9 dex) isochrones from MESA Isochrones and
Stellar Tracks (MIST)2, respectively. The position of the two

2 https://waps.cfa.harvard.edu/MIST/
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sequences reflects their age difference and coincides with the
YAR and reference samples.

To confirm these results, we searched for mass estimates
of our stars. These are not provided in the astroNN catalogue,
so we took them from the independent StarHorse3 value-added
catalogue. We caution that YAR mass estimates are made as if
these stars were normal stars and only reflect their position in
the HRD. If these objects are formed through mass transfer or
collision, it is possible that their mass is related a bit differently
to the effective temperature and luminosity, as compared to nor-

3 https://data.sdss.org/sas/dr17/env/APOGEE_STARHORSE/

mal stars. We do, however, expect this difference to be small
(Glebbeek & Pols 2008; Sills 2015) and we view these mass
estimates as useful indicator of the true mass of these objects.
In addition, we validated the StarHorse mass determinations
by comparing them with asteroseismic masses. Figure 7 shows
the APOKASC-3 asteroseismic mass determinations taken from
Jofre et al. (2023) versus the StarHorse estimates. The figure
shows that the two datasets are consistent, with only 5 stars being
severe outliers of the 1:1 relation, highlighted by the red line in
the plot.

Figure 8 shows the mass distribution of the YAR stars and
thick disc sample. Mass estimates are available for 220 of our
YAR stars, that is, for around 88% of the total YAR sample. The
thick disc reference sample has a mass distribution peaked at
0.9−0.95 M� while YAR stars sample a wider range of masses,
with a significant number of stars with masses up to about 1 M�
higher than the thick disc stars. This result is in agreement with
Zhang et al. (2021), and, together with the location of YAR stars
in the HRD, confirms that many of the stars in our sample of
YAR stars are more massive than standard thick disc objects.

3.2. Metallicity, C-, N-, and α-abundance

We now study the metallicity, C-, N-, and α-abundance of our
YAR objects and compare them with our thick disc reference
sample, defined in Sect. 2.2.

In Fig. 9, we display the carbon and nitrogen distribution as
function of the iron content for YAR stars and the thick disc sam-
ple. The plots in the first row show a noticeable stratification in
age across the thick disc sample, with increasing age as [C/Fe]
decreases and [N/Fe] increases. This trend is observed for YAR
objects as well, as emphasised in the bottom panels of Fig. 9,
the YAR stars being located in the region of the plane where
we expect younger (more massive) stars. However we did notice
two groups of outliers: YAR stars at [C/Fe] > 0.3 (left panels of
Fig. 9) and YAR stars at [N/Fe] > 0.75 (right panels of Fig. 9).
The latter group seem to be separated from the rest of YAR in
the [N/Fe]−[Fe/H] plane, outlining a possible bi-modality in the
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Fig. 8. Mass distribution function of the YAR (in black solid) and the
thick disc (in dark grey dashed, and light grey dash-dotted) samples.
f = Ni/Ntot represents the fractional number density where Ni is the
number of stars in each bin of mass and Ntot is the total number of stars
of the sample. The light grey dash-dotted histogram restricts the thick
disc sample to stars with mass errors less than 0.05 M�.

nitrogen distribution. Moreover, these N-enhanced objects corre-
spond to the youngest stars in the HRD of Fig. 5 (left panel, dark
blue colour). They occupy the leftmost position within the YAR
sequence and do not overlap with the thick disc reference sam-
ple. In the top-left panel of Fig. 10, we present the normalised
histograms in metallicity and [α/Fe] for the YAR sample and
the thick disc population in our dataset at Rmean < 20 kpc. The
two samples present some slight differences in the metal-poor
tail of the distribution (−1 < [Fe/H] < −0.9 dex) and at higher
metallicities (−0.4 < [Fe/H] < −0.3 dex), where the YAR distri-
bution decreases sharply with respect to the thick disc. Despite
these dissimilarities, the YAR metallicity distribution function
(MDF) generally resembles the thick disc MDF, sharing sim-
ilar characteristics and both peaking at [Fe/H] ∼ −0.5 dex.
This result is confirmed by the findings of Sun et al. (2020) and
Zhang et al. (2021). Similarly, the plot on the top right of Fig. 10
highlights how the density histogram distribution in α-elements
of the YAR sample clearly follows the thick disc star distribu-
tion. Indeed, they present similar shapes and matching peaks
([α/Fe] ≈ 0.28 dex). However, we notice a small shift (possibly
of about a hundredth of dex) between the two. This shift is con-
firmed when looking at the distributions in the [α/Fe] − [Fe/H]
plane. The bottom-left plot of Fig. 10 shows the stellar density
iso-contours of the entire thick disc sample, together with the
scatter distribution of the 249 YAR stars within 20 kpc. The yel-
low squares in the figure highlight the YAR stars showing at least
one indicator of binarity, while the magenta square shows the
only object that fulfils all indicator of binarity (see Sect. 2.2).
The points follow globally the thick disc distribution (including
the stars targeted as binaries) but are shifted at lower [α/Fe] at
any given metallicity. For comparison, the bottom right plot of
Fig. 10 presents the analogous plot, this time showing the distri-
bution of a sub-sample of thick disc stars randomly selected to
contain the same number of stars of the YAR sample. The white
points perfectly follow the thick disc contours. We come back
on this difference in the Section dedicated to detailed abundance
ratios (Sect. 5).

