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Abstract

APOGEE spectra offer <1 kms ' precision in the measurement of stellar radial velocities. This holds even when
multiple stars are captured in the same spectrum, as happens most commonly with double-lined spectroscopic binaries
(SB2s), although random line-of-sight alignments of unrelated stars can also occur. We develop a code that
autonomously identifies SB2s and higher order multiples in the APOGEE spectra, resulting in 7273 candidate SB2s,
813 SB3s, and 19 SB4s. We estimate the mass ratios of binaries, and for a subset of these systems with a sufficient
number of measurements we perform a complete orbital fit, confirming that most systems with periods of <10 days
have circularized. Overall, we find an SB2 fraction (Fsg) ~ 3% among main-sequence dwarfs, and that there is not a
significant trend in Fsg, with temperature of a star. We are also able to recover a higher Fgp, in sources with lower
metallicity, however there are some observational biases. We also examine light curves from TESS to determine which
of these spectroscopic binaries are also eclipsing. Such systems, particularly those that are also pre- and post-main
sequence, are good candidates for a follow-up analysis to determine their masses and temperatures.

Unified Astronomy Thesaurus concepts: Spectroscopic binary stars (1557); Binary stars (154); Eclipsing binary
stars (444); Near infrared astronomy (1093); Spectroscopy (1558); Orbit determination (1175)

Supporting material: machine-readable tables

1. Introduction

Binary systems are important in investigating a wide range of
fundamental astrophysical problems (e.g., Duchéne & Kraus 2013;
Moe & Di Stefano 2017). Among them, short period binaries are
of particular value, as it is possible to observe the two stars orbit
each other multiple times to construct their full orbital solution to
determine stellar properties. Specifically, spectroscopic binaries
can be used to determine masses of individual stars.

Spectroscopic binaries (SBs) can be subdivided into different
types. Single-line spectroscopic binaries (SB1s) have the flux

in the spectrum dominated by the primary. They are identified
through observing a periodic change in radial velocity (RV) of
a particular source over time, and their initial detection requires
monitoring of a system for at least two epochs, preferably
more. By contrast, double-lined spectroscopic binaries (SB2),
or their higher order counterparts (SB3/SB4), have multiple
stars of comparable brightness, such that signatures of both of
them are captured in the same spectrum at the same time,
producing several different characteristic velocities in a system.
Such systems can be initially identified in just a single epoch,


https://orcid.org/0000-0002-5365-1267
https://orcid.org/0000-0002-5365-1267
https://orcid.org/0000-0002-5365-1267
https://orcid.org/0000-0001-6914-7797
https://orcid.org/0000-0001-6914-7797
https://orcid.org/0000-0001-6914-7797
https://orcid.org/0000-0002-3481-9052
https://orcid.org/0000-0002-3481-9052
https://orcid.org/0000-0002-3481-9052
https://orcid.org/0000-0003-0872-7098
https://orcid.org/0000-0003-0872-7098
https://orcid.org/0000-0003-0872-7098
https://orcid.org/0000-0002-9771-9622
https://orcid.org/0000-0002-9771-9622
https://orcid.org/0000-0002-9771-9622
https://orcid.org/0000-0001-9984-0891
https://orcid.org/0000-0001-9984-0891
https://orcid.org/0000-0001-9984-0891
https://orcid.org/0000-0001-9330-5003
https://orcid.org/0000-0001-9330-5003
https://orcid.org/0000-0001-9330-5003
https://orcid.org/0000-0001-8600-4798
https://orcid.org/0000-0001-8600-4798
https://orcid.org/0000-0001-8600-4798
https://orcid.org/0000-0001-9797-5661
https://orcid.org/0000-0001-9797-5661
https://orcid.org/0000-0001-9797-5661
https://orcid.org/0000-0001-7351-6540
https://orcid.org/0000-0001-7351-6540
https://orcid.org/0000-0001-7351-6540
https://orcid.org/0000-0003-3494-343X
https://orcid.org/0000-0003-3494-343X
https://orcid.org/0000-0003-3494-343X
https://orcid.org/0000-0002-3657-0705
https://orcid.org/0000-0002-3657-0705
https://orcid.org/0000-0002-3657-0705
https://orcid.org/0000-0003-2025-3147
https://orcid.org/0000-0003-2025-3147
https://orcid.org/0000-0003-2025-3147
https://orcid.org/0000-0003-1479-3059
https://orcid.org/0000-0003-1479-3059
https://orcid.org/0000-0003-1479-3059
https://orcid.org/0000-0001-5253-1338
https://orcid.org/0000-0001-5253-1338
https://orcid.org/0000-0001-5253-1338
https://orcid.org/0000-0002-0870-6388
https://orcid.org/0000-0002-0870-6388
https://orcid.org/0000-0002-0870-6388
https://orcid.org/0000-0002-0740-8346
https://orcid.org/0000-0002-0740-8346
https://orcid.org/0000-0002-0740-8346
https://orcid.org/0000-0002-1691-8217
https://orcid.org/0000-0002-1691-8217
https://orcid.org/0000-0002-1691-8217
https://orcid.org/0000-0003-3526-5052
https://orcid.org/0000-0003-3526-5052
https://orcid.org/0000-0003-3526-5052
https://orcid.org/0000-0001-9596-7983
https://orcid.org/0000-0001-9596-7983
https://orcid.org/0000-0001-9596-7983
https://orcid.org/0000-0002-7064-099X
https://orcid.org/0000-0002-7064-099X
https://orcid.org/0000-0002-7064-099X
https://orcid.org/0000-0003-4573-6233
https://orcid.org/0000-0003-4573-6233
https://orcid.org/0000-0003-4573-6233
https://orcid.org/0000-0001-7240-7449
https://orcid.org/0000-0001-7240-7449
https://orcid.org/0000-0001-7240-7449
https://orcid.org/0000-0003-1086-1579
https://orcid.org/0000-0003-1086-1579
https://orcid.org/0000-0003-1086-1579
https://orcid.org/0000-0002-8725-1069
https://orcid.org/0000-0002-8725-1069
https://orcid.org/0000-0002-8725-1069
https://orcid.org/0000-0002-1693-2721
https://orcid.org/0000-0002-1693-2721
https://orcid.org/0000-0002-1693-2721
https://orcid.org/0000-0002-2835-2556
https://orcid.org/0000-0002-2835-2556
https://orcid.org/0000-0002-2835-2556
https://orcid.org/0000-0002-3601-133X
https://orcid.org/0000-0002-3601-133X
https://orcid.org/0000-0002-3601-133X
mailto:marina.kounkel@vanderbilt.edu
http://astrothesaurus.org/uat/1557
http://astrothesaurus.org/uat/154
http://astrothesaurus.org/uat/444
http://astrothesaurus.org/uat/444
http://astrothesaurus.org/uat/1093
http://astrothesaurus.org/uat/1558
http://astrothesaurus.org/uat/1175
https://doi.org/10.3847/1538-3881/ac1798
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-3881/ac1798&domain=pdf&date_stamp=2021-10-08
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-3881/ac1798&domain=pdf&date_stamp=2021-10-08

THE ASTRONOMICAL JOURNAL, 162:184 (18pp), 2021 November

either through cross-correlating a spectrum against a single
model template to identify distinct components, or through
performing a multimodel fit of the spectrum.

While SBs are not uncommon, they are still relatively rare, with
a typical SB multiplicity ratio of ~5%-10% for studies that can
achieve a sub-km s ' precision in their RV measurements for G—
M main-sequence and pre-main-sequence stars (e.g., Kounkel
et al. 2019). To build a sizable sample of candidates that can be
used for rigorous statistics, it is necessary to obtain spectra of
>10°-10° sources, ideally over the course of several epochs.
Studies of this nature are becoming increasingly common with
large spectroscopic surveys, such as RAVE (e.g., Matijevi€ et al.
2010; Birko et al. 2019), LAMOST (e.g., Tian et al. 2020), Gaia-
ESO (e.g., Merle et al. 2017, 2020), GALAH (e.g., Traven et al.
2020), and Sloan Digital Sky Survey (SDSS) APOGEE (e.g.,
Fernandez et al. 2017; Skinner et al. 2018; Price-Whelan et al.
2018, 2020).

Nonetheless, analyzing such a large volume of data in a
rigorous manner presents its own set of challenges. When
searching for SBs in survey data sets, most studies focus on
SB1s, as their identification is possible solely from the reduced
catalog of RV measurements. Identification of higher order
multiples requires custom data reduction and analysis pipelines.

