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ABSTRACT

We present a search for close, unresolved companions in a subset of spatially\resolved Gaia wide binaries
containing main-sequence stars within 200 pc of the Sun, utilizing the APOGEE—Gaia Wide Binary Catalog.
A catalog of 37 wide binaries was created by selecting pairs of starsswith nearly identical Gaia positions,
parallaxes, and proper motions, and then confirming candidates,to be”gravitationally-bound pairs using
APOGEE radial velocities. We identify close, unresolved stellar and substellar candidate companions in
these multiple systems using (1) the Gaia binary main-sequence and (2) observed periodic radial velocity
variations in APOGEE measurements due to the influence'of'a close substellar-mass companion. The studied
wide binary pairs reveal a total of four stellar-mass/close companions in four different wide binaries, and
four substellar-mass close companion candidatesdin two, wide binaries. The latter are therefore quadruple
systems, with one substellar mass companion orbiting each wide binary component in an S-type orbit. Taken
at face value, these candidate systems represént an enhancement of an order of magnitude over the expected
occurrence rate of ~2% of stars having substellar,companions >2 My, within ~100 day orbits; we discuss
implications and possible explanations-for thisresult. Finally, we compare chemical differences between the
components of the wide binaries and‘the components of the candidate higher-order systems and find that
any chemical influence or correlation=due to the presence of close companions to wide binary stars is not
discernible.
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1 INTRODUCTION nary or multiple star systems, however, is still debated. The first
stellar multiples found to be harboring exoplanets were discov-
ered by Patience et al. (2002), who used high-resolution speckle
and adaptive optics data to probe sub-arcsecond scales around
the first 11 exoplanet hosts detected by radial velocity (RV) vari-
ations, and reported two binary systems and one triple-star sys-
tem. More recently, a combination of RV (e.g., Udry et al. 2004),
transit (e.g., Welsh et al. 2012), and adaptive optics/direct imaging
surveys (e.g., Mugrauer & Neuhéduser 2009) have discovered ~140
exoplanets in binary-star systems, ~40 in triple- and higher-order

It is now firmly established (e.g:, Raghavan et al. 2010; Tokovinin
2014) that about half of*all Milky Way stars inhabit binary or higher
order stellar systems, with about 13% of these existing as triples
and higher order multiples. Hydrodynamical models of star for-
mation suggest,thatthe creation of multi-star systems is a favored
path by'which to redistribute angular momentum from protostel-
lar Cloudssfacilitating the collapse of stellar cores (e.g., Lee et al.
2017). The relative fraction of exoplanets hosted by stars in bi-

* E-mail: hml8vf@virginia.edu
T NSF Astronomy and Astrophysics Postdoctoral Fellow

© 2021 The Author(s) Published by Oxford University Press on behalf of Royal Astronomical Society

120z Joquisydas G| uo Josn HOUNGS.LLId 40 ALISHIAINN Ad 98625£9/6¥EZaeIS/SEIUW/SE0 | 0 L/I0P/3|01HE-90UBAPE/SEIUW/WOO dNO"OIWapEdE//:SdRY WOl papeojumoq



2  H.M. Lewis et al.

systems (Schwarz et al. 2016)." It is therefore evident that planets
in multi-star systems are not unusual. What is less well-known is
the prevalence of planetary systems in wide binaries, and, more-
over, whether the evolution of such planetary systems may lead to
alterations in stellar surface chemistry to a degree that would inflate
observed chemical differences between the stellar components of
wide binaries.

From a spectroscopic follow-up of the 131 radial velocity-
detected candidate exoplanet systems known as of July 2005,
Raghavan et al. (2006) estimate that 23% of exoplanet-hosting stars
have one or more wide companions. Larger multiplicity studies,
which aim to identify new companions to exoplanet host stars
from the complete sample of >4000 known exoplanet hosts (e.g.,
Mugrauer & Neuhduser 2009; Roell et al. 2012; Abushattal et al.
2019), find that the multiplicity rate of exoplanet hosts is ~15%.
However, the separation of the wide stellar binary significantly im-
pacts the formation of circumstellar (S-type) planets. Moe & Kratter
(2019) find that binary stars with separations of 10 AU host close
planet companions at ~15% of the occurrence rate of single stars,
though WBs with separations >200 AU have a negligible impact on
the formation of close planets. Additionally, Deacon et al. (2016)
find that a wide stellar companion, with a separation greater than
3000 AU, does not impact the occurrence rate of short-period
(<300 days) planets orbiting solar-like stars.

Current formation scenarios for stellar binaries imply that stars
in such systems are born at the same time from the same protostellar
cloud, and the stars in a binary ought to exhibit identical chemical
compositions. Checking that hypothesis is a central means by which
to test models of star formation and evolution. However, it is critical
to employ binaries for which no later alteration in surface chemistry
is expected. Thus, binaries composed of little-evolved (e.g., main
sequence) components are preferable. Moreover, the stars should
not be close to one another, both to avoid any possibility of previous
or current mass transfer or other interaction, but also for the practi-
cal reason that the stars must be separated sufficiently for accurate
spectroscopic analysis. Given the above preferences, wide main se-
quence binaries provide an ideal opportunity for such experiments.

The overall consistency in the metallicity of the stellar com-
ponents of wide binaries had been explored in detail for anumber:
of systems (e.g., Gratton et al. 2001), while a few studies ventured
beyond overall metallicity to study individual elements, including
Fe (Desidera et al. 2004, 2006), V (Desidera et al. 2006); and Li
(Martin et al. 2002). However, recently, the pictureshas.dtamatically
changed through two more comprehensive analyses,(Andrews et al.
2019; Hawkins et al. 2020) performed onlarger'wide binary sam-
ples (containing dozens of pairs) and testing a large number of
chemical elements in these systems. While bearing exquisitely on
the question of the “identical twin” nature of wide binary stars, both
studies were motivated by an alternative goal, which was to assess
the viability of chemical«agging as a means to identify Galactic
field stars with their siblings from a common origin. Wide bina-
ries have been suggested, as a complement to open cluster studies
(Bovy 2016; Ness etal. 2018), to be a potentially unique sample
with which tg calibraterand test chemical tagging (De Silva et al.
2007; Andrews et al, 2018b, 2019). The results of these wide bi-
nary tests are promising for the prospects of chemical tagging as a
useful tool for stellar population studies.

