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ABSTRACT

Context. Carbon abundances in first-ascent giant stars are usually lower than those of their main-sequence counterparts. At moderate
metallicities, stellar evolution of single stars cannot account for the existence of red-giant branch stars with enhanced carbon abun-
dances. The phenomenon is usually interpreted as resulting from past mass transfer from an evolved binary companion now in the
white dwarf evolutionary stage.

Aims. We aim to confirm the links between [C/O] enhancement, s-process element enhancement and binary fraction using large-scale
catalogues of stellar abundances and probable binary stars.

Methods. We use a large data set from the 17" data release of the SDSS-IV/APOGEE 2 survey to identify carbon-enhanced stars in
the Galactic disk. We identify a continuum of carbon enrichment throughout three different sub-populations of disk stars and explore
links between the degree of carbon enrichment and binary frequency, metallicity and chemical compositions.

Results. We verify a clear correlation between binary frequency and enhancement in the abundances of both carbon and cerium,
lending support to the scenario whereby carbon-enhanced stars are the result of mass transfer by an evolved binary companion. In
addition, we identify clustering in the carbon abundances of high-« disk stars, suggesting that those on the high metallicity end are
likely younger, in agreement with theoretical predictions for the presence of a starburst population following the gas-rich merger of the

Gaia-Enceladus/Sausage system.

Key words. stars: abundances — binaries: general — binaries: symbiotic — Galaxy: stellar content

1. Introduction

The chemical properties of Galactic stellar populations pro-
vide important constraints on scenarios for the formation and
evolution of the Galaxy. During the main-sequence stage of stel-
lar evolution, the chemical composition of a star’s atmosphere
reflects that of the interstellar medium it was formed from with
some variation caused by atomic diffusion within the star (e.g.,
Wachlin et al. 2011; Moedas et al. 2022). However, that situa-
tion changes once the star reaches the red giant branch (RGB)
when the products of core main sequence and/or shell H-burning
are mixed with the photospheric material, changing its chemical
composition.

* Corresponding author; steve. foster161@gmail.com

In the case of low- and intermediate-mass (<8 M) stars,
the first dredge-up episode affects the surface composition of
several light elements. In particular, the abundance of C has
a modest decrease (~0.1 dex) and its isotopic ratio, 12c/13¢,
lowers considerably, from 90 to about 20-30 (e.g., Charbonnel
et al. 1998). The effectiveness of this dredge-up decreases with
increasing metallicity (e.g., Salaris et al. 2015). Following this
episode, a poorly understood process known as extra mixing
takes place, lowering the C abundance even more ([C/Fe] ~
—0.4) as the star climbs up the RGB. As a result of these
processes, first-ascent giants are normally expected to present
sub-solar [C/Fe]-abundance ratios (e.g., Busso et al. 1995).

There are two classes of enrichment process that can raise
carbon abundance ratios in stellar atmospheres to substantially
super-solar values. So-called intrinsic enrichment is a result of
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stellar evolution whereby carbon enrichment occurs during the
Asymptotic Giant Branch (AGB) phase when the by-products of
shell He-burning are dredged-up to the surface of the stars. When
this occurs, the atmospheres of AGB stars are also enhanced in
s-process elements such as barium (e.g., Allen & Barbuy 2006).

On the other hand, extrinsic enrichment is responsible for
producing stars in the main sequence or RGB phase that are
enhanced in both carbon and s-process elements. These include
various classes of chemically peculiar objects such as Ba stars
(e.g., McClure & Woodsworth 1990), with near Solar metallici-
ties, CH stars (Keenan 1942) and CH-like stars (e.g., Yamashita
1975; Zamora et al. 2009; Sperauskas et al. 2016), with metal-
licity —1.5 < [Fe/H] < —0.5 and, at lower metallicity (typically,
[Fe/H] < —1.5), CEMP-s' stars (e.g., Beers & Christlieb 2005;
Hansen et al. 2016a). The physical mechanism invoked to alter
the chemical compositions of the atmospheres of these types of
stars is mass transfer in a binary system. According to this sce-
nario, the primary star of the binary system evolves into its AGB
phase and, as a result of the third dredge-up (TDU), its atmo-
sphere becomes enriched intrinsically in carbon and s-process
elements (e.g., Karakas et al. 2022). In binary systems that meet
the necessary physical conditions, transfer of chemically altered
material can take place from the extended atmosphere of the
primary AGB star onto the secondary member, polluting its
atmosphere (e.g., Jorissen et al. 2016). Once the primary star
evolves away from the AGB to the post-AGB phase and then to
the white dwarf phase, the process leaves behind a binary system
composed of a chemically peculiar star with enhanced abun-
dances of carbon and s-process elements, and a much fainter
white dwarf companion (e.g., McClure & Woodsworth 1990).

Observational evidence in support of the above scenario
comes primarily from detection of white dwarf/dwarf carbon
pairs (e.g., Liebert et al. 1994; Heber et al. 1993; Si et al. 2015),
ultraviolet excess in Ba stars (e.g., Bohm-Vitense & Johnson
1985) and the presence of radial velocity (RV) variability in dif-
ferent classes of chemically peculiar stars (e.g., McClure et al.
1980; McClure 1984; Udry et al. 1998; Lucatello et al. 2005;
de Castro et al. 2016; Jorissen et al. 2016; Cseh et al. 2018, 2022;
Stancliffe 2021; Whitehouse et al. 2018) which is indicative of
the presence of a faint binary companion.

The different types of extrinsically enriched chemically
peculiar stars are each associated to specific stellar populations
with some overlap. For instance, Ba stars are metal rich ([Fe/H] >
—0.5) and usually found in the disk (de Castro et al. 2016),
whereas CH stars are typically found in the halo, with —1.5 <
[Fe/H] < —1 (Keenan 1942). CEMP-s stars are also members
of the halo population, exhibiting much lower metallicities (e.g.,
Beers & Christlieb 2005). Within the metal-poor halo, the frac-
tion of carbon-rich stars has been found to be higher at very
low metallicity (e.g., Norris et al. 1997; Lee et al. 2013). It
has been previously proposed that the increased frequency of
carbon-rich stars at lower-metallicity is caused by an increase
in the efficiency of carbon production in low metallicity AGB
stars (Marigo & Girardi 2007). However, recent results from the
AEGIS survey point in a different direction. Yoon et al. (2018)
distinguished CEMP-s stars from the other dominant class of
carbon-enhanced objects in the halo (CEMP-no stars; Beers &
Christlieb 2005) on the basis of differences in their absolute car-
bon abundances, A(C), demonstrating that there appears to be
little increase in the fractions of CEMP-s stars with decreas-
ing metallicity. They contend that the phenomenon is instead
related to the dramatic increase in the fraction of CEMP-no stars

1" Where CEMP stands for Carbon-Enhanced Metal-Poor stars.
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at low-metallicity. Andersen et al. (2016) and also Hansen et al.
(2016b) argue that the mechanism that produces CEMP-no stars
may also be quite different from that which produces CEMP-s
stars and may not even involve mass transfer.

It has been argued that mass-transfer efficiency also may be
a function of metallicity (e.g. Hansen et al. 2016a; Karakas et al.
2002), being more efficient in lower metallicity stars. Moe et al.
(2019) report a strong anti-correlation between metallicity and
binarity for solar-type stars. However, the precise mass-transfer
mechanism responsible for the production of extrinsic carbon-
enhanced stars is still a matter of debate. Some authors claim
that wind accretion is more likely to occur in systems with higher
orbital periods, while in short-period binaries a thermally puls-
ing AGB primary may fill the system’s Roche lobe, causing more
efficient mass transfer to happen (e.g., Han et al. 1995). Other
mechanisms such as pollution by carbon-enriched interstellar
medium cannot be ruled out completely (e.g. Crossfield et al.
2019). Improved mass-transfer simulations have been performed
to try to reproduce the period and eccentricity distributions of
carbon-rich stars (e.g., Starkenburg et al. 2014; Staff et al. 2016;
Abate et al. 2018; Liu et al. 2017).

Predominantly, and with the exception of Ba stars, studies of
carbon-rich stars have focused on halo objects. In contrast, in this
paper we report the identification of a large population of stars
in the Galactic disk by the APOGEE survey. By analysing the
RV variability and residual astrometric motions in relation to the
degree of carbon enrichment of stars in our sample, we conclude
that there is a clear correlation between carbon enrichment and
binarity. We also confirm a corresponding trend in cerium abun-
dance, consistent with mass transfer from an evolved star rich in
s-process elements.

This paper is organised as follows. Sect. 2 describes the
data and sample employed. Sect. 3 presents the criteria adopted
to define carbon-enhanced and carbon-normal stars. Sect. 4
discusses the binary incidence of carbon-enhanced stars. Con-
clusions are summarised in Sect. 5.