Previously, we developed a pipeline that autonomously
identified SB2s in the APOGEE spectra (Kounkel et al. 2019)
by deconvolving custom cross-correlation functions (CCFs).
The Kounkel et al. (2019) analysis, however, was restricted to
APOGEE fields containing pre-main-sequence stars and young
clusters. In this work, we generalize the pipeline to be more
effective on all stars that have been observed by the APOGEE
survey. In Section 2 we describe the data used in the analysis.
In Section 3 we discuss this automated code and the subsequent
vetting of the identified SBs. In Section 4 we further derive
various properties of the identified systems, such as their mass
ratio. We also derive complete orbital solutions for the systems
for which there are sufficient data and also examine the light
curves to flag the systems that may be eclipsing. In Section 5
we compare the derived sample to other catalogs of SBs and
analyze the dependence of the derived SB2 fraction on various
stellar properties. Finally, in Section 6 we offer conclusions.

2. Data

Apache Point Observatory Galactic Evolution Experiment
(APOGEE) is conducted with two high-resolution spectro-
graphs: one commissioned first on the 2.5 m Sloan Foundation
telescope at the Apache Point Observatory (APO), and the
second spectrograph (APOGEE-S) subsequently installed on
the Irénée du Pont 2.5 m telescope at Las Campanas Observa-
tory (LCO; Bowen & Vaughan 1973; Gunn et al. 2006;
Blanton et al. 2017). Both spectrographs can observe up to 300
objects simultaneously, across 3° and 2° (in diameter) fields of
view at APO and LCO, respectively. The spectrographs cover
the spectral range of 1.51-1.7 ym with an average resolution of
R ~ 22,500 (Wilson et al. 2010; Majewski et al. 2017; Wilson
et al. 2019).

Throughout the survey, APOGEE has preferentially targeted
red giants; however, other stellar objects have been observed,
often as part of dedicated goal or ancillary science programs
(Zasowski et al. 2013, 2017). The data reduction pipeline is
described in Nidever et al. (2015), Jonsson et al. (2020), and
Holtzmann, J. et al (2021, in preparation). Multiple pipelines exist
for deriving stellar parameters from the spectra, including
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ASPCAP (Garcia Pérez et al. 2016), which is the primary version
of the parameters used by the survey, and it includes a full
chemical abundance determination. This pipeline identifies the
best matching theoretical template spectrum through x* mini-
mization in a multidimensional parameter space. Originally
designed for measuring parameters for the giants, it has since
been expanded to report parameters of all stars with T < 8000
K. However, there are various systematic features in the reported
parameter space due to theoretical templates not offering a perfect
match to the real data. Another stellar parameter pipeline is
APOGEE Net (Olney et al. 2020), which is a neural network
trained on empirical labels of stars, parameters of which have
either been reliably measured by other spectral pipelines (i.e,
giants), or those that could be estimated through photometric
relations (low-mass dwarfs and pre-main-sequence stars). This
achieves a unified and self-consistent distribution of spectral
parameters, with fewer obvious nonphysical systematic features.
As such, it may offer a somewhat better log g determination for
the dwarfs.

The latest public data release is DR16 (Ahumada et al. 2020;
Jonsson et al. 2020), covering observations through June of
2018. In this work, we analyze spectra from a proprietary data
product including APOGEE observations taken through March
of 2020, when both LCO and APO paused observations due to
COVID-19. These observations were reduced with the DR16
pipeline and provided to the SDSS collaboration as an internal
data release that contains spectra for 617,703 unique stars.
SDSS-IV APOGEE data obtained after APO and LCO re-
opened have only been processed by the DR17 iteration of the
pipeline. The DR17 pipeline updated the procedures used to
construct CCFs for each APOGEE spectrum, introducing slight
differences between the DR16 and DR17 reductions that could
not be reconciled in an autonomous manner. Thus, we treat
these two data reductions separately, and present the treatment
of the DR17 data in the Appendix.

3. Identification and Characterization of SB2 Candidates
3.1. Automated Code

In Kounkel et al. (2019), we developed a set of criteria that
could be used to identify a stellar spectrum as an SB2 candidate
based on the spectrum’s CCF. There are some differences in the
CCFs between this previous study and the work presented here. In
Kounkel et al. (2019), we derived stellar parameters from scratch,
as ASPCAP, particularly in the DR14 data release, did not have
optimal parameters for the pre-main-sequence stars (most notably,
inaccurate log g values). We then used a synthetic PHOENIX
spectrum (Husser et al. 2013) that most closely matched the
inferred parameters to compute a custom CCF extending to
200 kms ' from the central peak, with 1 kms ' linear spacing.

Extending our analysis from a few thousand stars in a few
dozen fields to the entire APOGEE catalog made the calculation
of new, independent CCFs computationally prohibitive. There-
fore, we rely on the pre-computed CCFs that are made available
on a visit level in all APOGEE apStar files (Nidever et al. 2015).
These CCFs are derived through masking out bad pixels,
normalizing the spectra, and then performing a cross-correlation
against a best-matched synthetic template. In DR16 and earlier,
this template was chosen from a small grid optimized for RV
determination. In DR17, a synthetic spectrum is generated using
the Doppler code (Nidever 2021) through empirical data-driven
models.
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Figure 1. Example of autonomously deconvolved CCFs. Black lines are the APOGEE CCFs. Red lines show components with Flag 4: primaries (in all cases), or
widely separated secondaries. Blue lines show components with Flag 3: secondaries that fall within the FWHM of the primary. Green lines show components with
Flag 2 that failed the asymmetry check. Purple lines show components with Flag 1 that failed the amplitude test.

To make the resulting CCFs compatible with our existing
analysis routines, we interpolated the APOGEE CCFs from their
original exponential spacing to a linear grid with 1 kms™'
spacing. However, CCFs were extended from 200 to 400 km s~
from the central peak, to ensure that multiple components in
higher mass SB2s with very short periods and large RV separation
could be recovered.

To identify peaks in each CCF that correspond with
individual stars (Figure 1), we first analyzed them with the
autonomous Gaussian deconvolution Python routine, GaussPy
(Lindner et al. 2015). To minimize the chance of GaussPy
identifying noise in the CCF as a real signal, as well to prevent
the dominance of the non-Gaussian wings of the components, a
continuum set to the median value of the CCF or 20% of the
peak (whichever was largest) was subtracted. Furthermore, the
CCF was extended to zero at either end. In deconvolving the
CCEF, the log o parameter was set to 1.5. The log o parameter,
defined in Equation 5 of Lindner et al. (2015), is the only
variable used by GaussPy, specifying the characteristic scale of
the recovered Gaussians by controlling the balance between
real variance and noise.

After deconvolution, the identified Gaussian profiles were
subjected to various tests, and assigned classification flags.
Classification flag 1 was given to the components that were
likely to be noisy or spurious, as identified from CCF peaks
that had amplitudes of <0.15 or >3, or FWHM <1 or
>100kms ™', Classification flag 2 was given to components
that were likely falsely deconvolved into multiple pieces,
identified as cases where secondary peaks lay within 30 kms ™'
of a primary peak that was too symmetric to plausibly contain
multiple components within its width. Classification flag 3 was
given to companions found inside a clearly asymmetric peak
with a small RV separation, where both peaks are blended
together. Finally, classification flag 4 was given to well-
resolved, well-separated components. See Kounkel et al.
(2019) for more details on the process of deriving and testing
these various criteria.

Particularly for pre-main-sequence and young stars, which were
the focus of Kounkel et al. (2019), activity on the photosphere,
such as that caused by spots (e.g., Hartmann & Noyes 1987) can
add structure to the resultant CCF, at the level indicated by flag 3.
Therefore, Kounkel et al. (2019) only deemed sources with
multiple components with flag 4 as reliable SB2s. By contrast,
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more evolved main-sequence and giant stars have less magnetic
activity and less prominent spots, such that their CCFs are less
likely to be affected by spot-induced structure. Therefore, here we
consider components with both flags 3 and 4 as likely SB2s. The
deconvolution of multiple components is done on the per-epoch
level. As binary stars are highly dynamical, the identified
components may be flagged differently. For example, while two
stars are well resolved, they may both be recovered with a
classification flag of 4—however, if caught on the portion of their
orbit where they would have similar RVs, they may still be
recovered with a flag of 3 or 2, or, alternatively, they may blend
into a single Gaussian profile (Figure 1). If a particular epoch may
have a poor signal-to-noise ratio (SNR), the amplitude of the
Gaussian may decrease, and a system that would otherwise be
recovered with flag 4 would instead have flag 1. As such, we
require that a star is multiply deconvolved with either a flag 3 or 4
in just one single epoch to consider a star as an SB2 candidate.
When several epochs are available, it is often likely for most of
them to be deconvolved. However, it is not a requirement, as
highly eccentric systems may have only a short window of time
across their orbit during which a system may have sufficiently
different RVs for both stars for the system to be resolved.