3.3. Kinematics

We now investigate the kinematics of the YAR stars in our
dataset exploiting the kinematic and orbital parameters given in

the astroNN catalogue. Figure 11 summarises these properties
of our YAR sample compared to stars of the thick disc. YAR
stars present a large spread in the Toomre diagram (top panel)
resembling the characteristics of thick disc stars, the distribution
of which is represented by iso-density contours in the figure. As
shown by the plot, these objects span a considerably large range
of Vr and Vz velocities and tend to rotate more slowly than the
younger disc. The middle panel of Fig. 11 represent another use-
ful kinematic diagnostic: the eccentricity – angular momentum
Lz plane. thick disc stars tend to distribute along the entire range
of eccentricity and the majority of them present low values of
Lz. YAR stars follow this distribution perfectly. The tail at high
eccentricities is due to stars that are trapped in the bar. Finally,
in the bottom panel of Fig. 11, we show the Zmax (maximum
height reached from the Galactic plane) – E (energy) distribu-
tion. Once again, the kinematic properties of YAR stars match
those of the thick disc. In conclusion, the overall kinematic prop-
erties of YAR stars are consistent with the thick disc. This result
is in agreement with the findings of previous works (Zhang et al.
2021; Jofre et al. 2023).

4. Accreted stars

As introduced in Sect. 1, the BSSs are the product of a mass
acquisition event, either via mass transfer or via merger. Consid-
ering that these phenomena are known to occur in other galaxies
(e.g. Momany 2015) we now go on to look at stragglers can-
didates in the accreted stars in APOGEE DR17. The selection
of halo-like population that we describe here was done with an
awareness of the complexity of defining a clear and uncontami-
nated sample of likely accreted stars. We chose red giants with an
eccentricity greater than 0.7, orbital apocentre (Rapo) greater than
10 kpc, gravitationally bound to the Galaxy (Eorb < 0 km2 s−2),
and with errors on distances less than 1.5 kpc, similarly to what
was done in, for instance, Myeong et al. (2022). In order to focus
on the most likely accreted objects, we additionally removed
from the defined halo sample the heated thick disc population
(metal rich halo-like component interpreted as the in situ con-
stituent of the Galactic halo consisting of kinematically heated
thick disc stars (Di Matteo et al. 2019; Belokurov et al. 2020),
picking only stars at [α/Fe] < −0.075 × [Fe/H] + 0.15 dex. We
obtain 254 stars, 25 of which are young (age< 4 Gyr and error
on age < 3 Gyr). Their position in the [α/Fe] − [Fe/H] plane is
highlighted in the panel a of Fig. 12. Most of these stars are char-
acterised by metallicity below −0.6 / −0.8 dex4 and [α/Fe] <
0.20 dex. We show the distribution of the young accreted candi-
dates in the HRD of panel c in Fig. 12. They form a sequence
located to the left of the thick disc stars in the same range of
metallicity ([Fe/H]<−0.8 dex), which is as expected if they are
indeed more massive. The distribution in the Toomre diagram
(plot b) illustrates the difference in kinematics between accreted
YAR stars and those of the thick disc over the same metallic-
ity interval. Most accreted YAR stars have galactic rotational
velocity below 50 km s−1, while most thick disc stars are above
this limit, and in agreement with the main thick disc population.
Panel d of Fig. 12 shows the mass distributions of the young
accreted sample compared to the YAR stars in the same range
of metallicity ([Fe/H] < −0.8 dex). The mass determination is
available for 19 stars and 35 stars, respectively. The distributions
are not normalised and the y-axis represents the real number of