2. Data and sample
2.1. APOGEE parameters and initial selection

The data employed in this analysis were obtained as part of
the Apache Point Observatory Galactic Evolution Experiment
(APOGEE), which was part of Sloan Digital Sky Surveys III and
IV (Eisenstein et al. 2011; Blanton et al. 2017, henceforth, simply
SDSS). For a description of the APOGEE survey, see Majewski
et al. (2017); and for further details on the data and the data-
reduction procedures, see Holtzman et al. (2018) and Jonsson
et al. (2020). A description of the APOGEE Stellar Parame-
ters and Chemical Abundances Pipeline” (ASPCAP) can be found
in Garcia Pérez et al. (2016). We used a value-added version,
AstroNN, of APOGEE’s 17" data release (DR17). This contains
additional data on stellar kinematics, calculated using the galpy
package (Bovy 2015) and assuming a McMillan (2017) poten-
tial, as well as stellar ages (Leung & Bovy 2019). The specific
data upon which our results are based consist of the measured
stellar abundances of Fe, C, N, O, Mg, Al, Ce, and radial veloci-
ties (RVs). However, the DR17 catalogue also contains duplicate
entries for around 10% of stars which have been observed for dif-
ferent aspects of the APOGEE programme using different field
plates and different fibre-optic connections and so de-duplication

2 ASPCAP compares stellar spectra to a large library of synthetic spectra
to determine chemical abundances.
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of the catalogue is a necessary first step. For this exercise, the
duplicate entry with the best S/N ratio was used and other entries
discarded. As described below, additional catalogues were used
to add binarity information and to help eliminate globular cluster
members, variable stars, and AGB stars from the sample.

This paper focuses on the stellar populations of the Galactic
disk, including thin- and thick-disk stars, and for that reason our
sample is restricted to stars within 2 kpc® of the Galactic mid-
plane. To remove stars in the Galactic bulge, stars within 4 kpc
of the Galactic centre were eliminated. Also, stars outside of the
Milky Way itself, i.e. stars more than 25 kpc from the Galactic
centre and known GC members were excluded. As these crite-
ria are based on distances, any stars for which the parallax error
in Gaia’s early-third data release (EDR3) was more than 20%
of the parallax were also excluded. Finally, there are some stars
belonging to Milky Way satellites which, due to inaccurate dis-
tances, are included in our disk sample. These have characteristic
abundances in the [Mg/H]-[C/Fe] plane and were removed by
excluding stars with [C/Fe] < —0.25 and [Mg/H] > +0.3.

To maximise the precision of the stellar abundances, we fur-
ther limited the sample to stars whose spectra have S/N >70 per
pixel. A further cut based on T was imposed, 3250 < Tef <
4700 K. On the warm end, the sample is limited because carbon
abundances in DR17 are based on molecular lines which become
vanishingly small in the spectra of warm stars, especially at lower
metallicity, leading to large uncertainties. In addition, those stars
whose [C/Fe] abundance carried uncertainties of 0.05 dex or
more were eliminated. Stars at the cool end of this range may
produce significant amounts of dust, which is not included in
the ASPCAP analysis. We expect most of these stars to be AGB
stars and have taken steps to eliminate them from the sample as
described in Sect. 2.4.

To limit our sample to giants, we further restricted it to stars
with 1.0< logg < 3.6. Consideration of the distribution (see
Fig. 1) of logg vs. Tex showed a number of very cool stars
with gravities that do not correspond to the regions of interest
in the H-R diagram. These stars are suspected to be the result of
systematic errors in the ASPCAP processing and were excluded
from the final sample set.

Furthermore, it was clear from this plot that our sample con-
tained a number of Red Clump (RC) stars, visible as the white
area enclosed by the red lines near the centre of the y-axis
in Fig. 1. These stars are in a core helium burning phase and
have deep convective envelopes and convective cores. (See e.g.
Girardi 2016.) We had two concerns about RC stars. Firstly, con-
vective overshoot may dredge up triple-« process fusion products
that affect the photospheric carbon abundance. Although Spoo
et al. (2022) find no evidence that this process leads to enhanced
levels of carbon in the stellar envelope, our approach to defin-
ing carbon-enhanced stars is sensitive to even small levels of
enhancement which may contaminate our sample with intrin-
sically enriched stars. Secondly, the ages of RC stars in the
value-added APOGEE catalogue show strong clustering which
produces a marked secondary peak in the age distribution of our
sample stars. The stellar ages in APOGEE are derived from C
and N abundances and the onset of the He flash in RC stars
changes those abundances, making the age determination for
these stars unreliable. Consequently, as a precautionary measure
to avoid these problems, we have chosen to remove all RC stars.
We did this by excluding those stars with log g between 2.3 and
2.5and a T > 4500 K.

3 Distances used in this paper are the weighted distances given in the
AstroNN version of the APOGEE DR17 catalogue.

log(g)

3400

4600 4400 4200 4000

Terr

3800 3600

Fig. 1. Distribution of logg vs. Ty showing anomalous stars with
suspected systematic ASPCAP errors. Stars below and to the right of
the blue lines were subsequently excluded. Also excluded where Red
Clump stars, seen as the white area near the centre of the y-axis between
log g = 2.3-2.5 and surrounded by the red lines. The white area below
this is the “red bump” in the RGB.

Table 1. Summary of initial selection criteria.

Criterion Min Max
log g 1.0 3.6
Test 3250K 4700 K
Gaia parallax error 20%
S/N 70

ASPCAPFLAG STAR_BAD
STARFLAG (see text)
Galactocentric distance 4 kpc 25 kpce
Solar distance 4 kpc
Height above/below Galactic plane  -2.0kpc 2.0 kpc

Notes. These criteria are used to filter stars in APOGEE DR17 prior to
elimination of stars with unusable abundances, GC members, RC stars,
AGB stars, and stars with suspected systematic errors.

In addition to the above criteria (Table 1), we removed
from the sample stars which were flagged for STAR_BAD
in the ASPCAPFLAG bitmask, or flagged for BAD_PIXFEL,
COMMISSIONING, VERY_BRIGHT_NEIGHBOUR  or
BAD_RV_COMBINATION in the STARFLAG bit mask in the
APOGEE database, or which have any potential errors flagged
against the elemental abundances being used.

2.2. Summary of APOGEE data and stellar populations

The net result of this and subsequent filtering of the 733 900 stars
in the APOGEE catalogue produced a final sample of 58 842
stars as summarized in Table 2. Please refer to Sects. 2.4 and 2.5
for further explanation of exclusions and stellar populations.

A230, page 3 of 20
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Table 2. Summary of rejections from the APOGEE DR17 data set.

Table 3. Summary of binaries in sample.

Reasons for rejection Count Percentage
Duplicate APOGEE entry 76 461 Binaries found by RUWE method 6887 11.7% (1)
log g not in range 285312 B@nar@es found by RV method 4110 70% (2)
T, not in range 166 013 Blnarlqs fopnd by both methods 1219 21% (3)
More than 4 kpc from Sun 36 682 Total binaries found (1) + (2) — (3) 9778 16.6%
15322351/313]) flag(s) set :133 9135 Notes. Number of stars in sample found to be binary by either the
RUWE method, the RV method, or both. Numbers are show both as
Prf)ba}ble Red Clump StaI' 17173 counts and as a percentage of the total sample.
Within 4.0 kpc of Galactic centre 16 381
More than 2.0 kpc above/below Galactic plane 9169
Known GC member 6012 g O o
Possible AGB/YSO/PNe (IR excess method) 4243 l;laclc;l;%r;)gsllll(]lts ‘51 gnal” which affects the precision but not accuracy
Inaccurate dlstange 1457 The second catalogue, which is also based on the APOGEE
logg vs. Tt forb1ddpn zone 962 DR17 release, uses a radial velocity (RV) method (Price-Whelan
Too far from Qalactlc centre (>,25 0 kpe) 684 et al. 2020). The APOGEE survey visited each star in our sam-
Possible AGB in ASAS-SN variables 202 ple between one and 35 times, with a mean of 2.9 visits. Since
Member of LMC/ SMC/ F nx/Sgr dwarfs 109 the RV errors reported by the APOGEE pipeline (Nidever et al.
[C/Fe] abundances 1n.Va11d. or unusable 70 2015) are below 0.1 km/s, any star with peak-to-peak RV vari-
[Mg/Fe] abundances 1nval}d or unusable 19 ability above a few km/s (after the quality cuts described by
[C/Fe] abundance uncertainty 20.05 dex 10 Mazzola et al. 2020) and far from the pulsational instability strip
In AGB Star Catalogue 9 probably has, with a very high degree of confidence, a binary
Total rejections 675058 companion.
Stars in DR17 733900 Though both of these catalogues are probabilistic, the com-
Stars in sample 58 842 plementary approaches provide an excellent check on the quality
Low a stars 39175 of the binarity determination. The RUWE. method preferentially
Early high o stars 11 860 d@tects bingrles with high. orbita.l inclinations as these have the
Late high a stars 5632 highest residual astrometric motions. The RV method preferen-
tially detects those binaries with low orbital inclinations. The
Buffer zone stars 2175

Notes. The final sample of 58 842 stars was used in the remainder of
this paper. Also shown is a breakdown by the three populations used
herein.