The Python code that deconvolves the APOGEE CCFs and
outputs a catalog of likely SB2s is made available on GitHub
(Kounkel 2021)*’. In the future, it will be integrated into Astra
—a pipeline under development for use by the SDSS-V survey,
which continues to obtain stellar spectra with the APOGEE
spectrographs. As such, beyond the value-added -catalog
presented in this work that is made available for the data
observed through DR17, a list of sources that are identified as
SB2s is likely going to be made available in subsequent data
releases as well.

3.2. Validation

While the automated code is useful for identifying SB2s in bulk
and estimating preliminary RVs for their individual components,
autonomous deconvolution will nonetheless sometimes report
spurious peaks. Alternatively, deconvolution may fail to detect
each component at all epochs, such as by fitting only a single
Gaussian to two closely spaced components, or missing the
second peak entirely. Furthermore, although components with
flags 3 and 4 tend to be robust, there is some ambiguity for
components with flags 1 and 2—while most of the sources with
flags 1 and 2 are false positives, if a firmer detection exists in other
epochs, some of them do trace real stellar counterparts, but require
manual vetting to confirm.

Thus, we visually examined all 34,903 CCFs for the
suspected SB2s identified by our routines in the mid-2020
APOGEE internal data release. The properties of each system
are shown in Table 1. The average properties of the sample are
shown in Table 2. The individual vetted RVs are shown in
Table 3. We used a custom Python tool to interactively refit the
CCF by changing the continuum and specifying the number of
Gaussians to fit as well as their initial parameter estimates.
Through this, we manually curated the catalog, paying
particular attention to the evolution of the shape of the CCF
between epochs to ensure self-consistency and an optimal fit
for each source. Whenever necessary, missing components at a
given epoch were added, and components that were suspected
to be noise were removed.

2 https://github.com/mkounkel /apogeesb2
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In this process, some sources were judiciously discarded
from the catalog of likely SB2s if the CCF was split into
multiple components due to either the width or noise of the
primary peak in the CCF, but was not algorithmically assigned
classification flags 2 or 3. Similarly, sources with irregular
CCFs that were difficult to fit through Gaussian deconvolution
were also rejected if other epochs did not support that the
source was a likely binary. In the latter case, this signature
could be related to the photospheric spots originally targeted by
classification flag 3, as such sources were prominent primarily
in star-forming regions and young clusters previously analyzed
in Kounkel et al. (2019).

4. Results

In total, 7273 sources were identified as SB2s, 813 were
identified as SB3s, and 19 as SB4s (Figure 2). Most sources
have only been observed for 1-2 epochs, and the minimum
separation between multiple peaks is >20 kms~' (Figure 3).
Comparing the automatic and vetted catalogs, we estimate a
false-positive fraction of ~3% for components with flag 3 or 4,
and ~6% for any secondary component to be a false positive
with any flag (in sources where a firm detection exists in other
epochs). Similarly, based on the epochs where a second
component was not identified with a flag 3 or 4, we estimate the
completeness of the autonomous deconvolution to be ~80%.
Completeness increases to 90% for a secondary component that
can be identified through visual examination to be deconvolved
regardless of a flag. If a source has multiple epochs, there is a
greater probability that it would be flagged as a multiple in
some of them and thus be a part of the catalog regardless. But,
if a source was observed only once then it is possible that it
would be missed. Note that it does not take into account
incompleteness due to the construction of the CCF itself, as the
template that is used to make a CCF matters strongly in
whether a secondary is detectable in the first place. For
example, in the sample from Kounkel et al. (2019) using
independently derived stellar parameters and custom CCFs,
there are almost twice as many SB2s compared to what is
presented here for the same sources.

Examining the HR diagram of the identified multiples in
comparison to the full APOGEE catalog, they preferentially lie
on the binary and tertiary sequences of dwarf stars (Figure 2).
A small but sizable population (~10%) appear to be red giants
—while many are associated with true multiple systems, a
considerable number of them are likely to be line-of-sight
contaminants (Section 4.1). Such contaminants are not counted
toward false-positive statistics as they do nonetheless have a
spectrum composed of multiple stars.

4.1. Line-of-sight Systems

The majority of identified systems are bona fide binary or
tertiary stars. There are, however, a number of CCFs with two
or more distinct components that are a chance alignment of
unrelated stars along the same line of sight captured in the same
spectrum. As the fiber diameter is 2” for the spectrograph at
APO and 1”3 for the spectrograph at LCO, sources with an
apparent separation smaller than that may be affected as long as
they have comparable flux.

Such systems could be identified in a couple of differ-
ent ways.
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Figure 2. Top: Hertzsprung—Russell (HR) diagram of the spectroscopic binaries in comparison to the full sample. Note that SB2s tend to be located along the binary
sequence, and SB3s and SB4s tend to be brighter than SB2s. The sources found below the main sequence tend to have large uncertainties in the parallax, with o, > 0.2
mas. Bottom left: T, vs. logg distribution using APOGEE Net parameters (Olney et al. 2020). Bottom right: [Fe/H] vs. [«/H] distribution from ASPCAP DR17
(Garcia Pérez et al. 2016, Holtzmann J. et al 2021, in preparation).

1.

Most apparently, the velocity separation of the compo-
nents is substantial (>40 kms~' ), but does not
significantly change over several epochs. For a system
with a <10 M., stellar primary and a 1 M, secondary, for
example, orbits that produce such large velocity separa-
tions would have periods of ~1 day, such that stationary
velocities over timescales of several days to years prove

that the components contributing to the spectrum are not
interacting gravitationally with one another.

. Such line-of-sight systems can also be detected in a single

epoch if the components have a very large RV separation.
A difference in RV of greater than 200 kms ' is not
unusual and occasionally exceeds 400 kms™'. This is
unlikely even in contact binaries, which could have their
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Figure 4. Distribution of the systems that are likely line-of-sight coincidences (LOS, blue) in comparison to the full sample (yellow, minimum of three epochs
separated by at least 30 days). Left: distribution of sources on the HR diagram. Right: position of the sources in the plane of the sky, in galactic coordinates. Note that
LOSs tend to be located toward the Galactic center, and they tend to be red giants. The contamination fraction of these LOSs can reach as much as 2%-8% of the full
observed sample in these fields toward the Galactic center due to high stellar density.

RV separation range up to ~200 km s~ ' in dwarfs and up

to ~100 kms ™' in giants (Badenes et al. 2018).

Following their identification, the line-of-sight systems tend to
have particular properties in terms of their spatial locations and
evolutionary status.

1. Such systems are primarily concentrated toward the Galactic
center, and to a lesser extent along the Galactic plane. Along
these lines of sight the crowding is the highest, resulting in a
larger number of chance alignments.

2. Such systems tend to consist of red giants by a factor of
2/3 in comparison to the dwarfs. While bona fide SB2s
among red giants are not unprecedented, they are
nonetheless rare, requiring a brightness ratio on the order
of 1 between two components. As such, this is easier to
achieve for unrelated stars, such as because they are
found at different distances and because of the larger
potential pool of stars. Because of their evolutionary
status, they tend to have very narrow CCF profiles, which
are visually distinct from the CCF profiles of dwarfs.

Out of 2978 systems that have been observed for a minimum
of three epochs, with a minimum temporal baseline of at least
30 days, there are 286 systems that are likely line-of-sight

coincidences, defined as having the total RV change for each
component of less than 5 kms™' (Figure 4). Toward the
Galactic center, the fraction of such systems can reach as much
as 6%—8% out of the total number of stars observed by
APOGEE in those fields, and up to 2% along the disk within
the inner 30°, but, otherwise, line-of-sight systems are
uncommon. Of these 286 systems, 149 of them can be cross-
matched to multiple sources within Gaia EDR3 within a 2”
search radius. The remaining systems may be too close on the
sky to be resolved by Gaia in the current data release.

4.2. Mass Ratio

It is possible to determine the mass ratio (g) and the central
velocity (y) of most SB2s even in cases when there is an
insufficient number of epochs to construct a full orbital fit. One
of the ways to do it is to construct a Wilson plot (Wilson 1941),
i.e., plotting velocities of the primary versus the velocities of
the secondary (Figure 5). The slope of the linear regression fit
to all of these data points is equal to —1/g. Similarly, ~ is
found as the point along that fitted line where v = v,.