4 We remark that in general we discard from the APOGEE DR17 sam-
ple the stars having [Fe/H] < −1, the age estimate of them being not
reliable (Mackereth et al. 2019).
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Fig. 9. Carbon and nitrogen distributions as a function of metallicity for thick disc and YAR stars. Top plots: thick disc stars are colour-coded
according to their age while YAR stars are shown as black empty circles. Bottom plots: YAR stars are colour-coded according to their ages, while
the thick disc sample is shown as grey points.
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Fig. 11. Dynamical properties of YAR stars (black dots) and thick disc
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20%, 10%, and 1% of the peak density).

stars in each bin of mass. The mass distributions of the two pop-
ulations slightly differ from each other. This is contrary to the
expectations, given the position of the young accreted stars on
the HRD. This sample has indeed masses which peak at around
0.9 M�. The distribution does not extend to the higher end of
the mass range, except for 2 single stars (around 1.3 M� and
2.0 M�). It is possible that our sample is not extensive enough
and that we do not dispose of the statistics necessary to study
this population of stars, especially its mass distribution. In addi-
tion, it is plausible that the [C/N] ratio exploited to determine the
ages listed in the astroNN catalogue (following the method high-
lighted in Mackereth et al. 2019) could lose sensitivity at low

metallicities, causing a less reliable mass (and consequently age)
estimate.

To conclude, given the observational evidence obtained with
this current dataset, we cannot claim with confidence that the
accreted halo-like population contains rejuvenated objects.

5. Other abundance ratios

Chemical abundances can provide additional interesting clues on
the possible formation pathways of YAR stars. Indeed, the for-
mation pathways of stragglers lead to different chemical signa-
tures, depending on how the mass was acquired (mass transfer or
collision) and on the evolutionary phase of the donor star at the
time of the straggler formation. Lombardi et al. (1995, 1996) and
Sills et al. (2001) predict that the collision product will retain a
chemical profile very similar to that of the parent stars, and so
little effect on the surface abundances is expected. On the con-
trary, if stragglers are formed by mass transfer from an evolved
star to its companion, surface contamination by elements typi-
cal of the advanced stage of stellar evolution (s-neutron capture
elements) is expected (i.e. Boffin & Jorissen 1988). Below, we
check whether the chemical abundances of our sample of YAR
stars differ from those of the parent thick disc population.

5.1. α-elements

In the APOGEE DR17 survey, the α-elements abundance is
defined as the combination of O, Mg, Si, S, Ca, and Ti. To inves-
tigate which of these chemical elements are driving the trend of
the YAR distribution described in Sect. 3.2 over the others, we
examined the [X/Fe] − [Fe/H] distributions, in addition to the
normalised histograms, for each individual α-element. We note
that 246 stars and 231 stars out of 249 present estimates for S and
Ti, respectively (while the other α-element abundances are listed
for the entire YAR sample). We found that Mg and O seem to be
the main cause of the discrepancy in the [α/Fe] − [Fe/H] global
distribution. Figure 13 shows the tendency of the YAR sample
distributions to be shifted to lower values with respect to the
thick disc sample’s distributions, particularly at [Fe/H] > −0.4
dex. This trend is confirmed by the measurements of O and Mg
from the astroNN catalogue, which show an even larger dis-
crepancy. Si and S, on the contrary, do not display discrepan-
cies between the two populations, as shown in Fig. 14 (this is
also confirmed by the astroNN abundances). From Fig. 15 it is
noticeable that Ca and Ti distributions exhibit a noticeable shift
between the two samples, opposite to the trend for oxygen and
magnesium. However, these differences are not confirmed by the
astroNN abundances. In particular, the distributions of YAR and
thick disc stars in Ca obtained from astroNN show no differ-
ence, while the Ti distributions exhibit a trend opposite to the
APOGEE Ti abundance determination (TiYAR < TiTHICK DISC).
The stars that were targeted as possible binaries, indicated by
yellow and magenta squares in the corresponding figures, con-
form to the overall YAR trend for each α-element examined. Our
results are partially confirmed by Jofre et al. (2023) who found
that their sample of ‘over-massive’ stars follow the trend in the
individual α-capture elements (from APOGEE DR16) of the
thick disc, while the ‘under-massive’ stars show slightly lower
abundances. An additional validation of our results comes from
Zhang et al. (2021), whose Fig. 8 shows shifts in α-elements dis-
tribution comparable to what we find with APOGEE DR17. Only
the titanium trend in Zhang et al. (2021) presents an inconsis-
tency with APOGEE, displaying a shift more compatible with
the astroNN trend. We remark, however, that titanium has been
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Fig. 12. Chemo-dynamical characterisation of the young accreted candidate sample selected having eccentricity > 0.7 and RAPO > 10 kpc (see
the text for details). The sample is colour-coded by age in panels a and c and is shown in fuchsia in panels b and d. YAR giants stars having
[Fe/H] < −0.8 dex are represented in black in the panels b and d. The under-plotted distribution in the [α/Fe] − [Fe/H] plane represents the red
giants reference population in APOGEE DR17, while in the HRD, the underlying comparison sample is made of thick disc stars stars having
[Fe/H] < −0.8 dex.
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Fig. 13. Comparison of magnesium and oxygen abundance for stars in the YAR sample and stars in the thick disc. Top panels: Thick disc sample
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Fig. 14. Same as Fig. 13 for Si and S.
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Fig. 15. Same as Fig. 13 for Ca and Ti.