2.3. Binarity

Historically, detection of binary systems depended on ground-
based observations, the output of which were catalogues of a
few hundred to a few thousand stars. These existing catalogues
are inadequate for this study because they constitute a small,
inhomogeneous data set with little overlap with the APOGEE
catalogue. For this exercise, we exploited the availability of
large-scale databases to determine binarity of stars. Two com-
plementary catalogues are used. The first catalogues uses an
astrometric method based on residual position error (RUWE)
from the Gaia EDR3 catalogue (Penoyre et al. 2022). This cat-
alogue provides binarity probabilities determined by a modified
RUWE parameter. For this paper, we have adopted a minimum
RUWE of 1.25 as a criterion for likely binarity. We acknowledge
three potential issues with this procedure. Firstly, the accuracy
of the RUWE method falls off with the accuracy of the Gaia par-
allax data. For this reason, the data for this paper were further
restricted to only those stars within 4 kpc of the Sun. Secondly,
the method is really only sensitive to shorter-period binaries, i.e.
with periods under 30 years, and so underestimates the true num-
ber of binary systems, biasing the sample against longer-period
binaries. Thirdly, the movement of a foreground star near an
unrelated and more distant background star can create a false
appearance of binarity (Holl et al. 2022). However, such contam-
inants will not preferentially affect certain types of star. So, in
the context of our analysis, the effect is to create a low, constant

A230, page 4 of 20

number of stars considered binary systems by the combined
approaches represented about 16.6% of the sample and, encour-
agingly, about 12.5% of these stars (i.e. 2.1% of the overall
sample) were considered binary by both methods (See Table 3).

We also considered the question of how complete this bina-
rity information was. The fraction of stars which are binary, fp,
varies with metallicity. Gao et al. (2017) note that f; varies from
25%-50% for dwarf stars in the temperature range covered by
our sample. There is a wide range of estimates of the binary
fraction of disk stars, depending on both spectral type and metal-
licity. Yuan et al. (2015) give an average of 39% for FGK disk
stars and Fischer & Marcy (1992) estimate a binary fraction of
42% for M dwarfs. Badenes et al. (2018) find f, = 0.35 using
APOGEE data. Moe et al. (2019) give a range of 10%—53%
depending on metallicity, mass and spectral class. With such
wide ranges in the literature, we can only choose a broad average
for f, and have selected 40% as an indicative value. Assuming
that this value is typical also of our sample, we estimated that
our combined methods were detecting approximately 41% of the
binaries that it contains.

The binary fraction of stars observed in each sub-population
(see Sect. 2.5) of the sample is summarized in Table 4.

2.4. AGB stars, planetary nebulae and young stellar objects

Our focus is on extrinsic carbon-enhanced stars, i.e. stars whose
elevated carbon abundances cannot be explained by stellar evo-
lution effects. Thus, we have to eliminate as many objects as
possible from our sample which may exhibit intrinsically ele-
vated carbon abundances for well understood reasons not related
to mass transfer. These are, broadly, AGB stars and young stellar
objects.
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Table 4. Summary of observed binary fraction, f,, by population.

Population Base count  Binaries  fj o,

Low « 39174 6610 16.9% 0.2%
Early High o 11860 1959 16.5% 0.3%
Late High « 5632 870 155% 0.5%

Notes. See Sect. 2.5 for description of populations. The final column
shows binomial standard deviation in binary fraction assuming a uni-
form distribution and expressed as a percentage of population for ease
of comparison with f.

A great deal of the work on carbon-rich stars has concen-
trated on AGB stars (e.g., Abia et al. 2022). AGB stars can,
depending on mass and evolutionary stage, have a numerical
abundance of C/O > 1 which meets the conventional definition
of a carbon star. These stars are still indirectly important to our
study. We hypothesize that the more massive members of our
binary systems must have, at some earlier epoch, passed through
a carbon star AGB phase. It must have undergone considerable
mass loss during the thermally-pulsing AGB (TP-AGB) stage
and said mass must have had an elevated abundance of carbon.
Finally, the star must also by now have completed its AGB and
planetary nebula phases and become a white dwarf. If the sec-
ondary member of our binary pair has now reached the AGB
stage then it, too, may well be carbon-enhanced and we will be
unable to tell to what extent its carbon abundance is a result
of extrinsic mass transfer as opposed to intrinsic nucleosynthe-
sis. Purely on the ground of carbon abundance, we needed to
ensure that our sample was contaminated by as few AGB stars as
possible.

Moreover, AGB stars can also be long-period variables
(LPVs) whose pulsations cause RV fluctuations that can mimic
orbital motion. One of the binary catalogues that we use is based
on RV fluctuations. Consequently, we also wished to eliminate
AGB contamination to minimize false positives when assessing
binarity.

The APOGEE survey does target a number of YSOs (young
stellar objects) within the Perseus, Orion, and NGC 2264 star
forming regions (e.g. Cody et al. 2014). Fortunately, the number
of targeted objects is small and they can be identified by infrared
excess, so we eliminated these from our sample as well.

Overall, we adopted a four-pronged approach to reduce con-
tamination of the final data set by these objects as much as
possible, the first three of which are as follows:

— The selection of stars with log g > 1 naturally eliminated
many later-stage AGB stars.

— Stars from a catalogue of known or suspected AGB stars
from Suh (2021) were removed. However, the overlap of
this catalogue with the APOGEE catalogue is very small,
resulting in only 9 stars being removed from our sample.

— Many suspected AGB stars were eliminated using the IR
excess approach adopted by Schiavon et al. (2017). This uses
two colour excess methods, one of which is based on dered-
dened H, J and K magnitudes from APOGEE. The J, H and
K magnitudes given in APOGEE are not dereddened, but
the catalogue lists the K-band extinction, Ak, for each star.
The J- and H-band extinctions were calculated using the
extinction law by Indebetouw et al. (2005):

A; =250 XAk and Ay = 1.55 XAg.

We used the dereddened magnitudes to plot a near infrared
colour-colour diagram, shown in Fig. 2. The upper of the two

2.0

1.5

1.0

0.5

(Jo-Ho)

0.0

-1.0

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0

(Ho-Ko)

Fig. 2. Dereddened IR colour density plot of stars in sample based on
method in Schiavon et al. (2017). Stars above the upper blue line or to
the right of the lower blue line are assumed to be AGB stars, YSOs or
planetary nebulae and excluded from further analysis.

blue lines shown in this plot separate AGB stars (above the
line) from RGB+MS stars, whereas the lower blue line separates
YSOs and PNe (to the right of the line) from RGB+MS stars.
This method removed 4478 stars from our sample, which should
thus be unaffected by contamination by YSOs or PNe (planetary
nebulae).

As a fourth check, we cross-matched the initial sample to the
ASAS-SN catalogue of variable stars (Jayasinghe et al. 2021)
and noted stars which were marked as semi-regular or irregular
variables. While stars on the RGB can be variable, the majority
of semi-regular and irregular variables in this sample are likely
to be AGB stars that have not been caught by the checks above.
Consequently, as a conservative measure, a further 202 potential
AGB stars were removed.

We discounted the use of IR colour excess in Spitzer IRAC
(Infra-Red Array Camera) data as means of eliminating AGB
stars owing to sparsity of the data in APOGEE. See Appendix A
in the appendix for details.

2.5. Stellar populations and chemical substructure in the
high « disk

The sample was separated into high and low a disk popu-
lations adopting the boundaries in the [Mg/Fe]-[Fe/H] plane
as shown in Fig. 3. The lines shown on the diagram are the
adopted demarcations between the populations. A buffer-zone
of 0.01 dex in [Mg/Fe] was imposed either side of these lines,
to minimize inter-sample contamination*. While stars in the
buffer zones were excluded from population-specific analysis,
they were included in the analysis of the whole sample.

We noticed some evidence of clumpiness in the distribution
of high « disk stars in the Mg-Fe plane. Indeed the distribution of
the same population displays two clearly evident peaks in C—Fe
plane (see Fig. 4). Interestingly, the peaks in the C—Fe plane map
are characterised by different stellar age, as can be seen in Fig. 5.
Stars located in the peak with lower [C/Fel/higher [Fe/H] are
approximately 2-3 Gyr younger than their higher[C/Fe]/lower
[Fe/H] counterparts.

4 This gives a total buffer zone width of 0.02 dex, cf. mean uncertainty
of 0.012 dex in [Mg/Fe] for the sample.

A230, page 5 of 20



[Mg/Fe]

0.5

0.4

0.3

0.2

0.1

0.0

[Mg/Fe] vs [Fe/H] for 58842 stars.

Foster, S., et al.: A&A, 689, A230 (2024)

102

10*

[C/Fe]

0.6

0.5
0.4
0.3
0.2
0.1
0.0
-0.1
-0.2
-0.3
-0.4
-0.5

E LY

RO S

." ‘O ®

. .
. s

€ . ‘ P
o.o’“ a

I10

Age (Gyr)

-2.0 =15 -1.0 -0.5 0.0 0.5

[Fe/H]

Fig. 3. Stars in the sample plotted in the [Mg/Fe]-[Fe/H] plane. The
lines show the division into high- and low-a components. A buffer zone
0.01dex either side of the lines (i.e. 0.02 dex total) was discarded from
the separated samples to avoid population cross-contamination. There is
faint evidence of clustering in the high-a disk which is more prominent
in the [C/Fe]-[Fe/H] plane as show in Fig. 4
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Fig. 4. Density plot of stars of the high-a@ population plotted in the
[C/Fe] vs. [Fe/H] plane with overlaid contour map. There is a sub-
population of late high-a stars in the high-o region below the blue
dotted line. This clustering is also evident in the [O/Fe]-[Fe/H] plane.

We show in Sect. 4.3 that the two populations in the high-a
disk have different stellar age distribution. Therefore, we term
the lower metallicity, higher carbon population the early high-a
(EHA) population and the higher metallicity, lower carbon pop-
ulation the late high-a (LHA). Furthermore, because early-high,
late-high and low «a stars have distinct age and metallicity distri-
butions (e.g., Mackereth et al. 2017), it is sensible that they are
studied separately, as those properties may influence the inci-
dence as well as intrinsic properties of carbon-enhanced stars.
We show in Fig. 6 the three populations in the [Mg/Fe]-[Fe/H]
plane. There is some overlap between the early and late high «
populations but the loci are clearly distinct in this plane also.