Although, generally, the primary and secondary of each
system can be automatically identified based on the heights of
their CCF profiles, some of the epochs in some of the systems
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Figure 5. Examples of Wilson plots. Blue dots show velocities of the primary relative to the velocity of the secondary; yellow dots flip the assignment of the primary
and the secondary for all epochs. Blue line shows the best fit to the data; the slope of this line relates to the mass ratio. Red line is the line of equality between v; and
v,; the intersection of these two lines corresponds to the barycenter velocity of the system. Left panel shows an example of an equal-mass binary. Middle panel shows
an example of system with lower g. Right panel shows an example of a system that likely contains a hidden tertiary companion. Note that in the equal-mass systems
there may be confusion in the assignment of a primary and a secondary, whereas in systems with lower ¢, an epoch with a wrong assignment can be identified through

the deviation from the best-fit line.

may end up mislabelled. In systems with ¢ < 0.9, Wilson plots
can be used to diagnose whether it may be more appropriate to
switch the assignments of the two components at any given
epoch, to ensure a self-consistent slope. Similarly, this helps in
assigning an RV to either a primary or a secondary (or both) in
cases where only a single component is detected in the CCF,
due to a combination of a low flux ratio, low-SNR spectrum,
and/or low velocity separation at a given epoch.

The Wilson plot cannot help to confirm the RV assignment
to the primary and secondary components of systems with
g ~ 1, however, as switching the assignment of the primary and
the secondary would not significantly change the relative
position of the data points with respect to the linear fit to them.
Nonetheless, g remains relatively well constrained in such
systems, regardless of the confidence of the velocities assigned
to each component.

We visually examined Wilson plots for all of the identified
SB2s to identify systems in which g can be confidently
measured, and to the best effort corrected the assignment of the
primary and the secondary in cases in which it was apparent
they were mislabeled. This was not done with SB3s and SB4s
due to the greater complexity of such systems.

Most of the systems in this sample have g ~ 1, as expected
from prior studies of binary populations (e.g., Moe & Di
Stefano 2017), as well as detection biases, where a significant
imbalance in the flux ratio of two stars will make a companion
more difficult to detect as an SB2. However, a surprisingly
sizable number of systems (278, or ~5% of all the systems for
which a mass ratio has been measured) have inferred ¢ < 0.1,
or even appear to have a negative g, which would be physically
impossible. Such systems are likely higher order multiples that
have an unseen third (or fourth) companion. While we include
the resulting fit in Table 1 for completeness, in such cases the
assumptions made by the construction of the Wilson plot no
longer apply.

We also note that, in some cases, it is possible to have fitted
g > 1. This occurs when the less massive component has a
systematically larger height in the CCF profile across all
epochs. For main-sequence binaries, this would not typically
occur: in these systems, the mass ratio and flux ratio should be

correlated, and thus the source producing a larger CCF peak
can be safely assessed to be the more massive component as
well. Prominence in the CCF is still only serving as a proxy for
mass, however, and this proxy status can and does fail. This
may occur for instrumental reasons, e.g., if the cross-correlation
template has a better match to the secondary rather than the
primary, resulting in a stronger peak for the fainter and less
massive component. Alternatively, there may be an astro-
physical explanation for the inversion of the flux and mass
ratios in more exotic systems, such as 2M17091769+-3127589
(Miller et al. 2021, accepted). This system was successfully
deconvolved as an SB2 in APOGEE DRI14 data, but,
unfortunately, not in subsequent data releases (and thus it is
excluded from the catalog presented in this work). This system
contains a post mass transfer red giant, which dominates the
spectrum at infrared wavelengths and is thus assessed to be the
primary component in our flux-based analysis. The evolved
component has lost much of its mass, however, to its less
evolved companion. This less evolved source is now more
massive, but still fainter at infrared wavelengths, and is thus
identified as the secondary in our flux-based assignment,
producing g > 5. To better highlight other such systems that
may be present in the data set, we preserve the systematic
assignment of labels of v, and v, (other than ensuring the
aforementioned self-consistency between epochs), and thus
allow ¢ to extend to >1 in Table 1. We also present the mass
ratio distribution graphically in Figure 6; to avoid distorting the
x-axis to include a small number of g > 1 sources we remap
those mass ratios into the 0—1 range by presenting them as 1/g.

4.3. Orbital Fitting

To estimate orbital parameters for the identified systems, we
have used a branch of the The Joker (Price-Whelan et al. 2017)
adapted for SB2s. The Joker performs Monte Carlo sampling
over a range of possible parameters in order to identify a series
of likely orbits. It has previously been used on the APOGEE
data to perform statistical analyses over the orbital posterior
distribution on sparse RV curves that may not necessarily be
characterized by a single period, as well as fitting orbits of a
number of SB1s (Price-Whelan et al. 2018, 2020).
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Table 1

Properties of the Identified SB2s and Higher Order Multiples
APOGEE @ § SBy N 7' P P
ID (deg.) (deg.) epoch kms™! (day)
2M09304810+2712390 142.700448 27.210835 2 29 0.95 £ 0.01 8.98 +0.47 4.205994 + 1.2741106E-5
To e w AP K, K> M sin®i M, sin®i
(D) (deg.) (kms™") (kms™") (kms™") M) M.)
2457677.8 + 0.06 0.006 £ 0.002 165+ 5 9.04 £0.12 87.3+0.2 91.1 £0.3 1.263 £ 0.008 1.210 £ 0.007
asini Max v Max v, Max v, Max ¢ LOS TESS TESS
(au) (kms™) (kms™) (kms™) (day) (@) variable?® period (day)
0.06895 + 0.00014 180.3 177.8 183.5 1911.7 d 4212

Notes. a = R.A., § = decl., SBy = number of deconvolved components for a source, ¢ = mass ratio, vy = barycenter velocity, P = period, T;, = time of periastron
passage, e = eccentricity, w = longitude of periastron, K; , = semiamplitude of the velocity, M, » sin®i = inclination-dependent mass of the star, a sini = inclination-
dependent semimajor axis, Max v = maximum observed separation in RV between the primary and the secondary in any epoch, Max v, , = observed amplitude of
variation in RV of the component across all of the available data, Max ¢t = maximum temporal baseline, LOS = line-of-sight coincidence, Tess Variable = flag for a

variable light curve in TESS data, TESS period = period derived from TESS light curves for periodic variables.

? From a Wilson plot.
® From an orbital fit.
€ f = in TESS footprint; v = variable; d = detached eclipsing.

(This table is available in its entirety in machine-readable form.)
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Figure 6. Distribution of mass ratios in the sample, measured using Wilson
plots. Sources with ¢ > 1 have been inverted as 1/¢ to be included in this plot.
Sources with ¢ < 0.1 likely have an unresolved tertiary companion.

SB2s are more complex than SBls. As discussed in the
previous section, it is not always straightforward to defini-
tively assign measured velocities to an SB2’s primary or
secondary component. Furthermore, in some cases where two
components have a relatively small RV difference even at
maximum separation, rather than measuring the velocities of
individual stars, or even the velocity of a primary, the
measurement is pulled closer to the barycenter of the system.
Both of these effects can confuse the orbital fit, even if a
system has been observed over 204 distinct epochs.
However, as the orbital equation for SB2s consists of seven
parameters, and each epoch can provide two separate data
points, in principle, it may be possible to unequivocally solve
a complete orbit with as few as four optimally timed epochs
(though, such cases are rare).

To derive the range of orbital solutions that may be appropriate
for each system, we initialized The Joker with five million

Table 2
Statistics in the Sample
Property Number
Raw Deconvolution
Number of candidate SBs 8538
Number of visits for all candidate SBs 34,903
Number of visits with second component with Flag > 3 20,224
Number of visits with third component with Flag > 3 592
Number of visits with fourth component with Flag > 3 3
After visual vetting
Number of vetted SBs 8105
Number of SB2s 7273
Number of SB3s 813
Number of SB4s 19
Number of visits for all vetted SBs 32,642
Number of visits with two visible components 28,277
Number of visits with three visible components 2169
Number of visits with four visible components 40
Number of SBs with 1 epoch 1842
Number of SBs with 2 epochs 2011
Number of SBs with 3—5 epochs 2679
Number of SBs with >5 epochs 1573
Orbits
Number of systems with ¢ and v from Wilson plot 4658
Number of systems with full orbits 320
Light curves

Number of SBs in TESS footprint 5485
Number of SBs with periodic light curves 1504
Light curves of detached eclipsing binaries 369
EBs with matching orbital periods to stand-alone RV fits 82

samples for all 1490 SB2s with at least four epochs and a well-fit
mass ratio (Section 4.2).

For some systems, if the priors are well constrained or if the
RV uncertainties are large, it is possible to use The Joker to
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Table 3

Vetted Radial Velocities of the Individual Components
APOGEE HID V1 Vo V3 V4
ID (day) (kms™") (kms™") (kms™h (kms™")
2M19534348+-2804599 56936.584 957+ 14 —38.6 £5.0 43.8 £ 6.0 —73.6 £3.2
(This table is available in its entirety in machine-readable form.)
estimate uncertainties in the orbital parameters. However, it is 160 gy
not always practical or computationally expedient. The orbits s /4;' +

of many SB2s are so tightly constrained that, regardless of the
initial number of samples, The Joker would not return a family
of similar orbits with scatter in their parameters, but rather a
singular orbit, even with an initial sample of a few million for
each system.