For.example, Andrews et al. (2019) used high resolution, high
signal-to-noise infrared spectra from the Apache Point Observatory

! https://www.univie.ac.at/adg/schwarz/multiple.html

Galactic Evolution Experiment (APOGEE; Majewski et al. 2017)
survey to test the chemical consistency of 62 stars in 31 wide bi-
naries. A key (and necessary) advantage of this study is that both
components were observed and analyzed in a completely consis-
tent manner. Andrews et al. (2019) found that the differences in
abundances of individual elements are consistent with being due
to measurement uncertainties alone. The authors conclude that the
consistency of individual elements between components is too sim-
ilar to imply anything other than a common origin for the wide
binary pairs in this list.

Meanwhile, the Hawkins et al. (2020) study of 25 wide bi-
naries derived the abundances of 24 chemical species spanning
most nucleosynthetic pathways (including light, @, odd-Z, iron~
peak, and neutron capture elements) from high resolution optical
spectra. Their analysis found remarkable chemical homogené€ity be-
tween the stars in the binaries, for the most part consistent,to the
level of their very precise measurement uncertainties (€.g., tojless
than 0.02 dex for [Fe/H]), but with differences for some elements
reaching as high as 0.10 dex. However, for elements such ase.g., Al,
Ca, Ti, these differences are greater than the feported measurement
uncertainties.

The observed chemical differencesithat are slightly above the
errors may either be due to underestimated, etrors or due to some
alteration in stellar chemistry occurting even in wide binaries. Some
processes have been suggested that might lead to abundance differ-
ences in wide binaries; in particular, differences in the history of
planet formation or aceretion ‘in.two otherwise identical stars may
leave signatures in chemicaltabundances (e.g., Li in Carlberg et al.
2012; Oh et al. 2018, refractory elements). Elemental abundances
of wide binaries thatyhost planets have been studied in detail
(e.g., Mack et'al. 2014; Teske et al. 2015, 2016; Liu et al. 2018).
These studies find significant differences (typically on the order of
0.05dex, but up to ~0.2 dex, in metallicity, Oh et al. 2018) in the
abundance patterns of components of wide binaries that host (or
may haye hosted) planets, which has been attributed to (1) the fact
that forming more gas giants or rocky planets leads to an overall de-
pletion of metals in the gas that will eventually accrete onto the host
star (Biazzo et al. 2015; Ramirez et al. 2015) and (2) the accretion
of planetesimals onto host stars (Mack et al. 2014).

Though wide binaries have been suggested as potential
candidates for chemical tagging efforts (De Silvaetal. 2007;
Andrews et al. 2018b, 2019), if the processes described above do
in fact impact a large number of wide binary pairs, including pairs
which have undergone such processes in chemical tagging train-
ing sets might decrease the precision to which those studies can
identify stars with similar abundances. Therefore, by identifying
and removing from the training sets those wide binary pairs which
have formed companions or accreted planetestimals will improve
chemical tagging efforts.

In the present work, we aim to identify triple and higher-
order multiple candidates and to explore the possibility for the
detection of the chemical imprints of exoplanet formation, utiliz-
ing precise RV measurements from the Sloan Digital Sky Survey
(SDSS-1V; Blanton et al. 2017) APOGEE spectroscopic survey for
37 wide binaries selected from the wide binary sample presented
in El-Badry & Rix (2018). In Section 2, we outline the process we
use to identify our sample of wide binaries in the APOGEE-Gaia
cross-matched catalog. We detail the two methods utilized for de-
tecting candidate close companions in Section 3. Section 4 gives
detailed notes about individual triple- and higher-order systems, as
well as a brief discussion of the abundance differences of all 37
wide binaries, versus just those wide binaries found to host stellar-
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and substellar-mass companions. Finally, in Section 5 we provide
some conclusions and ideas for future directions.

2 APOGEE-Gaia WIDE BINARY CATALOG

The APOGEE-Gaia Wide Binary Catalog is a subset of the wide
binary sample described in El-Badry & Rix (2018), which was con-
structed by searching Gaia DR2 (Gaia Collaboration et al. 2016,
2018) for pairs of stars within 200 pc of the Sun, with positions,
proper motions, and parallaxes consistent with being gravitation-
ally bound. The El-Badry & Rix (2018) catalog contains >50,000
wide binaries, consisting of either main-sequence (MS) or white
dwarf (WD) components, with separations of 50 < s < 50,000 AU.
The catalog provides Gaia measurements of proper motion, paral-
lax, magnitude, RV (where measured), and their associated errors,
for each star in the pair, as well as the physical separation of the
pair and the binary class (i.e., MS/MS, MS/WD, or WD/WD —
where “MS” and “WD” mean main sequence and white dwarf,
respectively).

The APOGEE survey (Majewskietal. 2017) is a high-
resolution (R ~ 22,500), high signal-to-noise ratio (S/N > 100),
infrared (1.51 ym to 1.69 um), spectroscopic survey using twin
spectrographs (Wilson et al. 2019) attached to the 2.5-m Sloan tele-
scope at APO in the Northern Hemisphere (Gunn et al. 2006) and
the du Pont telescope at Las Campanas Observatory (LCO) in the
Southern Hemisphere. The latest APOGEE-2 data release? (SDSS
DR16; Ahumada et al. 2020; Jonsson et al. 2020) comprises spec-
tra for ~437,000 unique stars, along with stellar parameters (effec-
tive temperature T.g, surface gravity log g, metallicity [M/H], a-
element abundance [ /M], etc.) and abundances for over 20 individ-
ual chemical elements (for some stars), derived from the APOGEE
Stellar Parameter and Chemical Abundance Pipeline (ASPCAP;
Garcia Pérez et al. 2016; Shetrone et al. 2015; Smith et al. 2021). In
addition to elemental abundances, APOGEE provides multi-epoch
RV measurements, which have an internal precision better than
~0.1kms~! (Nidever et al. 2015) with accuracies ~0.35kms"!
(over all Teg and log g; Anguiano et al. 2018).