It was important that we established whether this clustering
represents real chemical structure within the disk, or whether it
was an artefact of our sample selection or an underlying selection
function effect in the APOGEE parent sample. Consequently, we
undertook a number of explorations to test the robustness of this
detection of high « disk substructure.
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Fig. 5. Stars of Fig. 4 colour-coded by age. The blue line indicates the
same separation as above. The clustering in the [C/Fe]-[Fe/H] plane
corresponds to a difference in mean stellar age and shows that the High-
a disk is divided into early and late populations.
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Fig. 6. Stars from Fig. 3 in the [Mg/Fe]-[Fe/H] plane. This time the
three populations are identified by colour. Blue is the low-a population,
red is early high-@ and green is late high-a. The grey stars are the buffer
zone used to minimize contamination between the low and high-« disks.
(The dotted line is a purely visual aid to show the approximate boundary
of the two high-a populations.)

Firstly, we experimented with the distance limits of our stel-
lar sample. The composition of the disk does vary with distance
from the Galactic centre (e.g., Nidever et al. 2014; Hayden et al.
2015; Mackereth et al. 2017), so we reduced our sample ini-
tially to stars no farther than 2 kpc, and then 1 kpc. In each
case, the two clumps seen in Fig. 4 could still be discerned.
We also applied Galactocentric distance (Rgc) limits, examin-
ing the data within two annuli: 5.0 < Rge < 6.0 kpe and 10.0 <
Rge <11.0 kpe. Again, the substructure is still evident in both
annuli. We conclude that this structure was not an artefact of the
sample’s distance distribution or abundance gradients within the
Milky Way disk.

In addition, we checked whether the substructure in the
[C/Fe]-[Fe/H] plane was caused by sensitivity to directional
effects. To do so, we looked at 30° x 30° fields in the direc-
tion of both the Galactic centre and the Galactic anti-centre.
Once again, clustering was independently present in samples
taken from both directions. We concluded that the effect was
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Fig. 7. Stars of Fig. 4 plotted on [N/Fe] vs. [Fe/H] and [(C+N)/Fe] vs.
[Fe/H]. The clustering visible in [C/Fe] in Fig. 4 is not apparent here
in [N/Fe] and persists in [(C + N)/Fe], which suggests that the [C/Fe]
clustering is not the result of stellar evolution. (The seeming cut-off in
the left hand plot at [N/Fe] = 0.0 is a visual illusion. There are 8 stars in
the sample plotted here with [N/Fe] < 0.0 but the lowest value is only
—0.017, leading to an apparent cut-off.)

not caused by radial abundance gradients within the Milky Way
disk, nor by line-of-sight effects directly towards or away from
the Galactic centre.

Next, we looked at varying the T range of our sample. The
determination of carbon abundances by ASPCAP is known to
become less precise towards warmer 7. The upper limit that we
adopted initially, 7.=4700 K, was chosen as the highest temper-
ature at which the possible clustering could be discerned given
our other selection criteria. We reduced the limit to 4000 K as a
test and could still discern the bimodal structure. We concluded
that the structure was not an artefact of the T distribution of
our sample.

We also know that determination of [C/Fe] within ASPCAP
is sensitive to log g (Jonsson et al. 2020). We executed a number
of tests with logg restricted to narrow ranges: [1.0, 1.5], [1.5,
2.0], [2.0, 2.5], [2.5, 3.0] and above 3.0. For the latter range, the
number of giant stars was too small for any determination to be
made. For the other log g bins, which all had sufficient numbers
of stars, the structure was still evident.

We further checked for the possibility that the density cluster-
ing is caused by stellar evolution effects associated with mixing
along the giant branch. The combined abundance of carbon plus
nitrogen, [(C+N)/Fe], is expected to stay constant for low and
intermediate mass stars during their pre-AGB lifespans (e.g.
Masseron & Gilmore 2015), whereas the ratio C/N changes as
the star evolves up the giant branch. For example, a population
of carbon-deficient giants has been recently identified (Maben
etal. 2023) and explained on such evolutionary grounds>. Conse-
quently, we looked at the abundance of nitrogen ([N/Fe]) and of
carbon plus nitrogen ([(C+N)/Fe]) across the high @ population
(see Fig. 7). If the clustering in carbon were a result of chemi-
cal evolution then there should be corresponding, anti-correlated
clustering in [N/Fe], where an excess in [C/Fe] corresponded
to depletion in [N/Fe] and vice versa, and no clustering in
[(C + N)/Fe]. Instead, here we saw no clustering in [N/Fe] while
the clustering persisted in [(C + N)/Fe], which implied that the
[C/Fe] clustering was independent of stellar evolution effects.

Our final test was to check for density clustering in other
elements. We noted similar twin high @ populations in [C/N] and
[O/Fe] but not [C/O]. From this we suspected that the underlying
cause of the clustering must be a combination of increased iron
abundance and a reduced abundance of carbon.

5 These predominantly were identified as red clump stars that have
been eliminated from our sample.

Having determined that the structure we saw was not caused
by selection criteria, was not a distance or direction effect, and
was not caused by known sensitivities of the ASPCAP process-
ing, the next step was to look at the position and design purpose
of each APOGEE field and whether these somehow cause the
observed clustering. One of the basic operational units of the sur-
vey is the field, corresponding to a telescopic field of view. Each
observed APOGEE field and the targets within it are selected to
fulfil a specific scientific or operational purpose, e.g. to observe
disk stars, or halo stars, or a specific star cluster, or targets asso-
ciated with ancillary science programs, or calibration targets.
Even in fields designed for a specific scientific purpose, there
may be other stars that still fall into the overall target population
for APOGEE so these will be observed alongside the principal
targets provided sufficient fibres are available for that field. The
result is that the objects observed in a specific field are a mix-
ture of specific and general survey targets. Moreover, the stellar
populations included in a field are intentionally quite different
according to whether that field is aimed at the bulge, disk, halo
or particular object. We therefore need to rule out two potential
selection effects: that the clustering is caused by specific areas
of the sky, or that it is somehow related to the specific scien-
tific purposes of certain fields. In both cases, a selection effect
would produce a similar result in that certain types of field would
exhibit large variations in bimodality compared to others.

We examined these two possibilities slightly differently as
not every field has a stated design purpose. There are 2068
APOGEE fields in our sample, 1955 (95%) of which contained
one or more high a stars from either population and 1478 (71%)
contained stars from both. These fields cover a range of sky areas
including disk, halo and bulge as well as both Galactic and glob-
ular clusters®. The bottom 29% of the fields contained 8 or fewer
stars from our sample so it is to be expected that such fields
might not contain both populations. The percentage of high-a
disk stars ranged from 8% to 65% but, as previously mentioned,
this was expected due to the different targeting of different types
of field. Of more interest is the fraction of the two proposed
high-a populations in each field. Because we have no model for
the distribution of early and late high-« stars, our investigation
was limited to checking that specific targeting strategies did not
favour one population to the almost total exclusion of the other.
The vast majority of stars were in fields where the percentage
of EHA stars as a proportion of the high alpha population was
strongly clustered between 60% and 71%. We concluded that
there was no evidence that APOGEE spatial selection could be
the source of the existence of these separate populations.

For the second possibility, we checked whether that cluster-
ing was only marked in fields with certain designated scientific
or operational purposes. Of the 58 842 stars in our sample, we
removed those in fields whose operational purposes or science
programs contained less than 100 stars in our sample to avoid
unrepresentative random statistical variation. This left 38 733
stars in 30 design groupings, plus 20071 for which no scien-
tific or operational classification is given in APOGEE DR17. We
found the percentage of early high-e stars in the fields with a des-
ignated purpose was still very strongly clustered around 60-75%
(see Table 5.) The lowest percentages occurred in fields target-
ing YSOs and sub-stellar objects, and accounted for under 120
high-a disk stars, or 0.7% of the total. On the basis of these num-
bers, we concluded that there was no evident strong bias by field
targeting type that would explain the observed distribution.

6 QOur sample excludes known GC stars but not foreground stars within
fields where a GC is the scientific target.
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Table 5. Percentage of early high « stars as a fraction of all high « stars
in the sample.