noted as problematic in APOGEE DR17 documentation5 for
giants stars, with its measurement in APOGEE DR17 deviat-
ing from the literature expectations. For this reason, we tend
to give more credence to astroNN and Zhang et al. (2021) tita-
nium measurements. We note, however, that even in these cases

5 https://www.sdss4.org/dr17/irspec/abundances/

the difference in the distribution of the two populations is small
(∼0.02 dex) and possibly not significant.

5.2. Al & Na

Overall, 248 stars and 246 stars out of 249 present estimates for
Na and Al, respectively. Figure 16 shows that the YAR stars
are characterised by a content in Al that is consistent with the
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Fig. 16. Same as Fig. 13 for Al and Na.

thick disc reference sample. This is in agreement with astroNN
catalogue, as well as the findings of Zhang et al. (2021) and
Jofre et al. (2023).

The plots of Fig. 16 show a difference of about ∼0.1 dex in
sodium abundance between the YAR stars and thick disc sam-
ple. The Na content is shifted towards higher values, although
this variation is not confirmed by the astroNN data. Zhang et al.
(2021) discarded the Na abundances from the LAMOST spec-
tra in their analysis because of the potential contamination of
sodium features by the interstellar medium. On the other hand,
Jofre et al. (2023) stressed a scattered distribution with different
YAR stars falling off the overall disk distribution. This is justi-
fied by the authors remarking that Na abundance in APOGEE
DR16 was not derived with particularly high precision, having
been obtained from two weak lines (Jönsson et al. 2020). The
BAWLAS catalogue from Hayes et al. (2022) provides an addi-
tional term of comparison for problematic chemical elements for
about 120 000 giant stars in APOGEE DR17. The check done
with BAWLAS confirms the presence of a shift between the YAR
stars and the thick disc distributions of about 0.15/0.20 dex in
Na, suggesting that the shift between YAR and the standard thick
disc population is real.

It has been suggested that mixing could modify the sodium
abundance depending on the mass of the star (see Luck 1994;
Smiljanic et al. 2009; Smiljanic 2012). We plot in Fig. 17 the
Na abundance as a function of stellar mass, for the sample with
available mass determinations (see Sect. 3.1). The standard thick
disc sample is further reduced by selecting stars with the best
[Na/Fe] abundance (error on [Na/Fe] smaller than 0.06 dex) and
presented with grey dots. The YAR stars are plotted as orange
dots, while those with an error smaller than 0.06 dex on sodium
abundance are highlighted with a fuchsia square symbol. The
larger spread in sodium abundance at masses less than 1.2 M�
is an effect of the larger uncertainties in this mass range. The
figure shows that thick disc stars are mostly concentrated in mass
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Mass [M ]
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]
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YAR
YAR, e[Na/Fe]<0.06

Fig. 17. [Na/Fe] − mass distribution of our samples. The orange dots
represent the YAR stars; the fuchsia squares show the YAR stars with
an uncertainty on [Na/Fe] < 0.06 dex; the grey dots symbolise the thick
disc stars, selected to have an uncertainty on mass < 0.05 M� and uncer-
tainty on Na abundance < 0.06 dex.