The two catalogs (El-Badry & Rix 2018 and APOGEE-2)
were cross-matched adopting a 1 arcsec positional tolerance. The
APOGEE sample is made up of red giants stars (~70%) andMS'stars
(~30%); stellar remnants (e.g., WDs) are too faint to be'ebserved in
the ~1 hr APOGEE visits (in the H-band) and.are therefore excluded
from the APOGEE input catalog. For this reasonjthe eross-match of
the two catalogs contains only MS/MS widebinary pairs. Addition-
ally, El-Badry & Rix (2018) required both stars to have a measured
Gaia Ggp-GRp color, and to have well-resolved photometry (i.e.,
uncontaminated by nearby sousrces, where the degree of contamina-
tion is assessed using the Gaia photibp_rp_excess_factor). As
a consequence of these requirements, the El-Badry & Rix (2018)
catalog has an effective resolution limit of ~2 arcsec. Note, how-
ever, that APOGEEfibers for sources observed on a single SDSS
fiber plugplate’have a‘muich larger collision limit—71.5 arcsec for
APOGEE-2N and“56arcsec for APOGEE-2S (Wilson et al. 2012,
2019)—so thattheclosest separation of any wide binary pair in this
catalog is ~56jarcsec. In summary, the catalog used in the present
work centains only those wide binaries for which we have APOGEE
spectta (iricluding stellar parameters and abundances from ASP-

2 Available at: https://www.sdss.org/dr16/irspec/
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CAP) for both components of the binary, as well as high-quality
astrometry and photometry from Gaia.

2.1 Selection of Candidate Wide Binaries

RVs were not used in the selection of candidate binaries in the
El-Badry & Rix (2018) catalog, but prove a useful check that bi-
naries are gravitationally bound. In genuine binaries, the RVs of
the two stars should agree within ~a few kms™! (within the RV
error; El-Badry & Rix 2018). For this reason, to be considered
wide binaries we require candidate wide binaries to have APOGEE
RV consistent to within 5kms™! (i.e., RV primary — RVsecondaryI <

5kms~!, where RVprimary and RVecondary are the S/N-weighted
average radial velocities for the primary and secondary star$ in the
WB, respectively). In general, this cut may remove stellar triples in
which a close inner sub-companion induces large RV variations
on one of the wide binary components; howeyer, this criterion
is also highly efficient at removing random alignments (see e.g.,
Andrews et al. 2018a,b), and is imperative for producing a catalog
with minimal contamination. In this particularsample, the cut only
removes one WB pair; the stars in this pair‘had only 1-2 visits, and
one star had an APOGEE warning flag set (BRIGHT_NEIGHBOR), in-
dicating that the average RVs for both stars in the pair may not have
been reliably measured. We also select only stars with low APOGEE
median visit RV error, o7y meq < 0:2km s~1, and high S/N (> 25)
to remove stars for which low=quality spectra may cause errors in
the derived parameters\and"RVs. These criteria ensure minimum
contamination of the wide binary sample by false-positive, random
alignment contaminants:

In addition, we remove stars flagged with the ASPCAPFLAGS
STAR_BADvor that have no result from ASPCAP, and pairs where
one-or both stars do not have calibrated [M/H] measurements, to
ensure that‘we are considering only stars with reliably determined
stellar parameters and abundances.

The resulting APOGEE-Gaia Wide Binary Catalog contains
37 genuine MS/MS wide binaries (shown in T.g-log g in Figure
1 and listed in Table 5) with separations between 300 < s <
50,000 AU, all within 200 pc of the Sun. All of the stars in the
catalog have been observed exclusively by the APOGEE-2N instru-
ment at APO; this is by and large due to the relatively few stars
that had been observed by the APOGEE-2S instrument at LCO at
the time the DR16 database was assembled. The sample spans the
temperature range from <3500 K up to 6500 K, and confirms that
all binaries in the catalog are composed of MS/MS pairs.

We compare the Gaia proper motions and parallaxes for the
stars in the 37 wide binaries in Figure 2. In most cases, measurement
uncertainties are smaller than the data points. The dotted line in each
panel of the figure shows the moving median (in windows of 2500
stars) proper motion Ay and distance Ad differences for all pairs
in the El-Badry & Rix (2018) catalog. Using the Gaia astrometric
solution for each star, El-Badry & Rix (2018) requires that pairs
must have a distance difference Ad < 2 X s and that the difference in
proper motion Ay of the two stars must be consistent with a bound
Keplerian orbit (i.e, Ay o s~1/2). Based on the construction of the
catalog, the correlation between the proper motions and parallaxes
(or distances) of the wide binary components with increasing sep-
aration is to be expected. As most pairs show better consistency in
the astrometry and RVs than the stars in the full El-Badry & Rix
(2018) catalog, our sample is free from contamination by random
alignments, and contains only gravitationally bound pairs.

The left panel of Figure 3 compares the APOGEE RVs for
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Figure 1. The log g and T.¢ of the wide binary primary (blue) and secondary
components (red, with pairs connected by black dotted lines), as measured
by APOGEE. The gray histogram in the background shows the log g and
Tesr of all APOGEE stars. A 5 Gyr, solar-metallicity Dartmouth isochrone is
shown in yellow (solid line).

the components of the 37 wide binaries in our catalog. The scat-
ter in the APOGEE RV measurements (Vicaiter in the APOGEE
catalog) are shown as the error bars, but are typically small com-
pared to the size of the data points. Note that stars with only one
visit in the APOGEE catalog have a Vicayer €qual to zero; how-
ever, we propose a 0.072kms™! single-visit error floor, which we
assume as the Vicarer for systems with only one visit (see Sec-
tion 3.2 for additional discussion of the derived error floor). In
the center panel, for the 12 cases where both components of the
wide binaries have RVs measured by Gaia, a comparison of the
Gaia RVs is shown. That the RV differences between most primary
and secondary components of the 37 systems are consistent with
RV primary = RVsecondary| < 1kms™!, which is the median | ARV
for all wide binaries in the El-Badry & Rix (2018) catalog, supports
the veracity of the classification of these systems as genuine wide
binaries. Finally, the right panel of Figure 3 shows the“difference
between the RVs measured by the two surveys—for the/12 ‘pairs
where both components of the wide binaries have RVs measured
by both surveys—as a function of Gaia G magnitiide=The RV mea-
surements are in good agreement between the surveys.