Field Exclusions Lowa LHA EHA Total % EHA
type (Buffer)

(None) 658 13394 1685 4334 20071 2%
disk2 195 5506 509 611 6821 55%
TeskeVanSaders_18a 219 1840 578 1260 3897 69%
disk 135 2701 348 504 3688 59%
bulge 139 2303 436 665 3543 60%
kep_apokasc 149 2208 325 535 3217 62%
odisk 108 2316 250 475 3149 66%
cvz_btx 96 1089 212 517 1914 T1%
diskl 69 1284 155 194 1702 56%
k2_btx 65 908 173 505 1651 74%
manga 14 946 41 84 1085 67%
k2 51 442 145 407 1045 74%
halo 32 333 105 347 817 77%
kep_koi 33 465 78 125 701 62%
cluster_oc 22 560 31 49 662 61%
yso 18 443 28 48 537 63%
cluster_gc 18 211 52 136 417 72%
weinberg_17a 23 98 56 172 349 75%
anc 11 255 21 38 325 64%
substellar 4 249 12 9 274 43%
cal_btx 3 206 15 31 255 67%
kollmeier_19b 13 128 33 80 254 71%
halo_stream 13 134 28 54 229 66%
yso_btx 4 193 13 9 219 41%
cluster_gcl 6 99 35 60 200 63%
halo_btx 9 63 37 88 197 70%
TeskeVanSaders_17b 9 92 28 57 186 67%
teske_17a 13 65 28 68 174 71%
cluster_gc2 4 53 30 73 160 1%
kollmeier_17a 3 107 12 14 136 54%
sgr 5 42 17 42 106 71%
removed - - - - 861 -
Totals 2141 38733 5516 11591 58842 68%

Notes. Column 1 is the APOGEE field design type. Column 2 is the
number of stars in the fields that are in the excluded buffer zone between
the low and high o disks. Column 3 is the number of low « stars in
the fields. Columns 4 and 5 give the number of early and late high «
stars. Column 6 is the total number of stars and column 7 gives the per-
centage of high « stars that are designated early high «. As stated in
the text, the percentages are clustered around the 60-75% range. The
“sgr” entry is related to fields positioned on the main body of the Sgr
dSph galaxy, where only foreground stars are included in the statis-
tics, whereas “removed” lists the statistics for fields containing very low
numbers of stars.

As a result of all these tests, we concluded that our obser-
vation of clustering in the high @ disk was robust and was not
caused by sample selection, systematic processing or systematic
target selection effects.

We conjecture that the late-high o population is associated
with a burst of star formation. We elaborate further on this
hypothesis in Sect. 4.3.

3. Carbon-enhanced stars
3.1. Definition of Cgpnp stars

We start this section defining the main objects of our analysis.
Carbon-enhanced stars (C,,;) are those that have carbon abun-
dances significantly above the average value of the population at
the same metallicity. Because our sample encompassed three dis-
tinct stellar populations (namely, early-high «, late-high «, and
low «), each displaying a different correlation between abun-
dance ratios and metallicity, we had to treat each population
separately. Specifically, we defined C,,, stars as those having
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[C/O] ratios 30 or more above the mean value of the population
at the same metallicity. Such a definition of enrichment also con-
templates the possibility of carbon-poor stars, but consideration
of these is outside the scope of this paper.

To identify C,,, stars, each population was divided into bins
0.025 dex-wide in [Fe/H] and a mean [C/O] for each bin was
calculated by fitting a curve to the whole population using the
LOWESS algorithm. A python package, statsmodels, was
used for this purpose’. We then calculated a single standard devi-
ation against this mean for each entire population and each star
was tagged with the number of standard deviations it lay from
the mean for its [Fe/H] abundance bin.

3.2. Cgnp Stars vs. carbon stars

It is important that we draw a clear distinction between our C,,,
stars and classical carbon stars. Carbon stars were originally
defined as a separate spectral class, whose optical spectra are
dominated by carbon-bearing molecular bands, as opposed to
oxygen-rich stars, whose spectra are dominated by TiO bands
(Keenan & Morgan 1941). The separation between the two
classes is dictated by the ratio of the number of carbon atoms,
nc, to the number of oxygen atoms, ny in the stellar atmosphere.
Carbon stars are those for which nc/np > 1.

Given the wide and continuous range of carbon enhancement
brought about by mass transfer, it was possible that some stars in
our sample of C,,, stars qualified for the status of carbon star.
Based on values given in Lodders (2019), a [C/O] abundance
ratio of +0.24 dex is equivalent to n¢/ny = 1. As we show
below, the vast majority of our sample stars lie below that thresh-
old, implying that carbon stars are a vanishingly small minority
of our C,,, star sample. We stress, therefore, that despite having
enhanced carbon abundances, C,,;, stars fall squarely within the
category of oxygen-rich stars.

Our definition of C,,;, stars is shown in Fig. 8, where stars
from our three sub-samples are displayed on the [C/O] vs. [Fe/H]
plane. The dotted horizontal line in these plots indicates the
threshold above which the numeric atomic ratio, nc/no = 1, the
criterion for classical carbon stars.

3.3. Cerium enrichment

As AGB stars are the sources of s-process elements (e.g.,
Karakas & Lattanzio 2014), it is useful to examine the abun-
dances of these elements in our sample. Cerium is the best
represented of these elements in the APOGEE catalogue. Con-
sequently, we analyzed the abundance of [Ce/Fe] in our sample
in a similar way to the [C/O] abundance and define Ce-enhanced
(Ceeup) and Ce-normal stars on the same basis of being 30 or
more from the LOWESS mean for stars with similar [Fe/H]. (See
Fig.9.)

3.4. Estimate of contamination by [O/Fe]-poor stars

When considering C,,, stars mentioned above, we needed to
exclude contamination by stars which are relatively poor in oxy-
gen rather than rich in carbon as this, too, could result in an
anomalously high [C/O] abundance. We determined the standard
deviations in abundances for [C/Fe], [O/Fe], [C/O] and [Ce/Fe]
from their respective LOWESS means for each population. If

7 The statsmodels software is available at https://github.com/
statsmodels/statsmodels
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Fig. 8. Three populations shown in [C/O] vs. [Fe/H] plane. The green line is the calculated mean within each [Fe/H] bin using the LOWESS
method. Stars which are 30~ or more from this mean are shown in red. The horizontal dotted lines indicate the C/O parity criterion for traditional
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Fig. 9. [Ce/Fe] abundances for the three populations in the sample against [Fe/H]. The green lines are the LOWESS mean curves and the red dots

show Ce-enhanced stars.

a star is O-poor rather than C-enhanced it should show a neg-
ative deviation in [O/Fe]. Moreover, we should expect that the
absolute value of its deviation from the mean trend in [O/Fe] is
higher than the positive deviation in the [C/Fe] plane (if any). On
this basis we counted the number of O-poor but [C/O] rich stars
in each population as shown in Table 6. The contamination rate
was 3.8% and 6.0% in the EHA and Low-a populations respec-
tively but is 25.0% in the LHA population. The higher value for
this population may be a selection effect since the population
is, by nature, low in carbon and thus the [C/O] abundance is
more sensitive to variation in [O/Fe]. Overall, we noted that con-
tamination of C,,, by O-poor stars was 6.1% and that this was
unlikely to affect our analysis in Sect. 4.

When considering the effects of O-poor stars on the wider
populations, i.e. not just C,,, stars, it was neither possible nor
appropriate to eliminate contamination. Instead, we considered
whether trends seen against [C/O] are also seen against [C/Fe] as
discussed in Sect. 4.2.

4. Analysis
4.1. Carbon and cerium enhancement by population

Analysing the incidence of C- and Ce-enhancement in each pop-
ulation, we found that both C- and Ce-enhanced stars were more
common in the early high @ population than in either the low «

or late high « populations. These differences were statistically
robust (See Table 7).

We hypothesize that this can be attributed to stellar ages;
whatever processes create these C,,;, stars are essentially com-
plete within the average age of early high « stars but are ongoing
in the low a population where star formation was more pro-
longed. It is unclear why the percentage of enriched stars is
so much lower in the late rather than early high @ population.
Though we caution that the number of C,,;, stars in the late
high-a population is small, the difference does appear to be
statistically significant. The late high @ population seems more
closely to resemble the low a population in degree of enhance-
ment, which suggests that the evolution and age of these stars
may be significant factors.

4.2. Binarity
4.2.1. Mass transfer processes

A good starting point for a discussion is a consideration of
the properties of systems where we expect mass transfer and
carbon enrichment to occur. In this way we can inform our sub-
sequent examination of any trends between abundance ratios and
binarity. These systems are, of necessity, “asymmetric” binaries
where the originally more massive member has evolved through
the AGB stage to become a white dwarf, and the secondary is
usually at the subgiant or RGB stage.

A230, page 9 of 20



Foster, S., et al.: A&A, 689, A230 (2024)

Table 6. Standard deviations of abundances by population.

o([C/Fe])

Population Base count [C/Fe] [O/Fe] [C/O] [Ce/Fe] oL0/Fe)) No. O-poor  C,y;, Count Contamination %
Early high « 11860 0.051 0.035 0.055 0.158 1.45 7 184 3.8%
Late High « 5632 0.035 0.029 0.036 0.11 1.21 6 24 25.0%
Low a 39175 0.060 0.028 0.051 0.13 2.12 21 351 6.0%
Overall 34 559 6.1%

Notes. Columns 3—-6 show the number of dex corresponding to 1o~ divergence from the LOWESS mean for each abundance for each population.

o([C/Fe])

Column 6 show the ratio of SO/FeD

Column 8 shows the number of O-poor stars identified in the population. Column 9 shows the size of the

population and column 10 shows the percentage contamination of C,,, stars by O-poor stars.

Table 7. Proportion of C,,;, and Ce-enhanced stars by population.

Population Base count C,, Percentage o, Ce-enhanced Percentage o,

Low 39175 351 0.90% 0.05% 376 0.96% 0.05%
Early High « 11860 184 1.55% 0.11% 155 1.31% 0.10%
Late High « 5632 24 0.43% 0.09% 43 0.76% 0.12%

Notes. Proportions are expressed as a percentage of each population. The o¢

and o¢,,,, columns show the expected natural statistical deviations

enh

based on a simple uniform binomial probability within each population and expressed as a percentage of the total.