Thus, to estimate formal errors, we further fit the identified
SB2s with the IDL code rvfit (Iglesias-Marzoa et al. 2015).
Unlike The Joker, which can sample a wide range of orbital
parameter space, rvfit is a fitter, and as such, it may struggle
to find appropriate parameters on its own, getting stuck in local
minima. However, given appropriate initial estimates, such as
those returned by The Joker, it cannot only improve the fit but
also estimate uncertainties in a more robust manner, through
the direct fit and a subsequent Markov Chain Monte Carlo
sampling that automatically sets appropriate priors in the
parameter space from the fit.

Through the combined usage of rvfit and The Joker, we
visually examined the fitted orbits and the resulting parameters
of all SB2s with at least four epochs to ensure they could be
well fit by only a single mode of orbital solutions. This resulted
in a sample of 325 well-fitted systems (an example of such a
system is shown in Figure 7).

We note that, outside of APOGEE, there are a number of
other surveys and smaller studies that may have obtained
spectra and measured RVs for these systems. In some of these
systems, these additional RV measurements may be sufficient
to fully solve the orbit. For the sake of having a uniform
catalog, these additional data are not included in the orbital
fitting presented in this work. In the future, however,
performing a cross-match with other data (e.g., Pourbaix
et al. 2004) should make it possible to further increase the
census of SB2s with full orbital solutions.

4.4. Light Curves

Some of these systems, in addition to their spectroscopic
binary signatures, also exhibit eclipses. To identify this subset
of the sample, we used the eleanor pipeline (Feinstein et al.
2019) to extract light curves for all systems observed by TESS
to date. These light curves were produced from the full frame
images spanning the first 26 sectors of the survey. In total, 5485
sources fall into the TESS footprint, the remaining sources
have not yet been observed.

We then examined all of these light curves to see if they
exhibited a periodic signature. Regions of the light curve that
had bad systematic trends that were not well corrected by
eleanor, or regions that contained significant artifacts not
properly flagged were manually removed using a custom
Python code. Following this, we calculated a Lomb-Scargle
periodogram (Lomb 1976; Scargle 1982) for each light curve to
find a dominant period. Sometimes, this dominant period is a
factor of 2 (or 4) shorter than binary’s true orbital period—in
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Figure 7. Orbital fit for 2M04442280-7524067, shown as an example of a
typical system with a well-constrained solution. The top panel shows the orbit,
and the bottom two panels show the residuals of the fit for the primary and for
the secondary.

these cases, we visually corrected the period to produce a clean
folded light curve. On occasion, significant out-of-eclipse
variability prevented the Lomb-Scargle periodogram from
returning the correct period, despite clear eclipses present in the
data. In these cases, we measured the period using two
neighboring eclipses, ensuring that this period would correctly
fold other observed eclipses as well. Close eclipsing binaries
(such as contact, semi-detached systems, or systems with
strong ellipsoidal variations) can be easy to identify in the light
curves. Contact binaries, however, may have similar signatures
to rotating spotted stars. Furthermore, even if the system is not
truly eclipsing, tidal synchronization of the two stars may force
the rotational period to be the same as the orbital period in
some cases. For this reason, we have flagged all light curves
that appear to be periodic.

In total, out of 5485 sources with TESS light curves, 1504
have periodic light curves. Most of these sources are not
necessarily eclipsing, but rather have a periodic signal from
other activity, such as rotation. They are included in the catalog
because it can be difficult to separate contact binaries from
rotators. However, 369 have clear signatures of being detached
eclipsing binaries (Figure 8). Of the 320 systems with fully
fitted spectroscopic orbits, 88 are periodic; of those, 82 have a
good match between the photometric and spectroscopic
periods. The remaining 6 are not classified as detached
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Figure 8. Example of a spectroscopic binary that is also eclipsing. Top panel
shows the full TESS light curve. Second panel shows the Lomb-Scargle
periodogram, in this case the strongest periodic signal originates from a half of
the full period of the system. Third panel shows the phase-folded light curve,
and the bottom panel shows the phase-folded RV curve.

eclipsing binaries. Their photometric periods do not relate to
the spectroscopic orbit; rather, the periodic signal may be
related to the rotational period of individual stars, may be
affected by poor SNRs, or may be contaminated by a presence
of neighbors in the TESS aperture (Figure 9).

There are a number of other surveys of variable stars that
may provide additional independent constraints on these
systems’ orbital periods. For example, the Variable Star Index
(VSX; Watson et al. 2006) currently includes more than two
million variables, of which 868 coincide with spectroscopic
binaries in our sample. Only 323 of these are also identified as
periodic variables in TESS; the remaining sources are either
outside of the TESS footprint or have preferentially longer
periods. The sources we identified as detached eclipsing
binaries via TESS light curves are preferentially identified as
EAs in VSX. There is also a good agreement in the derived
periods, although outside of the sources for which full orbits
have been constructed with the help of RVs, periods measured
with TESS do appear susceptible to a multiplicative factor of 2
offset.

The systems that are eclipsing SB2s offer a good opportunity to
better constrain the stellar mass—radius relationship, as an orbital
fit of such systems is the most direct method of measuring these
parameters (Serenelli et al. 2021, and references therein).
Currently, the systems for which we have fitted full spectroscopic
orbits only need their light curve characterized with tools such as
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Figure 9. A comparison of the period derived from the orbital fit for the SB2s
to the photometric period derived for the eclipsing binaries in TESS data. The
solid line shows a one-to-one relation, dashed lines show x2 and x0.5 offsets.
The outliers do not have light curves consistent with being detached eclipsing
binaries and are more likely to be rotating variables. The measurements that are
consistent between two methods agree in the period determination to
within 0.5%.

Phoebe (Conroy et al. 2020) or ellc (Maxted 2016). The sources
that have been flagged as detached eclipsing binaries but have an
insufficient number of spectroscopic measurements to fit an orbit
would benefit from follow-up observations, particularly among
some of the sources that are pre- and post-main-sequence stars.
Furthermore, although this was not done in this work, it is
possible to force the eclipsing period to the spectroscopic orbit,
which may make it possible to derive masses with a minimal
number of RV measurements.

Even without performing a detailed light-curve analysis,
eclipsing binaries can strengthen the mass estimates inferred for
SB2s. The RV orbital fit does not directly solve for mass; rather, it
provides M sin’i for all of the components, such that the system’s
inclination must be determined to uniquely identify the
components’ masses. Since EBs are seen close to edge on, with
i — 90° (though eclipsing configurations with i as low as 60° can
be possible), this ambiguity in the system’s inclination is
significantly reduced, such that the inferred M sin®i value
approaches the true M. This can be seen in Figure 10, in
examining color versus M sin®i, which is, on average, higher for
eclipsing binaries at a given color, forming an upper limit to the
relation for the main-sequence dwarfs. A few sources may have
M sin®i values above this limit, either due to very uncertain
measurements or because the source has evolved off the main
sequence. Converting colors to masses using isochrones does not
perfectly reproduce the M sin® i relation measured from the orbital
fits, which are systematically offset from the line of equality. This
may be because the stars largely inhabit the binary sequence, and
thus their colors do not serve as an accurate proxy for the mass of
a single star. However, the mass derived from the isochrones
underestimates the total mass of both stars.

5. Discussion
5.1. Comparison to Other Catalogs

Over the history of the APOGEE survey, there have been a
number of efforts dedicated to the search for SB2s. They include
works such as Fernandez et al. (2017) and Kounkel et al. (2019)
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Figure 10. Top: distribution of Msin’ of the primaries derived from the orbital
fitting, as a function of color in Gaia bandpasses. The black line shows the mass
—color relation for the main-sequence stars from MIST isochrones (Choi
et al. 2016). Middle: derived Msin® of the primary versus the inferred mass
from isochrones. Bottom: combined Msin’ of the primary and the secondary
versus the inferred mass from isochrones. Systems that have been identified as
eclipsing (and should have i — 90°) are highlighted in red. The size of the
symbols is inversely related to the orbital period, with the larger circles having
a shorter period.

for the pre-main-sequence stars, Skinner et al. (2018) for the M
dwarfs, and Mazzola et al. (2020) who presented SB2 candidates
in the APOGEE DR14 sample as a preliminary version of the
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catalog in this paper. One of the most extensive previous efforts,
however, was never published and only available as an online
database”® (Chojnowski 2015). This includes 1208 candidates
identified through visual inspection of all of the CCFs of the
APOGEE-1 survey of the data obtained through DR12. Our
automated code flags 942 of these systems, and 1544 systems
in total, with the sample restricted to what has been observed
up to 2014 July (which was the cut-off date for DR12). We
note that CCFs were computed differently for DR12 and the
current internal data release, even for the same system, and
some of the constructed CCFs can be more or less sensitive to
the presence of a companion, depending on the parameters used
to select the best-matched template spectrum for which the
CCF was computed.