In Figure 4 we show the comparisofi,between metallicities of
both stars in the wide binary pairs (blue). (Note,though some recent
WB catalogs use metallicity as a s€lection criteria for genuine WB
pairs, e.g., Godoy-Rivera & Chanamé 2018, the El-Badry & Rix
2018 catalog does not.) The Spearman-p correlation coefficient for
the metallicities of all paits in the catalog is 0.80 (99% CI = 0.58
to 0.91, derived using the jackknife technique), where a value of
unity correspondsto a, perfect correlation (zero is equivalent to
no correlation).~The telatively consistent measured [M/H] between
components of the.wide binary sample provides further evidence
that our wide-binary sample is likely free of contamination. We
report.the roet mean square error (rms~0.13) about the expected
A[M/H] = 0 line in this plot as well; this value will be important
for'comparing with the rms of other sub-samples of this dataset.

It has been shown (e.g., Souto et al. 2020) that the derived
APOGEE DR16 metallicities for cool stars (particularly, late-K/M
dwarfs) are too metal-poor. The right panel of Figure 4 also shows a
comparison of the metallicity differences in the pairs, as a function

of temperature; it does appear that this known effect causes larger
scatter in the abundance differences for the coolest stars/pairs in
our sample. Specifically, the two pairs with the largest abundance
differences (i.e., those with |[A[M/H]| ~ 0.4) contain the coolest
dwarfs. Additionally, ASPCAP uncertainties do not account for any
systematic trends in abundances as a function of stellar parameters;
therefore, comparing the abundances of stars with large differences
in surface gravity or effective temperature may over estimate the
real metallicity differences of these stars. Andrews et al. (2019)
show that, for stars with repeat observations as part of multiple
APOGEE fields that are passed through the ASPCAP pipeline as
two distinct objects (but with necessarily identical T, and log g),
typical metallicity differences are ~0.03 dex (their Table 1). They
also find that the difference in metallicity between WB comipo-
nents approaches ~0.03 dex for pairs with similar Tog. Though the
expected abundance differences certainly increase for stars with sig-
nificantly different effective temperatures and surface gravities,we
adopt the typical metallicity difference observed.dn the APOGEE
repeat observations as a more appropriate measure ofithe metallicity
uncertainties in this sample.

In this catalog, because all stars are dwarfs,/ differences in
log g are relatively small (<0.5 dex) and.de'not appear to influence
the differences in the derived abundances..On the other hand, the
differences in effective temperature between WB components do
appear to have a significant impact'on the observed abundance
differences for these dwarf starsIfswe look at just the subsample
of pairs for which both stars‘in, the pair have T, > 4000K and
the difference in temperaturesbetween those stars is |ATeg| < 200K
(red circled points in Figure 4) the rms is reduced to rms~0.06, and
is more consistent with,the metallicity errors (0.03 dex).

3 CLOSE COMPANION SEARCH METHODOLOGY

In this.section we outline the multiple methods utilized to detect
candidate close companions in our catalog of wide binary systems.

3.1 Unresolved Equal-Mass Binaries

An unresolved binary system comprising two identical stars (i.e.,
equal in mass) has the same color but twice the luminosity
of an equivalent single star; such a system, comprising two
equal-mass MS stars, will appear in the color-magnitude diagram
0.753 mag brighter, irrespective of the wavelength bands used (e.g.,
Hurley & Tout 1998). We show in Figure 5 the Gaia Ggp-GRrp color
against the absolute Gaia G magnitude. The grey Hess diagram in
the background shows the density of stars from the cross-match of
APOGEE with the full Gaia DR2 catalog, including MS and giant
stars. We overplot a 5 Gyr, solar-metallicity Dartmouth isochrone
(solid line; Dotter et al. 2008; Evans et al. 2018), as well as the ex-
pected location of a corresponding binary sequence, represented as
the same isochrone shifted 0.753 mag in absolute magnitude.

The figure confirms that all of the stars in our sample are on the
MS, but also identifies four stellar mass companions to components
of four separate wide binaries that lie near the equal-mass binary
sequence. These four systems are discussed briefly in Section 4.1.

3.2 Substellar-Mass Companion Candidates Identified via
Keplerian Orbit Fitting

In addition to stellar parameters, the APOGEE reduction pipeline
provides RV measurements with derived visit-level uncertainties
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late-K/M dwarf (T, < 3800 K). These differences are minimized, however, for pairs with |[ATg| < 200K (red circled points).
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Figure 5. The Gaia-based color-magnitude diagram for wide binary pri-
maries (top panel) and secondaries (lower panel). The grey Hess diagram in
the background shows the density of stars from the cross-match of APOGEE
with the full Gaia DR2 catalog. In each binary, the “primary” is the object
with the larger photometrically-inferred mass, as derived by El-Badry’& Rix
(2018). A 5 Gyr, solar-metallicity isochrone (yellow, solid line), as'well as
the expected location of a corresponding binary sequence (yellow, dashed
line), are both shown.

typically better than ~0.1kms™! for the APOGEE-2N instrument
(Nidever et al. 2015), where an APOGEE), “visit™ is defined as the
spectrum of a source from a single fiber plugplate’s observation on
a night (~1 hr of exposure). The total survey number of APOGEE
visits scheduled for a star depends on,its/H-band brightness, with
fainter targets requiring more visits,to obtain a survey-required min-
imum total S/N of 100;\at the¢ completion of the survey, most
stars are expected to have a minimum of three visits to accomplish
this goal. Thoughthe"DR16 catalog does not represent the final
APOGEE database, ‘all of'the stars in the APOGEE-Gaia Wide
Binary Catalog arebrighter than H ~ 12.5, and happen to already
have combined combined spectra with high S/N, even though they
may bescomposed of fewer than three visit spectra.