For an AGB star to become carbon-enhanced, its main-
sequence mass must fall within a limited range (Straniero et al.
2006). At the low mass end are stars that undergo a Third Dredge
Up (TDU), since it is this event that brings the carbon resulting
from He burning to the upper photosphere. The minimum stel-
lar mass for this is still open to debate and may be dependent on
metallicity, but we adopt Straniero’s minimum value of 1.2 M.
At the upper end, the limiting mass of 4 M, is governed by the
occurrence of hot bottom burning (HBB), where the temperature
at the bottom of the convective layer exceeds 80 x 10°K with the
result that any carbon that would be dredged up is first converted
into nitrogen (Sackmann & Boothroyd 1992; Garcia-Herndndez
et al. 2007, 2013). Thus, we expect our initially primary star to
lie in the mass range 1.2 My < M, <4 M. According to stellar
evolution models (Cristallo et al. 2016), the primary experiences
considerable mass loss during its TP-AGB phase, at rates up to
10~* M, per year, leaving a remnant WD with mass within the
range 0.6 < M, < 1.4 M. We use these mass ranges in Sect. 4.3
when considering stellar ages.

The secondary star has a lower initial mass and, due to our
sample definition, is most likely in the first ascent red giant
branch. As a lower limit, we note that stars substantially less mas-
sive than the Sun will not have had sufficient time to evolve to
this stage in a Hubble time. The secondary must also be signifi-
cantly less massive than the original primary or it too would have
evolved to AGB or WD states in approximately the same time-
frame. Since the requirement to avoid HBB mentioned above
places an upper limit of 4 M on the primary, we propose that
the less massive secondary cannot be more massive than 3 M.
We can hypothesize therefore that the secondary star — which
is the one now recorded in APOGEE - is in the mass range
1 My < M, <3 M,. If mass transfer has taken place, its current
stellar mass may be higher than its original mass. The evolution
of the secondary star will also constrain the timescale for the
formation of C,,;, binaries. The secondary star must have moved
off the main sequence so, using a Salpeter initial mass function
with the above mass limits, and noting from simple homology
that main sequence lifetime o (M%)‘Z'S, we calculated 7, the
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average formation time to be approximately 5.9 Gyr. We assume
here a MS lifespan for the Sun of 10 Gyr (Guinan & Engle 2009)
and a mean mass for the secondary of 1.25 My. More massive
secondaries correspond to shorter formation times but the large
negative index in the Salpeter function means that such binaries
will become rapidly less common at ages down to ~1 Gyr.

Now we give consideration to the initial and final orbital
separations of the pair. The initial separation cannot have been
too close. When the primary entered its AGB stage it would
have had a diameter of at least 1 AU (Chiavassa et al. 2020).
For a system with masses of 3 My and 2 M, a separation of
1 AU corresponds to an orbital period of about 160 days. If
the initial period were less than this, the system would have
undergone a common envelope (CE) event. Depending on the
initial separation, the outcome of a CE can be a merger of
the two stars or orbital shrinkage and a very rapid dissolu-
tion of the AGB star’s envelope in about a decade (Chamandy
et al. 2020), equivalent to a mass-loss rate of 0.1-0.2 Mg, yr~'.
Where orbital shrinkage does occur (Chen et al. 2020), result-
ing in shortening of the binary period, the currently observed
period may be considerably different to that at the time of mass
transfer.

The mass transfer between the binary members can happen
by one of four mechanisms. Firstly, for the smallest orbital sepa-
rations, a Common Envelope event as described above can result
in transfer of significant amounts of mass from the AGB primary
onto the secondary in timescales of ~10 yr. For larger separa-
tions, the AGB primary may fill the system’s Roche lobe and
Roche Lobe Overflow (RLOF) can transfer mass directly from
its photosphere onto the secondary. At larger separations still,
the AGB star does not fill the Roche lobe, but the star does eject
copious amounts of mass at rates of 107 to 107 My, yr™!, in the
form of a stellar wind. It is this wind which overflows the pri-
mary’s Roche lobe and leads to the phenomenon of Wind Roche
Lobe Overflow (WRLOF). Finally, at the largest separations,
the secondary is merely moving through relatively quiescent
circumbinary material ejected by the AGB primary, leading to
Bondi—Hoyle-Lyttleton (BHL) accretion (Bondi & Hoyle 1944).
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Fig. 10. Percentage of stars which are binary against number of standard deviations of [C/O] abundance from the mean for stars of the same
population and similar [Fe/H]. The panels show the early high @, low @ populations and the late high @ population. The dotted lines show
mean binary percentage across each entire sub-population. Error bars are based on binomial distribution of sub-population with uniform binarity

independent of [C/O] variation.

Assuming that mass transfer is indeed responsible for the
excess C and Ce abundances reported in Sect. 3, we still do
not know which of the processes summarised above, contributed
to mass transfer. We would in any case have reason to expect
that the intrinsic spread in the parameters governing the physics
of the various mass transfer processes would lead up to the
presence of a continuum of carbon enhancement within our sam-
ple, as indeed observed. Furthermore, if mass transfer is indeed
the principal route for increasing carbon enhancement in non-
AGB stars, by whatever mechanism, then there should also be
observed an increase in binary fraction within sub-populations
of increasing degree of enhancement.

4.2.2. Binarity trends using RUWE and RV catalogues

In Fig. 10, the degree of carbon enhancement, as defined in
Sect. 3, is plotted against the percentage of stars that are
binaries. The number of stars included in the statistics for
each [C/O] bin is displayed at the bottom of the bin. Error
bars on top of each bin are calculated following simple bino-
mial statistics assuming uniform binarity across the whole
population.

Indeed, in agreement with our expectations, the early high-
a and low-« populations showed a clear association between a
higher degree of [C/O] enhancement and a higher binary fre-
quency. However, this trend was not visible in the late high-a

population; a K-S test against uniform binarity gave a p-value of
0.0995 so there was no statistical evidence of a trend with car-
bon enhancement. It was unclear, however, whether the absence
of trend was real, or simply due to limited data. The late high-a
population has higher metallicity and, as previously mentioned,
Moe et al. (2019) note that binary frequency tends to be lower
towards higher metallicity. Therefore, the lack of a visible trend
may be attributable to the lower binary fraction amongst these
more metal-rich stars. In Table 4, we can see that the binary
fraction for this population is lower than those of the low-a
and early high-a populations by 1.4% and 1.0%, respectively.
Assuming a uniform binarity fraction and using a simple bino-
mial calculation, these percentages correspond to deviations of
about 2.90" and 2.00 in that population respectively. Addition-
ally, our sample for this population is considerably sparser than
those for either the low-a or early high-a populations, which
are about 2 and 7 times larger, respectively. The absence of a
trend may be partly due to the small population sizes in the most
carbon-enhanced bins. By nature of its definition, the late high &
population consists of stars from the overall high @ disk popula-
tion with lower [C/Fe] abundances and, for reasons that are not
yet understood, has a tighter distribution of [C/O] than the early
high @ population. It seems to be intrinsically biased against C-
enhancement so these small sample sizes are not a surprise and
should not be construed as counter-evidence against the mass
transfer hypothesis.
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trend against [C/O] is caused by O-poor stars.

To again address the concern of contamination by O-poor
stars, we repeated the above analysis using [C/Fe] abundances.
If the observed [C/O] trend was due to a trend in oxygen deple-
tion then we would not have expected to see this trend mirrored
in [C/Fe]. As we see in Fig. 11, a similar trend to that against
[C/O] was also present against [C/Fe]. Consequently, we ruled
out the possibility that the trend against [C/O] was caused by
[O/Fe] depletion rather than carbon enhancement. (See also
Appendix B.)

If mass transfer occurs from AGB stars to a companion, then
it is expected to also enrich the companion envelope in s-process
elements such as cerium. This hypothesis was verified by repeat-
ing the exercise from Figs. 10 and 11, this time looking at the
[Ce/Fe] abundance ratio. This is shown in Fig. 12 where it can
be seen that, similarly to the case of [C/O] and [C/Fe], a clear cor-
relation between the binary frequency and the residuals relative
to the mean [Ce/Fe]-[Fe/H] relation is present. While Fig. 12
shows evidence for a clear relation between Ce enhancement
and binary frequency, it is important to establish whether stars
that are enriched in C are also enriched in Ce and vice-versa. To
check for a correlation between C and Ce enhancement, we com-
pared the [Ce/Fe] distribution of C,,;, and C-normal populations
in Fig. 13. The two populations had greatly different distributions
of [Ce/Fe], with the C,,, stars extending towards fairly large val-
ues of cerium enhancement, which shows that indeed there is a
correlation between carbon and cerium enhancement, in further
support of the mass-transfer hypothesis.
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4.2.3. Binarity of Cgpp, stars using ARV pax

APOGEE DR17 provides high-quality spectroscopic parameters
for ~4 x 107 stars and sparsely-sampled radial velocity (RV)
curves for the vast majority of them. Our C,,, stars are no excep-
tion: 13.8% have two RV observations; 42.9% have three; and
22.7% have four or more. Most of these sparsely sampled RV
curves cannot be used to constrain full orbital solutions (e.g.
Price-Whelan et al. 2020), but they are very effective for reveal-
ing the presence of a close (P < 10° days) companion via the
maximum shift in the observed RVs, ARV nax = [IRVimax = RVminl
(for a discussion, see Badenes & Maoz 2012). To ensure the
individual RVs are of sufficient quality, we required each visit
spectrum to have S/N> 40. Adopting a lower S/N threshold
results in an unacceptably large number of outliers likely caused
by catastrophic failures of the RV pipeline. Following that proce-
dure we managed to calculate ARV, for 430 of our C,,, stars.
Of these, 275 (64%) are classified as low-a, 143 (33%) as early
high-a, and only 12 (3%) as late high-a. The number of visits
for these stars ranged from 2 to 34, with an average of 3.2 and a
median of 3 visits. The time between visits, AT, ranged from
0.93 to 3256.0 days, with a mean of 289.6 days and a median
of 51.8 days. (Obviously, ARV ,.x cannot be assessed with fewer
than 2 visits.)