Another notable work identifying SB2s in the APOGEE data
was done by El-Badry et al. (2018). However, instead of
analyzing CCFs, they performed multitemplate fits, identifying
systems that are often unresolved in CCF space. As such, out of
3308 systems that they identify as multiple, we can only
independently verify 702. The remaining ~2600 are presum-
ably binaries on wide orbits, whose velocity separation is too
small for us to detect two independent CCF peaks. However,
we identify only 42 SB2s among the 16,833 sources they flag
as single stars, indicating their criteria for discriminating
between single and multiple systems appears to be quite robust.
The remaining systems we identify as multiple were not
included in their analysis.

Price-Whelan et al. (2020) performed an analysis of radial
velocity variable systems in the APOGEE data to identify
19,635 candidate SB1s, of which 1032 comprise their “gold
sample”, i.e., systems with robust orbital solutions. In their full
sample of candidate SB1s, there are 1154 that we find to be
SB2s or higher order multiples. Of these, we measure orbits for
127, although only 30 of these coincide with the Price-Whelan
et al. (2020) gold sample. In general, there is good agreement
between their SB1 orbital solution and the solution we infer for
the primary of the SB2 system, with the exception of four stars
for which the APOGEE RVs may be corrupted due to their
nature as SB2s.

There is some overlap between the sources targeted by
APOGEE and those targeted by other surveys. Recently,
Traven et al. (2020) performed a search for SB2s in GALAH
spectra. GALAH is an optical spectrograph, with ~25% higher
resolution than APOGEE. They identified 19,773 candidates
out of 587,153 sources. It is difficult to compare the derived
SB2 fraction between the two surveys, both due to the still
proprietary nature of much of the underlying data, and due to
the difference in the targeting strategy of the surveys (i.e.,
dwarfs make up a significantly higher fraction of the sources
observed by GALAH in comparison to APOGEE). However,
out of 539 sources observed by APOGEE and identified by
Traven et al. (2020) as SB2s, we can independently confirm
377 of them (of which 21 are SB3s). Similarly, of the 50
sources present in the publicly released GALAH DR2 (Buder
et al. 2018) that we identify as multiples, Traven et al. (2020)
have also identified 30 of them.

5.2. Relation to Gaia EDR3

In the current (EDR3) data release, Gaia treats all sources as
single when deriving their astrometric solutions. Motion of the

3 http:/ /astronomy.nmsu.edu/drewski/apogee-sb2 /apSB2.html
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a one-to-one relation.

photocenter due to unresolved multiplicity can affect the
resulting astrometric fit, however, such that one of the metrics
provided to evaluate the quality of the solution is the re-
normalized unit weight error (RUWE). It is typically <1.4 for
the sources for which the parallax is thought to be reliable
(Lindegren et al. 2020), and it is expected that many sources
with  RUWE > 1.4 are likely multiples. Examining the
distribution of RUWE, we find that sources with high RUWE
are indeed more common among the spectroscopic binaries and
higher order multiples we identify than they are in the full
APOGEE sample. Furthermore, it is more common to find high
RUWE among SB2s than it is among SB1s (Figure 11(a)). As
the smallest velocity difference we are sensitive to with SB2s is
>20kms ™', and SBls can be detected with a smaller RV
amplitude, it is reasonable to expect the orbital motion of SB2s
to be more pronounced in astrometry as well. It should be noted
that in g ~ 1 systems, the equal brightness of the stars in the
pair may make it more difficult to detect multiplicity through
RUWE (as the center of light would be averaged out at the
barycenter instead of being pulled by an individual star;
Kervella et al. 2019). Indeed, the fraction of sources with a high
RUWE tends to decrease as a function of the mass ratio
(Figure 12). However, as SB2s tend to have more systems with
a high RUWE than SB1s, and SB2s also tend to have binaries
with a mass ratio approaching unity, other factors that would
make SB2s have a greater impact on astrometry must still
dominate.

However, we note that most of the SB2s and higher order
multiples do have RUWE < 1.4—in most cases, the orbital
separations of the systems identified here are too small to have
a considerable effect on the Gaia astrometry. For the vast
majority of spectroscopic binaries, including almost all systems
for which we have been able to derive a complete spectroscopic
orbit, the semimajor axis is too small for Gaia to resolve the
orbital separation of the two stars, or the mass ratio is too close
to unity to see the motion of the photocenter, and their resulting
orbital motion cannot be detected when superimposed on the
motion due to parallax and proper motion.
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Stassun & Torres (2021) derived an expression for estimating
the semimajor axis of a binary system based on RUWE for
sources with RUWE between 1 and 1.4. However, we find that in
this sample, because spectroscopic binaries tend to have very short
periods, this estimate only provides an upper bound for the
semimajor axis derived from the orbital fitting (Figure 11(b)).

5.3. Binary Parameter Distributions and Current
Observational Biases

5.3.1. Fraction of SB2s and Mass

As the product of a targeted spectroscopic survey, the
APOGEE data set is subject to intentional selection effects that
may bias the sample’s SB2 fraction. Correcting for these
selection effects to infer the intrinsic SB2 fraction as a function
of stellar parameters is beyond the scope of this work, but as a
first step in this direction, we measure the observed SB2
fraction (Fsg,) in our sample relative to the total census of
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Figure 13. Fraction of sources identified as multiples in the full APOGEE sample of main-sequence stars, defined by log g > 4 dex and T.¢ < 6500 K, as a function of

SNR, T, and the number of epochs.

solar-type dwarfs observed by APOGEE. We exclude red
giants from this analysis, as SB2s among them are rarely
detected. We therefore limit the SB2 fraction analysis to
sources with APOGEE Net log g >4 dex, among both the
SB2s and the underlying APOGEE comparison sample.
Additionally, we limit this analysis to sources with T.g <
6500 K, as both the surface gravities and RV values are less
precise among hotter stars, making it more difficult to filter
giants and subgiants and measure velocity amplitudes accu-
rately. Similarly, the census of SB2s among hotter stars is
highly incomplete since their faster rotational velocities result
in broad CCF profiles, which are more difficult to reliably
deconvolve into multiple components.

For the full sample of 5850 dwarfs, we measure an average
Fsp, of ~3%. As shown in Figure 13, there is a strong trend in
this fraction when we bin the sample according to the SNRs of
individual visit-level spectra, as noise in the data affects the
strength of cross-correlation. As a result, our SB2 census is
highly incomplete, and thus our observed Fgp, is spuriously
low, when limited to only low-SNR spectra. The Fgsp, rises
steeply with SNR, however, and then stabilizes at ~3.25% for
SNR 2 50. However, low-SNR data account for only 7% of the
total sample, so these sources do not add substantial biases to
the Fsg, we measure as functions of other stellar parameters.
Similarly, there is no strong dependence in Fgsg, on the number
of visits to a particular source, as identification of SB2s is
performed on individual epochs. Although a larger number
epochs may offer a greater chance of catching a binary in a
resolved state at least once, there is no particularly strong trend
in the data. We note that the number of epochs over which a
particular source is observed is not entirely independent of the
stellar parameters (and as such, multiplicity), as repeat visits
would be scheduled only to a particular type of targets.

We examine the raw, non-completeness-corrected Fspo
as a function of stellar temperature in Figure 13, finding a
distribution that is flat for T.;<<6000K, but which rises
steeply for sources with T.¢ > 6000 K. Detection of SB2s in
this study appears to be largely flat with respect to mass from
M and K dwarfs, with a somewhat abrupt increase toward G
dwarfs. This is similar to the temperature dependence of the
multiplicity fraction of SB1s measured by Price-Whelan et al.
(2020) and Mazzola et al. (2020). The similarity between these
Fspo, particularly in the T < 6000 K regime, is itself some-
what surprising: the completeness analysis by Kounkel et al.
(2019) indicates that SB2s should be easier to recover around
higher mass primaries, such that an intrinsically flat multiplicity
fraction would produce an observed Fsg, that declines steadily
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and smoothly for T.¢ < 6000 K. The heightened sensitivity to
SB2s with more massive primaries is partially due to the larger
RV separation induced by more massive stars at comparable
semimajor axes; furthermore, massive stars have been
measured to have a higher intrinsic multiplicity fraction
(Duchéne & Kraus 2013). However, we note that there may
be additional selection biases in the targeting strategy of the
survey that may have resulted in a larger fraction of SB2s being
targeted among the low-mass stars due to their brightness
compared to single stars.