Uncertainties derived by the APOGEE RV pipeline for DR16
(Nidever.et al. 2015) are known to be systematically underesti-
mated, as noted by Cottaar et al. (2014) and Badenes et al. (2018);
if not’properly accounted for in our analysis, underestimated errors
will cause the spurious detection of binaries, whereas overestimated
errors may hide truly variable systems.

102
= Vscatter = Ov, med
' 0.5
— 0% ue = (3-5(22%)12)? +(0.072)?
10t v it e 0.0
B -0.5
£ 100 T
3 -1.02
> 1071 15
-2.0
1072
10—3 10—2 10_1 —2.5

Median Visit Error, 0y, meq [km s™41

Figure 6. Vicaer of APOGEE stars versus median RV uncertainty of the
individual visits from the DR16 pipeline, o,/med, €olored as a function of
iron-abundance [Fe/H]. Only stars with Nyigits ="9% and median visit-level
RV uncertainties 0y, meq < 0.5 km s™1 are Shown. Median Vicarer values in
Oy med-bins of ~950 stars are shown‘by the black crosses. The one-to-one
line (Vscatter = 07y, med) is shown inf'red, and the best-fitting parameterization
using the functional form of Equation Ito the binned data is shown in blue.

For the sample of stars iInTAPOGEE DR 16 (1) which are not tel-
luric standard stars,(2) with five or more visits, and (3) with median
visit-level RV, uncertainty o, meq < 0.5km s~! from the pipeline,
Figure 6 shows\the observed RV scatter, Vscatter, VErsus o, med- The
sample-analyzed Here contains stars with a broad range of temper-
atures, surface gravities, and H-band magnitudes, and so should be
btoadlyapplicable to any population of stars in the APOGEE sur-
vey. For any given single star (i.e., one that is not RV-variable), we
expeet Vicatter to be comparable to the RV uncertainties; however,
for the bulk of the stars the pipeline-derived RV uncertainties ap-
pear to be underestimated by a factor of 2-3X%, as shown by the red
one-to-one line (i.€., Vscatter = 0, med) in the figure.

Using the trend observed in Figure 6, we characterize the true
uncertainties o, rye more accurately by rescaling the visit RV un-
certainties o, via the best-fit to the RV scatter as a function of
median RV uncertainty according to the parameterization

o2 = v
Jtrue = —
e 1.0kms™!

3.5kms™! (

)1'2) +(0.072kms_1)2, (1

where o, and o trye have units of km s~!. These coefficients given
in the equation represent the best fit to the median Vicatter values
over 25 equal count bins in Uv,med-3

The true visit velocity errors may also depend on stellar pa-
rameters, log g and T,g. These errors are found to be constant with
effective temperature (see Appendix A), but depend more strongly
on surface gravity, likely because stellar surface oscillations (i.e.,
“jitter”’)—a significant contributor to the RV scatter—are inversely
dependent on log g (Hekker et al. 2008). See Appendix A for fur-
ther discussion on the trends remaining in the RV errors following

3 This analysis of the APOGEE RV errors and Equation 1 have been
cited by several previously published papers utilizing APOGEE RVs (e.g.,
Price-Whelan et al. 2020; Lewis et al. 2020) as part of a C. Brown et al. (in
prep) work, but is instead presented here.
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the application of Equation 1. Because we are only dealing with
MS stars (logg > 4) in the present analysis (yielding a sample
spanning only ~1 dex in surface gravity), the impact of the surface
gravity on the velocity errors is minimized, though systems with
low-metallicity ((M/H] < —0.5, Badenes et al. 2018) will tend to
have larger errors.

For many of the systems presented in this work, Equation
1 yields o, true ~ 0.1kms~!, which approaches the lower-limit
(0.072 km s_l) set by the equation. This o, (rye is smaller than the
typical RV accuracies derived by e.g., Anguiano et al. (2018) or
Mazzola et al. (2020); however, the systems presented in this work
are all MS stars, whereas at least some fraction of the samples
presented in Anguiano et al. (2018) and Mazzola et al. (2020) are
composed of giant stars. Because surface oscillation/stellar jitter
(which can be observed as changes in RV) are inversely correlated
with surface gravity (Hekker et al. 2008), the expected APOGEE
uncertainties are also expected to be inversely correlated with log g.
Therefore, for the sample of stars in this work (all of which have
log g>4) APOGEE RV uncertainties should be small compared to
the typical RV accuracy for a star in the APOGEE dataset, which is
composed of ~2/3 giant stars. The systems presented in this work
are also moderately brighter (median H-band magnitude ~10.5 mag)
than the average APOGEE target (median H-band ~12.5 mag), so
the RVs are expected to be more precise than the typical APOGEE
star.

To ensure that the true errors supplied by Equation 1 are neither
underestimated nor overestimated, we calculate the reduced chi-
squared statistic,

n L 2
x3=%2(w) @)

7 Oy, true,i

where 7 is the number of APOGEE visits and v = n—1 is the number
of degrees of freedom in the data for the star, v; and o, iy ; are a
single visit RV and corresponding error calculated from Equation 1,
and (v) is the weighted average velocity of the star. The probability
of exceeding a given )(3 is P(x2, v), under the assumption that all
stars are not RV variable binaries (i.e., the null hypothesis that.all
stars in the sample do not have close binary companions) and have
Gaussian errors. The histogram of these probabilities for.all stars in
this WB catalog with two or more high-quality RV measurements
in the APOGEE survey is shown in Figure 7.