The shape of a ARV, distribution strongly depends on
the log g distribution of the underlying sample, as lower log g
values correlate with increased RV uncertainties and a smaller
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Fig. 13. Comparison of C,,, and C-normal stars against [Ce/Fe]. The
C.,;, population is conspicuously richer in Ce as well, showing a clear
link between carbon and cerium enhancement. This is evidence that the
same mechanism underlies enhancement of both elements. (Stars with
missing or invalid [Ce/Fe] have been eliminated from this plot.)

maximum value of ARV ,,x, but in general any star with ARV«
above a few km s~! can be confidently identified as a short-
period binary (see Badenes et al. 2018; Mazzola et al. 2020, for
discussions). We thus selected a control sample of APOGEE

DRI17 giants with 1.0 < log(g) < 3.6 (N = 159801) that
excluded the red clump stars identified by Bovy et al. (2014) and
that passed the quality cuts outlined in Mazzola et al. (2020).
(These cuts are S/N ratio >40 for individual measurements, elim-
ination of stars without valid measurements for both 7. and
log (g). Stars with the APOGEE STAR_BAD flags were elimi-
nated as well as those designated as commissioning or telluric
calibration targets.)

In the left-hand panel of Fig. 14, we compare the cumulative
histograms of ARV ,,x for the log g-controlled sample (black),
C.np, stars (green), and the low-a (orange) and early high-« (pink)
sub-samples. The C,,;, stars are strongly skewed towards high-
ARV .« relative to the control sample, indicating these systems
are dominated by short-period binaries. The low-a sub-sample
also appears to be skewed towards larger ARV, values than
the early high-« stars, which may be a manifestation of the anti-
correlation between the close binary fraction and @ abundances
observed by Mazzola et al. (2020).

We further compared the fraction of stars that show RV vari-
ability significantly larger than the expected uncertainties, here
chosen to be ARV .x > 1 km s~! based on our samples’ prop-
erties. The right hand panel of Fig. 14 shows the RV variability
fractions for the C,,, stars (green) and control sample (black) as
a function of metallicity. We required at least five stars per bin
and the shading indicates the binomial process uncertainty, oy =

% where f is the RV variability fraction and N is the total
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fractions than the control sample.

number of stars in that bin. Both samples show the well-known
anti-correlation between the close binary fraction and metallic-
ity (e.g., Moe et al. 2019), but the C,,, stars have significantly
larger RV variability fractions than the control sample, with the
bins that show 20~ and 50 discrepancies marked with blue and
golden stars, respectively. Given that the RV uncertainties are not
dramatically different between the two samples, this implied that
the C,,;, stars had an enhanced frequency of close binaries with
systematically shorter periods. This is an interesting result, as it
suggests that mass-transfer binaries are characterised by tighter
orbits than other binaries, which is what one would expect to
happen as tighter orbits would favour the occurrence of mass
transfer between companions.

4.3. Age and metallicity distributions

4.3.1. Metallicity distribution function (MDF) and chemical
composition of Cenp stars

A dependency between metallicity and carbon enhancement is
to be expected because of the dependency of the efficiency of
the TDU on metallicity (e.g., Karakas et al. 2002). Empirically,
Hansen et al. (2016a) and Andersen et al. (2016) have previously
noted a link between low metallicity and carbon enhancement in
CEMP stars, but these are old halo objects, unlike the disk stars
being studied in this work and the enhancement mechanisms
may differ.

Fig. 15 compares the MDFs of C,,; and C-normal stars
within our samples. The top panel displays the MDFs for the
whole sample, while the middle and bottom panels limit the
comparisons to the early high-@ and low-a populations alone
(the number of C,,;, stars in the late high-a population is too
low for a meaningful comparison). As previously noted, we saw
a clear difference between the MDFs of C,,,, and C-normal stars.
The mean of the distribution of C,,, stars is lower in [Fe/H] by
0.26 dex than that of their C-normal counterparts. There is a
clear difference between the low-a and high-a@ populations in
this regard. In the low-a population, the mean [Fe/H] of the C.,,
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Fig. 15. Histogram showing normalized metallicity distributions of C,,,
and C-normal stars. The top panel shows all stars combined, the middle
panel shows high « stars only, and the bottom panel only low « stars.
The differences between means is 0.26 dex in the top panel, 0.08 dex
for high « stars and 0.30 dex for low « stars. No histogram for late
high « stars is shown due to the small number of C,,, stars in this sub-
population.

stars is (.30 dex lower in than that of C-normal stars, suggest-
ing that the C,,, stars are predominantly at the older end of
the low @ population. However, [Fe/H] does not translate into
age in a straightforward way, so we make this suggestion only
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Fig. 16. Stars from the selection in the [Mg/Fe]-[Fe/H] plane with
colour-coding to represent age. Black dots represent C,,;, stars and the
red contours show the density distribution of these. We note that there
are fewer C,,, stars in the low « disk with ages younger than ~4 Gyr. We
hypothesize that this is explained by lack of time for the more massive
member of an asymmetric binary to evolve to the AGB and WD stages.

tentatively. For the early high-« stars, there is only a small differ-
ence (0.08 dex) in mean metallicity between C,,; and C-normal
stars.

To further illustrate this point, we show in Fig. 16 the dis-
tribution of C,,, stars on the [Mg/Fe] vs. [Fe/H] plane, having
colour-coded the overall sample by age using the bias-corrected
ages from the AstroNN catalogue (Mackereth et al. 2019). We
note the existence of two areas with conspicuously lower num-
bers of C,,;, stars. Firstly, in both disk sub-populations shown,
there are very few carbon-enhanced stars with [Fe/H]z +0.20,
and that numbers also peter out for ages <5 Gyr. We hypothesize
that this “zone of exclusion” is associated with the timescale,
Tc ~ 5.9 Gyr, for the formation of extrinsic C,,, stars, as dis-
cussed in Sect. 4.2. That result implies that the low-a sequence
at [Fe/H]>-0.1 is dominated by stars younger than ~4—6 Gyr, in
good agreement with previous work on the ages of thin-disk stars
(Martig et al. 2016).

There is a second®. “zone of exclusion” visible in Fig. 16 in
the high « disk around —-0.2 < [Fe/H] <+0.5 and corresponding
to ages >8 Gyr. The cause of this zone is currently unclear.

4.3.2. Ages of high-a stars

Theoretical predictions of sub-structure in the high-o disk have
been made by Grand et al. (2020) and Conroy et al. (2022),
and other works have indicated the existence of a young a-rich
(YAR) population within the thick disk (Chiappini et al. 2015;
Martig et al. 2015; Jofré et al. 2023). As discussed in Sect. 2.5,
we identified chemical substructure in the high-a disk, in the
form of two stellar populations with different characteristic val-
ues of [C/Fe]. In this subsection, we investigate whether these
chemical signatures map into age differences. With that goal
in mind, we first extracted from the high-a sample stars with
orbital eccentricities >0.6, which represent the Splash popula-
tion (Belokurov et al. 2020). Fig. 17 shows that time ordering
of the populations. The early/high-a@ populations are defined
according to the dividing line displayed in Fig. 6. We note that

8 A third zone between the high and low « disks is an artifact of the
buffer zone described in Sect. 2.5.
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Fig. 17. Age distribution of stars in the late and early high a populations
compared to the age distribution of potential Splash stars. The Splash
stars are slightly older than the early high « disk stars and there is a gap
of ~0.5 Gyr between the early and late high @ populations.

our results are not changed by adoption of a slightly different
dividing line.

Based on the peak of the age distributions, the ages of the
three populations were determined to be 8.75 Gyr, 9.25 Gyr and
9.75 Gyr, which gave an age difference of 0.50 Gyr between
the two high-a populations. These ages are broadly consis-
tent with a Splash model and a Gaia Sausage/Enceladus (GSE)
event 8—10 Gyr ago (Belokurov et al. 2020).

We must apply caution to the above conclusion. The ages
used again are those in the AstroNN catalogue which are cor-
rected for AVR (Age-Velocity dispersion Relation) bias (See
Mackereth et al. 2019). Because of the likely presence of an
age-metallicity relation within our sample we needed to exam-
ine the possibility that the age difference was due to comparing
different metallicity segments within different populations. Of
necessity, the early and late high « populations are constructed
such that their overlap in metallicity is small and occurs at the
tail of each population distribution. This makes comparison of
whole populations at similar metallicity unworkable. To ensure
that the age differences resulted from comparisons made at simi-
lar metallicities, we focused instead on a narrow metallicity band
in the overlap region. In Fig. 18, we show similar histograms for
the range of [Fe/H] where the two populations have significant
overlap, —0.25 < [Fe/H] < —0.15. The mean ages are 8.76 Gyr and
8.23 Gyr for the earlier and later populations respectively, a dif-
ference of 0.53 Gyr. A x test ? gives a probability of only 0.005
that these two samples are drawn from the same population. The
persistence of the population age difference in the overlap pop-
ulations supports the age differences shown in Fig. 17, lending
further support to the notion that the late high-a population is
associated with a starburst caused by the gas-rich merger of GSE
with the Milky Way (e.g., Grand et al. 2020).