5.3.2. Eccentricity

Dynamical evolution drives binaries toward more circular
orbits over time. The timescale of this circularization process
increases for longer orbital periods, such that short period
systems circularize quickly, and long period systems can
maintain substantial eccentricity for much of their stellar
lifetimes. This behavior is apparent in Figure 14, which shows
eccentricity as a function of period for the systems with fitted
orbital solutions, and reveals that SB2s in our sample with
P <10 days tend to have e~ 0, which is consistent with
theories of orbital circularization due to tides. Other catalogs of
short period binaries also find similar distributions in period
—eccentricity space (e.g., Price-Whelan & Goodman 2018;
Raghavan et al. 2010; Moe & Di Stefano 2017).

Additional information about the circularization rate can be
extracted from the power-law slope 7 of the eccentricity
distribution P, x e¢” for those sources with P < 10 days, which
circularize most efficiently. A steep eccentricity distribution
(n= —1) indicates sources circularize rapidly, and the eccentricity
distribution is more sharply peaked at e =0, whereas a flatter
eccentricity distribution (n = 0) indicates systems circularize more
slowly, producing a shallower slope toward e =0. We find the
slope of the eccentricity distribution of the APOGEE SB2 sample
is n~ —1. Comparing this distribution to other catalogs of
multiples, this is in a good agreement for SB2s with low-mass
primaries located below the Kraft break in the SB9 catalog
(Pourbaix et al. 2004). However, it is steeper than the eccentricity
distribution of hotter (7. > 6200 K) SB2s in the Pourbaix et al.
(2004) catalog, which have 1~ —0.5, as tidal circularization is
less efficient in these early-type systems (e.g., Moe & Di
Stefano 2017). Interestingly, however, APOGEE SB1s in the gold
sample from Price-Whelan et al. (2020) also show a shallower e
distribution with 7~ —0.5, without a considerable difference
between early-type and late-type stars. SB1s generally have lower
mass ratios than SB2s, and circularization timescales are five
times longer for systems with g ~ 0.5 than they are for those with



THE ASTRONOMICAL JOURNAL, 162:184 (18pp), 2021 November Kounkel et al.

0.9 I/ ’
0.8 H H+ +
0.7 + ¢
- 0.6 +
° ft
£0.5 4 +
5 ¢
30.4 'Y ++
L
03 it ! + 3 "l APOGEE SB2s
0.2 { +, i ol SB9 cool
0.1 Jg SB9 hot
' ; * APOGEE SB1s
50 100 200 0 0.05 0.10 0.15 0.20 0.25
Period (days) e

Figure 14. Left: period—eccentricity relationship of the fitted orbit. Note the plateau in eccentricity for systems with period <10 days due to the tidal circularization of
evolved systems. The black lines shows the maximum eccentricity ey, (P) = 1 — (P/ Poin)2/3 from Moe & Di Stefano (2017), with Pnin = 2, 0.5, and 0.2 days,
which is the critical period at which the Roche lobe would overflow for an equal-mass binary with M, = 10, 2, and 0.5 M, stars, respectively. Right: Cumulative
distribution of eccentricities for sources with 0.5 < log(P (day)) < 1 in APOGEE SB2s (this work), SB2s in the SB9 catalog with early-type and late-type primaries
(Pourbaix et al. 2004), and APOGEE SB1s (Price-Whelan et al. 2020, both early-type and late-type primaries have a comparable distribution). Note that the cooler
SB2s (both in this work and in the SB9 catalog) tend to have fewer sources with higher e due to a more efficient circularization in comparison to hotter SB2s or SB1s
with a preferentially lower mass ratio.

1.0 1.0
0.9 0.9
0.8 0.8
0.7 0.7
0.6 0.6
0.5 0.5
0.4 0.4
0.3 0.3
0.2 “ APOGEE Net, full sample 0.2 “ APOGEE Net, full sample
0.1 “ APOGEE Net, SB2s 0.1 “ APOGEE Net, SB2s
0 0
4.0 41 4.2 43 4.4 45 46 47 48 49 5.0 51 52 -1.0 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4
log g (dex) [Fe/H] (dex)
1.0 1.0
0.9 0.9
0.8 0.8
0.7 0.7
0.6 0.6
0.5 0.5
0.4 0.4
0.3 0.3
0.2 “ ASPCAP, full sample 0.2 “ ASPCAP, full sample
0.1 * ASPCAP, SB2s 0.1 “ ASPCAP, SB2s
0 0
40 41 42 43 44 45 46 4.7 48 49 50 5.1 5.2 -1.0 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4
log g (dex) [Fe/H] (dex)

Figure 15. Cumulative distribution of stellar parameters derived by ASPCAP (Garcia Pérez et al. 2016, Holtzmann, J. et al. 2021, in preparation) and APOGEE Net
(Olney et al. 2020) for all of the stars in the APOGEE sample (with log g > 4 dex and T.¢ < 6500 K) in yellow vs. their distribution within the sample of SB2s
satisfying the same cuts in blue. Typical uncertainties are 0.02 dex in [Fe/H] and 0.05 dex in logg.

14



THE ASTRONOMICAL JOURNAL, 162:184 (18pp), 2021 November

200 -
180f . '
160} .

140 T
120
100
80

(UZ +W2)1/2 (km 541)

60
40

20

0 . T Ve
—-200 -150 -100 50 0
V (km s71)

50 100 150

200

Kounkel et al.

o

o

[&)]
—

o
o
~

——
HH
—_

HH
—

0.03 + |

—H

-

0.02

Ratio of SB2s to all MS stars

0.01

20 30 40 50 100

Total 3d velocity (km/s)

200

1

Figure 16. Left: Toomre diagram, showing UVW kinematics of SB2s. The two semicircles are placed at Vi, = 70 and 180 km s~ ', roughly separating the typical
kinematics of the thin disk, thick disk, and the halo. (e.g., Bensby et al. 2005; Reddy et al. 2006; Nissen & Schuster 2009). Right: fraction of SB2s relative to the full

APOGEE sample of main-sequence stars as a function of V.

q ~ 1 (Zahn 1977; Hut 1981), which may explain why SB1s may
have more sources with higher e than SB2s detected within the
same survey. Additionally, unlike SB2s, SB1s can be detected
among red giants. This evolution may also dynamically affect the
orbit.

Among the short period systems, however, there are still some
short period SB2s with large e. Within their uncertainties, none
exceed the critical e threshold for the Roche lobe overflow for
their mass, but they also do not have signatures of youth that
might suggest they have not yet been circularized. As such, it is
not entirely clear what may drive their higher eccentricities. For
some of them, only a few RV data points drive their orbit toward a
high e solution; more observations may indicate that these RVs
are inaccurate and drive their orbits toward more expected e
values (we note that there is no significant difference in the e
distribution as a function of the number of available epochs of RV
measurements). However, some of these systems do have well-
sampled RV curves, making their eccentric orbits more difficult to
attribute to measurement errors. Such systems may include
heartbeat stars (e.g., Shporer et al. 2016), or an unseen tertiary
companion that affects their orbit evolution. Cash, J. et al. (in
preparation) have identified 50 heartbeat stars in the APOGEE
DR17 sample, of which 3 are SB2s presented here. Two of them
(2M18515331+4043371, 2M19381285+44451011) have only a
single APOGEE epoch. The third one, however, 2M 19183945
44724013, does have 16 epochs and a fully solved orbit, with
P =277 days and e=0.39. Detailed modeling, and follow-up
observations, will help identify the mechanisms responsible for
other unusually eccentric short period orbits.

5.3.3. [Fe/H]

Previous work has found good evidence that the multiplicity
fraction of short period systems rises for lower metallicity
primaries (e.g., Badenes et al. 2018; Moe et al. 2019; Mazzola
et al. 2020), but this signal may be suppressed at the shortest
periods, where dynamical evolution plays a strong role in
shaping the present-day multiplicity fraction (e.g., Hwang &
Zakamska 2020). Cleanly detecting the metallicity dependence
of the multiplicity fraction in a catalog of SB2s may also suffer
from systematic effects due to “veiling” by secondary light; in
their analysis, Traven et al. (2020) identified that SB2s in the
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GALAH sample have a lower [Fe/H], on average by 0.2 dex,
most likely due to bias introduced by the parameter extraction
pipeline introduced by an SB2.