If no close binaries are present in the catalog-and.the efrors are
properly inflated via Equation 1, the probability distribution should
be uniform over all probabilities; if thederrors are overestimated
or underestimated the histogram should be strongly biased towards
higher or lower probabilities, respeetively. If the errors are properly
estimated and close binaries do existin the sample, we should see
a sharp spike in the lowest probabilitybin, 0 < P(y2,v) < 0.01.%
The latter is precisely what is obsérved in the included figure; given
these results, we can conclude that for this sample of stars the errors
resulting from Equation 1 arenot under- or overestimated. It should
be noted that analyses of samples of APOGEE stars that span a
larger range of log g otthat include giant stars should include an

4 Of thé 13"stars in the 0 < P(/\/z, v) < 0.01 bin, four are the systems
with ¢andidate close companions reported in Section 4.1.2, four have too
few visits (<5 epochs) for The Joker to reliably constrain the orbital period ,
and.the remaining five systems have highly multimodal solutions from The
Joker, so the resulting orbits are not reported in this work (see additional
information on the application of The Joker in Section 3.2).
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Figure 7. Probability of exceeding the calculated )(3 for each star with two
or more RV measurements from APOGEE. Stars that are likely binaries will
have PQ\/Z, v) < 0.01 (the leftmost bin of the histogram).

additional term in the RV error equation to account forstellarjitter
(see e.g., Price-Whelan et al. 2020).

Furthermore, for the widest systems (s = 3000.AU), .the pri-
maries and secondaries should have RVs withifi ~0.2 ks ! (unless
they have a close companion, most of which should not) to be grav-
itationally bound. For the widest systems in thesample, we do find
that a majority of the pairs (12 out of\l 7 pairs with s > 3000 AU)
have RV differences (plus the quadrature sum of the inflated er-
rors) less than 0.2kms™!. Of the five systems with RV differences
>0.2km s~ !, one is identified in this paper as a stellar triple (Section
4.1.1) and one is a system with a reported substellar-mass compan-
ion (Section 4.1.2).

With the properly inflated RV uncertainties, the data are suf-
ficient for the detection of RV oscillations expected from relatively
short-period‘companions down to a few Jupiter-masses (~2 Myyp;
e.g., Troup et al»2016; Price-Whelan et al. 2020). For stars with > 8
visits/over asufficient temporal baseline (i.e., longer than the period
of.thevorbit), these high-quality RV measurements are suitable to
detect RV.variability and to derive Keplerian orbital fits.

For stars with fewer than 8 RV measurements, there are many

orbit models that are consistent with the data, which leads to a chal-
lenging degeneracy of solutions spanning a large range of possible
orbital parameters. The Joker (Price-Whelan et al. 2017, 2020) pro-
vides a Monte Carlo sampler, intended for systems with sparse RV
measurements, that produces samplings in orbital parameters for
data that include as few as 3 visits; however, for 5 or fewer visits, the
returned samples are highly multi-modal, with the samples tending
to form a harmonic series. For this reason, we limit our orbit fitting
using The Joker to those stars in the APOGEE-Gaia Wide Binary
Catalog with 6 or more RV measurements with APOGEE. In the
APOGEE-Gaia Wide Binary Catalog 16 stars in 11 wide binary
pairs have 6 or more visits, and so are eligible for Keplerian orbit
fitting with The Joker.
To search for substellar mass companions, we generate
prior samples for the nonlinear parameters described in
(Price-Whelan et al. 2020), evaluate the marginal likelihood of each
sample, and rejection sample to produce a minimum of 256 poste-
rior samplings in the nonlinear parameters. Additionally, we reject
any samples with e > 0.970, which corresponds to the largest ec-
centricity of any known exoplanet, HD 20782b. If fewer than the
requisite 256 posterior samples are returned (indicating that the
data constrain the orbit very well), we initialize a Markov chain
Monte Carlo (MCMC) run, which generally returns a unimodal set
of samples.

226

5 http://exoplanets.org
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‘We report the stellar and orbital parameters from APOGEE and
The Joker, respectively, as well as the minimum companion mass
m sin i for each candidate. The minimum companion mass is derived
using the returned posterior samplings from The Joker and primary
stellar masses derived via the Torres et al. (2010) relations for MS
stars. We define a planetary-mass companion as one with a minimum
mass below the deuterium-burning limit (0.013 Mg ~ 13.6 Myyp),
and a stellar-mass companion as any candidate above the hydrogen-
burning limit (0.080 Mg ~ 83.8 Myyp) (e.g., Burrows et al. 2001;
Auddy et al. 2016). A brown dwarf (BD) companion is any candi-
date that falls between these two limits.

Orbit fitting with The Joker was performed for all stars with
6 or more APOGEE RV measurements. From this, we detect and
report the presence of four substellar-mass companion candidates
orbiting their WB-component hosts in S-type orbits (i.e., in a cir-
cumstellar orbit, where the planet orbits one of the two stars, in
contrast to P-type orbits where the planet orbits the entire binary in
circumbinary motion): one hot-Jupiter (i.e., planet mass) candidate
and three candidates—with either an unconstrained orbital period
or eccentricity—that have minimum masses that range between the
planet and BD regimes. These four substellar-mass candidates orbit
stars contained in only two wide binary systems, indicating that
we have detected candidate quadruple systems with companions on
each star. These systems are described in detail in Section 4.1.

Note that we do not report systems for which The Joker returns
highly multi-modal posterior samples, where a “mode” is defined
as a period at which more than 10 samples are returned. We only
report those systems with relatively few modes (<5 modes) in the
returned samples.