below 1 M�, with a small group around 1.7 M�. These peculiar
thick disc stars exhibit lower sodium dispersion compared to the
remaining thick disc stars at lower masses. By considering their
position in the HRD, we observe that they are more luminous
than the typical thick disc objects. However, the exact reason
behind their increased mass remains uncertain. We see that YAR
stars are much more dispersed in term of mass, with about 54%
of the sample having a mass higher than 1.2 M�. The plot shows
that the shift to higher [Na/Fe] values is mainly due to these
stars: the mean value of sodium content above this limit is in fact
[Na/Fe] = 0.21 dex, while it is [Na/Fe] = 0.06 dex below. The
lack of YAR stars at [Na/Fe] < 0 dex and masses greater than
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Fig. 18. Same as Fig. 13 for Ce and V.

1.5 M� suggests that the enhanced sodium abundance is linked
to the mass of stars. Stellar models do not uniformly predict
an increase of sodium abundance with stellar mass in the mass
range of our sample (1–2 M�). For example, models with rota-
tion from Lagarde et al. (2012) show a steep increase between
about 1 M� and 2.4 M�, while models without rotation remain
flat to about 2 M�.

5.3. Ce and V

In Fig. 18, we report our results on cerium and vanadium. We
note that 211 stars stars out of 249 have listed estimates of Ce
(while every star in the YAR sample has a V estimate). The dis-
tributions show that YAR objects are more Ce enhanced with
respect to the thick disc stars. This is confirmed by the BAWLAS
abundances, with a similar offset, although the absolute values
are different. Notably, Ce is a neutron-capture element that forms
during the asymptotic giant branch (AGB) evolutionary phase.
The enhancement we see in Fig. 18 could then be the result
of the pollution by an AGB companion through super winds
or Roche Lobe overflow. Vanadium is enhanced by a slightly
smaller amount in the YAR sample compared to the thick disc,
which is confirmed by a similar result from the BAWLAS cata-
logue.

6. Extending to higher gravities

In this section, we explore the possible YAR candidates among
the entire range of surface gravities. We selected candidates with
log g < 3.5 (red clump and red giant stars) by applying the
selection criterion described in Sect. 2.2 (age less than 4 Gyr
and age uncertainty less than 3 Gyr). As mentioned in Sect. 2.1,
the age dating method used in astroNN should not be used with

dwarfs because the [C/N] abundance variation linked to the
stellar mass occurs during the first dredge-up, after the main
sequence phase. For this reason, we directly identified dwarf
straggler (3.5 < log g < 4.45) stars from their position relative to
the main sequence turn-off (TO) point in the HRD (BSSs being
located to the left and to the upper part of the main sequence
TO). We additionally enlarged the original APOGEE DR17 sam-
ple from which the YAR are selected (see Sect. 2), including
stars selected for telluric lines (EXTRATARG==5). In order to
obtain the most comprehensive sample possible, the selection of
dwarf stragglers is subsequently made from this augmented sam-
ple. Figure 19 (top) shows the Gaia HRD of the sample of YAR
stars selected within 2 kpc from the Sun, with points colour-
coded by their age. The distance utilised to obtain the absolute
magnitude are either the distance estimates provided in the cat-
alogue for stars with log g < 3.5 or the inverse of the Gaia par-
allax for stars with log g > 3.5, astroNN distances overestimat-
ing the distances of the nearest stars. We choose to represents
these nearby stars through the Gaia colour-magnitude diagram
rather than the (MK0, Teff) HRD because good estimates of the
extinction are available in visible bands within 2 kpc from the
Sun, while the AK_TARG in the K band given in the APOGEE
DR17 is overestimated. Because of the limit in distance, the
number of giants is reduced, but the dwarf stragglers to the left
and upper part of the thick disc TO (located at MG = 3.6 and
(GBP − GRP) = 0.77) are well visible. They represent around
57% of the overall solar vicinity YAR sample and around 1% of
the solar vicinity thick disc sample. We note that our selection
of dwarf stragglers includes stars that have a measured age of
over 4 Gyr, as shown in Fig. 19 through the use of colour cod-
ing. The bottom plot of Fig. 19 shows the mass histogram of
stars for which a mass is available in the StarHorse catalogue,
illustrating the clear difference between the standard thick disc
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Fig. 19. Properties of 328 dwarf, red clump, and red giant straggler
stars within 2 kpc from the Sun. Top: Gaia HRD. YAR stars are colour-
coded by their age. Red giant stars and red clump YAR candidates with
log g < 3.5 are selected to have an age less than 4 Gyr and an error on
age determination less than 3 Gyr, while dwarfs stragglers candidates
with 3.35 < log g < 4.45 are selected from the position relative to
the turn – off point in the HRD (see the text for details on the selec-
tion). Grey points are thick disc stars within 2 kpc from the Sun not
selected on log g nor age. Photometry has been corrected for extinction
and reddening using the reddening map from Lallement et al. (2019).
Bottom: Mass histogram of YAR stars for which a mass determination is
available from the StarHorse catalogue (270 objects, black histogram),
compared with the thick disc sample of the upper panel (grey dashed
histogram).