We investigate the possibility of a metallicity bias in the SB2
detection fraction using stellar parameters produced by ASP-
CAP (Garcia Pérez et al. 2016) and APOGEE Net (Olney et al.
2020). Restricting the sample to dwarfs (log g > 4 dex), we find
that SB2s appear to be systematically more metal poor
than single stars, although the effect is significantly more
pronounced when adopting [Fe/H] values from APOGEE Net
than from ASPCAP, where the metallicity offset between SB2s
and single stars is slight (Figure 15). It is possible that other
APOGEE Net parameters are similarly affected by the presence
of secondary light. Olney et al. (2020) searched for, but did not
find, a systematic shift in log g between single and multiple pre-
main-sequence stars; examining APOGEE Net’s log g values
for our SB2 sample and the comparison sample of main-
sequence dwarfs, we see evidence for a difference in the
median logg of ~0.12 dex. Curiously, although there is a
comparable magnitude of discrepancy in log g in ASPCAP, the
trend is reversed. No clear difference is apparent in either
catalog’s T distributions.

To test if these parameter offsets are intrinsic/astrophysical
in nature, or introduced by detection/measurement bias, we
investigate if the metallicity offset in our SB2 catalog is
consistent with known correlations between metallicity and
kinematically defined Galactic populations. That is, we use the
kinematics-based membership of the thin disk, thick disk, and
the halo as a proxy for metallicity, and search for consistent
offsets in the SB2 fraction of these populations. Examining
the kinematics of the sample using the Toomre diagram
(Figure 16), it appears that the bulk of the sample, ~80%,
consists of thin disk stars.

Curiously, Fsg, appears to decrease with the total magnitude
of the 3D velocity of the star, Vi, for thin and thick disk stars.
However, it increases for halo stars.

One explanation for such a trend is that metal-poor stars tend
to have weaker lines in their spectra. This may lead to a weaker
signal in the CCF, especially in the weakly resolved systems
with large disparity in their masses. This could lead to a
suppression in the observed Fsg, of metal-poor stars, although
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at very low [Fe/H], the intrinsically high Fsg, of the metal-
poor stars is able to overcome this observational bias.
Restricting the sample of SB2s to only systems with g > 0.8
and an RV separation between two stars of >60kms™ ' (the
parameter space that is most likely to be complete across stars
of all [Fe/H]), we recover the trend of higher Fgsp, in low
[Fe/H] systems (Figure 17). Similarly, the observed Fsp, as a
function of Vi, for these equal-mass and well-resolved systems
no longer suppresses the Fsg, of thick disk stars (with Vi, ~
100 kms ™).

6. Conclusions

We developed an autonomous pipeline to identify double-
lined and higher order spectroscopic binaries in the APOGEE
spectra through Gaussian deconvolution. We visually exam-
ined all of the fitted components in the intermediate DR16+
data to improve the fit and remove spurious detections. Due to
an incompatible data model, DR17 data have only been
processed by the autonomous pipeline, without being merged
into the visually vetted catalog.

In total, we identify 7273 SB2s (some of which may have an
undetected third component based on unusual mass ratios), 813
SB3s, and 19 SB4s. At this time, we are able to derive
complete orbits for 325 of these SB2s. Furthermore, we
examine TESS light curves, identifying variable stars, of which
369 appear to be detached eclipsing binaries. A complete
modeling of both radial velocities and the light curves for such
systems would make it possible to fully characterize both the
masses and the radii of the individual stars.

Unlike SB1s, SB2s can be detected as such in just a single
epoch; however, there is a minimum signal-to-noise ratio
requirement of ~50 to ensure optimal detection. At the
resolution of APOGEE, the radial velocities of two components
need to be separated by at least 20 km's™' to be able to resolve
them clearly.

The derived orbital parameters are consistent with the
previously derived distributions. In particular, sources with a
period <10 days tend to be circularized. This circularization is
stronger in cool SB2s in comparison to hotter SB2s or to SB1s.

The SB2 fraction appears to be largely flat with mass for
slowly rotating stars below the Kraft break. SB2s are strongly
biased toward the dwarfs due to the necessity of both stars
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having comparable flux—true SB2s among giants are rare.
However, there are line-of-sight coincidence systems that can
capture the spectrum of two or more unrelated stars—among
them, the red giants are more common. Trends with metallicity
are difficult to observe among SB2s due to various observa-
tional biases—in part because of it, SB2s appear to be less
common among thick disk stars compared to the stars in the
thin disk or in the halo. Restricting the sample to only well-
resolved systems is able to recover previously observed trends
of increasing Fgp, of close companions in metal-poor systems.
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Group, Harvard-Smithsonian Center for Astrophysics, Instituto However, the data reduction pipeline and data model have
de Astrofisica de Canarias, The Johns Hopkins University, changed since then for the DR17 data release.

Kavli Institute for the Physics and Mathematics of the Universe The two reductions, and the CCFs produced by them, are not
(IPMU)/University of Tokyo, Lawrence Berkeley National directly compatible with one another. Although SB2s with
Laboratory, Leibniz Institut fiir Astrophysik Potsdam (AIP), widely separated RVs of both components tend to be recovered
Max-Planck-Institut fiir Astronomie (MPIA Heidelberg), Max- in both reductions, this is not always the case when they appear
Planck-Institut fiir Astrophysik (MPA Garching), Max-Planck- to be more blended in some epochs. A particular peak in the
Institut fiir Extraterrestrische Physik (MPE), National Astro- CCF might appear as a composite of two components in one

nomical Observatories of China, New Mexico State University,
New York University, University of Notre Dame, Observatério
Nacional/MCTI, The Ohio State University, Pennsylvania
State University, Shanghai Astronomical Observatory, United
Kingdom Participation Group, Universidad Nacional Autén-
oma de México, University of Arizona, University of Colorado
Boulder, University of Oxford, University of Portsmouth,
University of Utah, University of Virginia, University of
Washington, University of Wisconsin, Vanderbilt University,
and Yale University. This work has made use of data from the

data release, and as a single component in the other release, and
vice versa. There does not appear to be a systematic bias in
terms of which pipeline performs better in this regard.
Furthermore, the APOGEE data processing pipeline may
fail to extract a primary RV in a spectrum—in this case, no
apVisit file is produced for that epoch in the data release.
DR17 tends to have a more stable performance than the
intermediate release, and it includes more successfully
processed visits in the same range of time. However, there

European Space Agency (ESA) mission Gaia (https://www. are some visits that were included in the intermediate data
cosmos.esa.int/gaia), processed by the Gaia Data Processing release but not in DR17. o ) ]
and Analysis Consortium (DPAC, https://www.cosmos.esa. Because much of the analysis in the paper relied on visual
int/web/gaia/dpac/consortium). Funding for the DPAC has inspection and validation of the data, both on a per-epoch and
been provided by national institutions, in particular the on a per-system level, such differences in the data make the
institutions participating in the Gaia Multilateral Agreement. inclusion of the data that are part of DR17 but not the
Software: GaussPy (Lindner et al. 2015), The Joker (Price- intermediate release difficult after the bulk of the analysis was
Whelan et al. 2017), rvfit (Iglesias-Marzoa et al. 2015), eleanor already underway.
(Feinstein et al. 2019), TOPCAT (Taylor 2005), apogeesb2 Therefore, in addition to the curated catalog of binary
(Kounkel 2021). velocities included in Table 1 that is based on the intermediate

data release, we apply apogeesb?2 on the DR17 sample and
present the measured velocities as is in Table Al.

Appendix We note that DR17 natively includes a version of an SB2

DR17 search algorithm roughly based on Kounkel et al. (2019);

The data presented in this paper span the period until however, it has lower completeness, and a higher contamina-

the shutdown of APOGEE in 2020 April/May, using the tion rate, most notably among higher mass and lower mass
intermediate data release made available to the collaboration. stars.

Table Al
Parameters of the CCF Components Extracted by the Pipeline in APOGEE DR17 Data
APOGEE @ 6 HID V| FWHM, Amp, Flag,* N DR16
D (deg.) (deg.) (day) (kms™ ") Comp Comparisonb
2MO00004521-7219055 0.188401 —72.318222 59154.57 10.9 £4.2 256 £ 6.4 0.31 £0.05 4 2 New obs

Notes. Only a portion is shown here. The full table (with up to four components) is available in an electronic form.
# 1 = Failed FWHM/amplitude test; could be noise. 2 = Failed the symmetry test; could be falsely multiply deconvolved. 3 = Blended asymmetric peaks; generally a
robust detection of a companion, but may be a signature of spots in strongly magnetic stars. 4 = The primary peaks in all stars, and the secondary peaks of bona fide
SB2s that are not blended with the primary.

New obs = Epoch not a part of Table 3; New comp = Epoch in Table 3 is unresolved with a single component; component with Flag > 3 is detected in DR17.
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