4 RESULTS
4.1 Notes on Individual Systems

The following are notes on individual systems for which we have
detected stellar- (Section 4.1.1) and substellar-mass companion can-
didates (Section 4.1.2) using the methods previously outlined. The
systems are identified by the 2MASS ID of the primary component
of the wide binary, as defined by El-Badry & Rix (2018); additional
information about the wide binary systems—including observational
details about the systems (e.g., number of visits passing our quality
cuts, average radial velocity, etc.)—can be found.in Table 5: For the
candidate systems presented in Section 4.1.2{ we.have also exam-
ined the cross-correlation functions (CCEs) of the individual visits
with the best-matching RV template, and haye checked the individ-
ual visit spectra to confirm that the RVs derived from the APOGEE
pipeline are accurate. We find no évidence'that the pipeline has pro-
duced flawed RV for any of the.visits inecluded in the orbital analysis
of these stars. Please see additionaljdiscussion on this analysis at
the end of the Section 4.1.2:

4.1.1 Stellar"Mass Companions

In each ofithe following cases where the presence of a stellar com-
panion-orbiting one of the components of a wide binary is assumed
fromithe Gaia color-magnitude diagram (CMD, see Section 3.1),
the'systems do not have a sufficient number of APOGEE visits for
Keplerian orbit fitting, so the orbital periods, eccentricities, etc. of
these/systems remain unknown. Therefore, for all of the triple sys-
tems described in this section, the companion is assumed to be of
nearly equal-mass to its host.

J03023780+0019430: riple system with a stellar companion
in a circumstellar orbit about the secondary — In the Gaia CMD,
the secondary of this wide binary pair (Ggp — Grp = 1.21, Mg =
5.37) clearly lies on the equal-mass binary MS, while the primary
component of the wide binary (Ggp — Grp = 1.21, Mg = 6.15)
falls on the MS. Therefore, we infer the presence of a stellar-mass
companion around the secondary of this wide binary system, but
not around the primary. The mass of the stellar companion orbiting
the secondary can be assumed to be of equal-mass to the secondary,
m~ 0.8 M@ .

J03093344-0053352: triple system with a stellar companion
in a circumstellar orbit about the primary — The primary of this
wide binary pair (Ggp — Grp = 0.97, Mg = 4.56) lies on the
equal-mass binary sequence. Its secondary (Ggp — Grp = 0:84,
Mg = 4.61) lies on the MS. Again, we infer the presenceiof a
stellar-mass companion around the primary component of this-wide
binary from the Gaia photometry, but do not infer the,presence
of any companion around the secondary. The likely)massyof the
companion orbiting the primary is m ~ 1.0 Mg

J16342492+4146352: triple system with a stellar companion
in a circumstellar orbit about the primary"—In the Gaia CMD, the
primary of this system (Ggp — Grp.="179, Mg = 7.09) lies on
the binary MS, but the secondary (Ggp'= Grp’'= 0.96, Mg = 5.26)
does not. As above, the presence of the companion, with mass m ~
0.6 M orbiting the primary is assumedfrom the Gaia photometry,
but we do not infer the presence-of any companion around the
secondary.

J19434227+4926329: triple system with a stellar companion
in a circumstellar. orbit ‘about the secondary — The secondary of
this wide binary pair (Ggp — Grp = 0.91, Mg = 4.38) lies on the
equal-mass binary"MS. The primary component of the wide binary
(Ggp—-Grp. = 1.1, Mg = 5.91) does not lie on the binary MS. The
mass of the stellar companion orbiting the secondary is assumed to
beé m ~11.0 M@.

4.1.2  Substellar-Mass Companions

In the following four cases of the detection of a substellar compan-
ion, the derived msini from all samples returned by The Joker is
2 2Myyp. Again, we do not report all systems with the requisite 6
APOGEE RV visits here; we only report those systems for which
The Joker returns samples with fewer than 5 period modes.

J12530085+2734189: quadruple system with two substellar
companions, one orbiting each the primary and secondary in S-
type orbits — The primary component of this wide binary has eleven
visits in the APOGEE survey meeting our quality cuts. From the
maximum a posteriori (MAP) sample returned following MCMC
analysis by The Joker, we find the RV variations observed are indica-
tive of a companion with a minimum-mass of 8.3 Myy,, in a 24 day
orbit (i.e., a hot-Jupiter). However, depending on the true eccentric-
ity of the system (shown by the colorbar in Figure 8), the minimum
companion mass may fall anywhere in a range from 5 My, (for the
lowest eccentricity orbit) to 40 My, (for the highest eccentricity
orbit), potentially placing it in the BD mass regime. For this reason,
the companion is classified only as a substellar-mass candidate (i.e.,
we do not specify planet- vs. BD-mass); additional RV measure-
ments will better constrain the eccentricity and minimum mass of
the system. Additional discussion of the likelihood of this candidate
being a planet vs. a BD is included at the end of this section.

The secondary, J12525132+2735131, has twelve high-quality
visits in the APOGEE survey. From the MAP sample returned by
a standard analysis by The Joker (i.e., no MCMC), we find the RV
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Table 1. Orbital parameters for J12530085+2734189 and its substellar com-
panion.

Parameter Value Units
P 24.310 £ 0.021 days

e 0.681 +0.053

K 10744 kms™!
Vo —46.044 +0.070 kms™!
msini 8.378 Miup

Table 2. Orbital parameters for J12525132+2735131 and its substellar com-
panion.

Parameter Value Units
P (MAP mode) 35.08 £0.12 days
e 0.00 £0.10

0.075 -1
K 0'502t0,|04 kms
vo —45.882 +0.042 kms™!
msini 6.88:’8:%}1 Myyp
P (second mode) 386 + 15 days
e 0.15+0.14
K 0.48+9-28 kms™!
vo —45.83+£0.13 kms™!
msini 14,5417 Miup

variations indicate a companion with a minimum-mass of 6.3 My,
in a 35 day orbit. The surviving samples are multimodal, with a sec-
ond, longer period mode at ~386 days, with samples at the longer
period tending to have slightly higher minimum masses (~15 Myyp).
As is the case for the companion candidate orbiting the primary of
the system, additional RV visits are required to constrain the eccen-
tricity and period of the system, and therefore accurately constrain
the minimum mass of the companion. For the shortest period or-
bits, the minimum companion mass ranges between 5 and 10 Myy,
(i.e., a planetary-mass companion), but for the longer period of-
bital modes, the companion mass may exceed ~60 My, placingit
within the BD-regime. Again, the candidate is classified only as a
substellar-mass object.