sample and the YAR sample. Figure 20 shows the (Teff , MK0)
HRD for the YAR candidates in the entire range of log g and
distances separated in different metallicity intervals. As for the
previous figure, we relied on astroNN distances, except for stars
with 3.5 < log g < 4.45, for which we used the inverse of
the Gaia parallaxes (given that astroNN distances overestimate
the distances of the nearest stars). We also corrected the mag-
nitudes for extinction using the AK_TARG value given in the
catalogue. We select the YAR stars, colour-coded by their age
in Fig. 20, following the same method adopted to obtain the
YAR solar vicinity sample of Fig. 19. In this case, the main
sequence TO utilised to distinguish dwarfs stragglers is located

at (MK0 = 2.2, Teff = 5800 [K]). The fraction of stragglers
selected in each metallicity interval relative to the total num-
ber of stars up to 1 mag below the turn-off is 2.4%, 1.6%, 1.8%,
1.9%, and 2.0%. Among these stars, the percentage of dwarfs
(3.5 < log g < 4.45) is 15.9%, 14.9%, 15.0% 13.8%, and 13.1%.
These numbers of course depend on the definition adopted for
selecting YAR objects and should only be taken as indicative.
This is lower than the number of BSSs found in the oldest open
clusters, where this fraction is an increasing fraction of the clus-
ter age, reaching values above 5% for clusters older than 1 Gyr
(Rain et al. 2021), but this is unsurprising given our conservative
limit on the upper stellar age (4 Gyr) of our YAR stars.

7. Discussion

We show that YAR red giant stars identified as outliers to the
age − [α/Fe] relation have chemical (in term of [α/Fe] and
[Fe/H] distributions) and kinematical characteristics similar to
those of the thick disc population over the same metallicity inter-
val. We show that these YAR are correctly identified as more
massive stars in the HRD, being systematically hotter than stan-
dard thick disc stars and they overlap well with isochrone of
2 Gyr age. Based on this observational evidence, the YAR stars
in our dataset are most probably stars originating from the thick
disc that became stragglers being subjected to a mass increase
by either mass transfer or collision and/or coalescence. Chemi-
cal abundances are our best tools for investigating distinct strag-
gler formation scenarios, considering that scenarios leading to
different chemical patterns depend on several factors. The chem-
ical characteristics of these objects show a possible small sys-
tematic departure (∼0.01 dex/0.02 dex) from the standard thick
disc population for some elements, such as O, Ca, Ti, and Al.
The difference is larger for Na (∼0.1 dex) and is confirmed by
Na abundances obtained by Hayes et al. (2022; BAWLAS cat-
alogue). We relate this to a possible conversion of Na in more
massive stars. Figure 17 highlights that the shift in Na between
the YAR and thick disc populations (visible also in Fig. 16)
is produced from the YAR stars of mass > 1.2 M�. Stars in
this mass range can experience mixing, which can modify the
Na abundance at the surface of the star (Smiljanic et al. 2009;
Smiljanic 2012; Luck 1994). Finally, Ce, a slow neutron-capture
element formed during the AGB phase, shows also a small posi-
tive offset (∼0.1 dex), compared to the standard thick disc popu-
lation also found in the BAWLAS catalogue. Such enhancement
is expected if these YAR stars are component of binary systems
where the more massive companion has evolved to the AGB
phase and transfer some of its mass to the lower mass compan-
ion. Although these differences seem to be real, they are small
and need to be confirmed.