5. Conclusions and summary

The goal of this work is to examine the link between binarity
and enhancements in the abundances of carbon and s-process
elements. Such a link supports a model according to which these
abundance enhancements are caused by mass transfer in a binary

9 Using a bin width of 0.2 Gyr gave a x? statistic of 1469 with
58 degrees of freedom.
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Fig. 18. Age distribution of stars in the late and early high @ populations
compared for the metallicity range —0.25 < [Fe/H] < —0.15, where the
two populations overlap. The age difference between the two popula-
tions can still be seen. High eccentricity (Splash) stars are not shown as
there are too few in the metallicity range for meaningful comparison.

system, whereby the atmosphere of the less massive, less evolved
binary member is polluted by the material accreting from a more
massive, primary AGB star. As discussed in the introduction, this
mechanism has been used to explain the halo-resident CEMP-s
stars, where binarity is the norm, but we aim to demonstrate this
mechanism also explains carbon and s-process enhanced disk
stars.

We took advantage of the availability of precision abun-
dances for carbon and cerium for a very large sample of disk stars
from APOGEE in order to determine existence of a sizeable pop-
ulation of carbon-enhanced stars. We have used a robust method
to determine the degree of enhancement of stars in carbon rela-
tive to the population mean, establishing the presence of a wide
range of enhancement values. We have minimized the presence
of AGB stars as far as possible from our sample and have demon-
strated that any residual AGB star contamination does not bias
our results. This approach can be extended to other elements and
we have used it here to study the abundance of cerium, which
is the best-represented s-process element amongst the APOGEE
DR17 abundances.

Similar to the availability of stellar catalogues with exten-
sive chemical abundances, there are also now catalogues with
binarity information for large numbers of stars. Thanks to the
availability of two such complementary catalogues of likely
binary stars, an astrometric catalogue by Penoyre et al. (2022)
and an RV-based catalogue by Price-Whelan et al. (2020), we
have been able to conduct analyses of binary incidence at the
population level.

By combining these two sets of data (Figs. 10 and 12) we
showed that there is a clear increase in binary frequency with
increasing abundance of both carbon and cerium and that the
increased abundances of the two are linked. This is precisely the
behaviour expected when the less massive member of a binary
system is enriched by a primary AGB star that is rich in both
carbon and s-process elements. This is strong evidence that the
mechanism that explains the halo CEMP-s stars also explains
carbon-enhanced disk stars in both the low and high « disks.

By looking at the distribution of carbon abundance with
metallicity, we showed that there is a difference in the distri-
bution of carbon-enhanced stars with metallicity between the
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low and high « disks. If, as our model proposes, the cause of
carbon enhancement is mass transfer then the process must still
be ongoing in the low « disk, where the carbon-enhanced stars
have a much different distribution to the carbon-normal popu-
lation whereas, in the high « disk, the process has largely run
its course. This allows us to set some limits on the ages of the
disks. In Sect. 4.3, we argued that a large fraction of the low «
disk population consists of stars younger than ~5 Gyr. Likewise,
using a lower limit of 1.2 M, for the mass of the primary, we
estimate a lower limit of ~6 Gyr for the ages of stars in the high-
a disk. This too is in agreement with literature values (Gallart
et al. 2019, e.g.)

We note the presence of a second “zone of exclusion” in
the high « disk. There are several possible explanations for this.
Firstly, this region represents some of the oldest stars in our sam-
ple and it may be that the secondary stars in our hypothetical
binaries have also evolved beyond the RGB stage and are thus
no longer included in our sample. Secondly, we cannot rule out
selection effects related to orbital period, whereby very widely
separated binaries are not detected as such by either the RV or
RUWE methods that we have used. Further analysis of this zone
is warranted.

Furthermore, we have used carbon abundances to demon-
strate the existence of two separate populations within the high «
disk, an “early” and a “later” population. Theoretical predictions
of this clustering have been made by Grand et al. (2020) and
Conroy et al. (2022), and other works have indicated the exis-
tence of a young a-rich (YAR) population within the thick disk
(Chiappini et al. 2015, Martig et al. 2015, Jofré et al. 2023).
While it would be tempting to associate these two popula-
tions with the Splash resulting from the Gaia Sausage/Enceladus
(GSE) merger, and the population born from the ensuing star-
burst (e.g., Grand et al. 2020), such an association based solely
on the data here is premature and needs further investigation.
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Appendix A: Discounting of IRAC magnitudes for
AGB elimination

There is a potential fifth method that could be used that is also
based on mid-IR colour excess using Spitzer IRAC magnitudes
at 3.6, 4.5 and 8.0 microns. However, only about 8% of stars in
APOGEE DR17 have IRAC magnitudes. To limit the stellar sam-
ple to just these stars would produce an unusably small data set.
Instead, we consider the question of whether ignoring the IRAC
data altogether introduces any bias in the sample. To this end, all
stars with IRAC magnitudes were plotted on colour excess dia-
grams with stars that are high in [C/Fe], high in [C/O] and are
binaries. These are segregated into potential AGB and non-AGB
using the two-axis IR colour excess criteria from Schiavon et al.
(2017). In each case, the highlighted number of stars in the AGB
sample and non-AGB sample is consistent with the numbers of
the underlying IRAC population in each category (see Fig. A.l
and Table A.1). Thus, at least for this sample, there seems to be
no significant bias in carbon abundance or binarity introduced by
position on the IRAC colour-excess diagram. For this reason, the
authors have elected not to use the IRAC method to eliminate
potential AGB stars. Some contamination of the stellar sample
with AGB stars probably remains, but that does not appear to
bias the distributions of abundances or binarity properties of the
sample.

Table A.1. Distribution of stars with IRAC magnitudes

Count Percentage o %

Base population AGB stars 539 12.3%
Base population non-AGB stars 3,828 87.7%
High [C/Fe] stars in AGB region 4 174%  7.9%
High [C/Fe] stars in non-AGB region 19 82.6%
High [C/O] stars in AGB region 4 174%  7.9%
High [C/O] stars in non-AGB region 19 82.6%
Binary stars in AGB region 84 13.8% 1.4%
Binary stars in non-AGB region 523 86.2%

Notes. Base population consists of stars in initial sample that all have
IRAC magnitudes and are divided into AGB and non-AGB based on
IR excess. Only about 8% of stars in the parent DR17 catalogue have
IRAC magnitudes. Preliminary filtering on log g, Tex and other criteria
as explained reduce this percentage to 4,367 stars or 7.4% in this ini-
tial sample. The last column gives the standard deviation based on an
assumed uniform binomial distribution and expressed as a percentage
of the total count. The number of high [C/Fe], high [C/O] and binaries,
split between AGB and non-AGB follows the distribution of the base
population to within 1.10. This demonstrates that no significant bias is
being introduced by ignoring the Mid IR excess method.
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Fig. A.1. Plots of pre-filtered APOGEE DR17 stars with IRAC magnitudes available on dereddened colour excess diagrams. Upper left plot shows
the base population with blue line indicating potential AGB stars to the right of the line. Lower left plot is overlaid with [C/O] enhanced stars as
discussed in Sect. 3. Upper right plot is overlaid with stars having high [C/Fe] on a similar basis. Lower right plot is overlaid with binaries. In the
three latter cases, the number of stars in the overlaid plots follows the split of the underlying population to within 1.10-

Appendix B: Carbon enhancement vs. oxygen
depletion

In Secs. 5 and 4.2.2, we discuss the possibility that high [c/O]
deviation from the population mean for a given metallicity could,
in certain circumstances, be caused in [C/Fe]-poor stars by
extreme depletion in [O/Fe]. for completeness, here we show in
Fig. B.1 binary fraction against degree of [O/Fe] deviation from
mean for the population and metallicity bin. We note that there
is both less variation in [O/Fe] and only a very weak trend of
increasing binary fraction with [O/Fe] depletion.

A230, page 19 of 20



Foster, S., et al.: A&A, 689, A230 (2024)

. 60 Low a
g
F 1 ==
.g 20 o —
[an] - — ==
o 65 189 1160 5040 l 13382 l 15074 | 3799 | 379 I 54 | % T
—6 -5 —4 -3 -2 -1 0 1 2 3 4 5 6
[O/Fe] no. of o from LOWESS mean
. 60 Early High a
g
2490 I
—
©
. 50 446 1486 4172 4369 1143 184 I
-6 -5 —4 -3 -2 -1 0 1 2 3 4 5 6
[O/Fe] no. of o from LOWESS mean
_. 60 Late High a
R
> 40
=
©
£ 20 T I o = ==
= B . i N - S
3 72 669 2130 2001 562 o
. 1) A ]
-6 -5 —4 -3 2 -1 0 i 2 3 4 5 6

[O/Fe] no. of o from LOWESS mean
Fig. B.1. Analogous to Fig. 10, we show binary fraction against number of standard deviations of [O/Fe] abundance from the mean for stars of

the same population and similar [Fe/H]. There is a narrower range of deviation in each population and only very weak trends of increasing binary
fraction with [O/Fe] depletion.
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