While the mass transfer scenario (by either stellar wind or
Roche lobe overflow, RLO) is in agreement with these obser-
vational indices, it is possible that some of the YAR stars have
been formed through collision or coalescence mechanisms – for
several reasons. First, little or no modification of stellar abun-
dance is expected in the case of collision, as already mentioned
(Lombardi et al. 1995, 1996; Sills et al. 2001), which may be
the case for some of our stars. Second, the mass determina-
tions shown on Figs. 8 and 19 suggest that the highest masses
found may be difficult to achieve with mass transfer through
stellar wind or RLO. Finally, recent studies of the dynamics of
triple systems have shown that secular evolution of these sys-
tems may lead to collisions (He & Petrovich 2018; Toonen et al.
2020, 2022; Grishin & Perets 2022) and could provide an effi-
cient way to form stragglers in low-density environments such
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Fig. 20. MK0 – Teff diagram of YAR candidate stars in the entire log g range in different metallicity intervals. Red giant stars and red clump YAR
candidates with log g < 3.5 are selected on the thick disc sequence to have an age < 4 Gyr and an error on age determination less than 3 Gyr.
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The grey points are stars on the thick disc sequence and no selection on log g nor age.

as the field. In this case, the evolution of the most massive com-
ponent can destabilise the system and lead to the collision of the
two closest components. A merger or coalescence of close bina-
ries can also occur and produce objects that are more massive
than via the mass transfer or wind scenarios (Sills 2015).

8. Conclusions

In this work, we made use of the APOGEE DR17 survey and of
the astroNN value-added catalogue to identify a sample of 249
YAR red giants stars. We selected these objects to be α-enhanced
and younger than 4 Gyr. In the first part of the paper, we char-
acterise the YAR population, comparing the global properties of
the YAR stars with a selected thick disc reference sample (24 357
red giant stars). The relative position of the YAR stars in the
(MK0, Teff) diagram indicates that they are more massive than
the thick disc reference stars. This is also supported by the com-
parison of the mass distributions of the two samples.

Overall, the YAR stars present [α/Fe] and [Fe/H] patterns
which resemble those of the thick disc. However, we point
out the presence of a small discrepancy in the α-distribution
of about ∼0.01 dex: the YAR stars follow the thick disc trend,
but are shifted to lower values of [α/Fe], in particular at
[Fe/H] > −0.4.

From the kinematical point of view, we demonstrate that the
characteristics of our YAR sample stars are similar to those of the
reference thick disc sample. Taking into account the described
properties, we do record the YAR stars in our dataset as part of
the thick disc population. From this outlook these objects are
most likely straggler stars (of the thick disc), as has been previ-
ously suggested (references in Sect. 1).

We searched for candidates of accreted straggler stars in our
dataset, picking out an halo-like population and excluding the so-
called heated thick disc population. We obtained 25 candidates,
however, their analysis led to inconclusive results. Presumably,
this sample is not extensive enough to outline its global proper-
ties with confidence.
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In the second part of the paper, we study the chemical pat-
terns of the YAR stars compared to the thick disc reference sam-
ple. The individual α-elements investigated are O, Mg, Si, S, Ca,
and Ti. In particular, Mg and O seem to be the main cause of
the difference in the [α/Fe] − [Fe/H] distribution between YAR
and thick disc stars. Also, Ca and Ti exhibit a clear shift between
the two samples, but opposite to the trend for oxygen and mag-
nesium. We find a clear offset in sodium of about ∼0.1 dex.
The [Na/Fe]-mass distribution suggests that the enhanced Na
abundance in the YAR stars is linked to their increased masses.
The enhancement could be related to some mixing phenomena,
which could, in turn, depend on the mass of the stars. Lastly,
we notice that the YAR stars tend to be more vanadium- and
cerium-enhanced with respect to the standard thick disc popu-
lation. The case of Ce is noteworthy, considering that s-neutron
capture elements have been proposed as clues to the existence
of mass transfers between an asymptotic giant branch star and a
companion.

Finally, we report the results obtained after extending the
YAR selection criterion to higher gravities in the APOGEE
DR17 dataset. In particular, the dwarf YAR stars are located in
the HRD in the same position where standard BSSs are observed.
The fraction of dwarf stragglers of our dataset is lower than the
number of BSSs found in the oldest (age > 1 Gyr) open clusters,
but this could be due to our conservative cut on age. In light of
these investigations, the formation pathway that is most consis-
tent with our results is that of mass acquisition via mass transfer
in a binary system. However, it is possible that the most massive
straggler stars of our sample have been produced by collision or
coalescence.
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