The orbital parameters for the close companions to'the stars in
this wide binary are given in Tables 1 and 2, respectively:)For the
unimodal system (i.e., with samples all falling-at the'same period),
the orbital parameters given are those of the*"MARP orbit. The re-
turned samples are approximately normally distributed in period P,
eccentricity e, and barycentric velocity v, so'theteported errors are
given by the standard deviation ofithe returned samples in each of
those parameters. For parameters where the returned samples do not
follow a Gaussian distribution, velecity’semi-amplitude K and min-
imum companion mass m‘sin i, We report asymmetric errors, where
the upper and lower errors are given as the difference between the
MAP sample and the third and first quartile values, respectively, for
those parameters. For theysystem with multiple period modes, we
provide one sub-table for each period mode—beginning with the
mode containing the’ MAP sample—where the parameters and er-
rors are-calculated as described for the unimodal system, for only the
samples,in_that period mode. The phased-folded orbits are shown
in"Figure 8 and 9. Stellar parameters from the APOGEE survey for
the wide‘binary components are given in Table 5.

The importance of this quadruple system in the context of
previously discovered hierarchical systems will be discussed at the
end of this section.
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Table 3. Orbital parameters for J12582326+2630091 and its substellar com-
panion.

Parameter Value Units
P 11.88 +£0.19 days
e 0.598 + 0.084

K 0.55t8:‘11; kms™!
Vo —14.033 + 0.048 kms™!
msini 3.40f8:?§ Myyp

J12582326+2630091: quadruple system with two substellar
companions, one orbiting each the primary and secondary in 8>
type orbits — The primary component of this wide binary has eléven
visits in the APOGEE survey. From the MAP sample returfied fol-
lowing an MCMC analysis, we find the RV variations observed are
indicative of a companion with a minimum-mass of 3.4 Myypin a
12 day orbit. Even with the large spread in possible orbital €ccen-
tricities given by the returned samples, the minimum companion
mass for all samples fall within the planet-mass regime. However,
if the companion is in a highly-inclined orbit (i.e/, the system is
viewed close to face-on) about the primary, the true mass m of the
companion may exceed the 13.6 Myyp-limit;above which we would
define the companion to be a BD;'in this case, if i < 15° (where
i = 0° is face-on and i = 90° is.edge-on), m exceeds 13.6 Myyp.
Because we cannot constrain the“inclination of the system given
these data, we classifyythe companion only as a planet candidate.

The secondary, J12582222+2630162, has thirteen good visits
in the survey. From'the MAP sample returned by a standard analysis
by The Joker, we'\find’the RV variations indicate a companion
with a minimum-mass of 4.8 My, in a 123 day orbit. However, the
surviving samples are multimodal in period, with modes as short as
~201days and as long as ~200 days. Additional RV visits are required
to constrain'the period and eccentricity of the system, and therefore
aceurately constrain the mass of the companion. Depending on the
true period and eccentricity of the system, the minimum companion
mass may fall in arange from 2 Myy;, to 50 My, making ita possible
BD candidate. Again, the companion can be classified only as a
substellar-mass candidate.

The orbital parameters for the companions are given in Tables
3 and 4, respectively, and the stellar parameters from the APOGEE
survey for the companion hosts are reported in Table 5. The phased-
folded orbits are shown in Figures 10 and 11.

These two quadruple systems are highly extraordinary among
the stellar multiples systems with companions that have so far been
discovered. Of the ~75 binary systems known to have at least one
companion in an S-type orbit, only five of those systems have com-
panions orbiting both stars — HD 133131 Abc Bb (all planet mass
companions), HD 20782 b / HD 20781 bc (all planet mass), HD
41004 Ab Bb (1 planet, 1 BD mass), WASP-94 Ab Bb (both planet
mass), XO-2 Sbc Nb (all planet mass). Though additional RV follow-
up is necessary to constrain the masses of the candidate companions
reported here, if confirmed, the two candidate quadruple systems
presented would make up more than 25% of all known quadru-
ple systems containing two substellar companions in S-type orbits
about each wide binary component (Schwarz et al. 2016).

Only one of these previously discovered systems has compan-
ions in both the planetary and BD-mass regimes (as defined here),
and none have two BD-mass companions. Only HD 41004 Ab Bb is
known to have a confirmed planetary-mass companion (HD 41004
Ab, 2.5 Myyp; Zucker et al. 2004) orbiting one of the stars and a BD-
mass companion (HD 41004 Bb, 18.4 Myp; Zucker et al. 2003)
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Figure 8. Left: Two phase-folded orbits for the star J12530085+2734189, where the APOGEE visit velocity data (black points) are under-plotted with an
orbit computed from the MAP sample returned from the MCMC analysis (blue line). Right: Projections of the MCMC samples in period P and‘minimum
companion mass m sin i, colored as a function of eccentricity e. The black dashed and dot-dashed lines represent the deuterium- and hydrogen-burning limits,
respectively. The value for the period and minimum companion mass for the MAP sample are shown by the blue cross-hairs.
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Figure 9. Same as Figure 8 but for the 256 samples returned from a standard analysisby The Joker for the star J12525132+2735131. All 256 unphased samples

are also shown in Figure 14.
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Figure 10. Same as'Figure 8 but for the MAP sample returned from the MCMC analysis for the star J12582326+2630091.

orbiting the other. Furthermore, of the ~160 confirmed substel-
lar companions in binary- and higher-order systems with reported
masses,.only,five’of those companions have minimum masses in the
BD.regime (Schwarz et al. 2016).

Fornthe systems presented here, with orbital periods <100 days
and minimum masses that span the planet and BD mass regimes, the
candidate companions are several times more likely to be planets
than BDs, given that planets are more abundant (e.g., under the
notion of the existence of a BD desert — Grether & Lineweaver

2006; Csizmadia et al. 2015 — however, cf. Troup et al. 2016). In
the end, if any of the three candidates that we currently classify as
substellar-mass objects are confirmed to be BD-mass companions
by additional RV follow-up, it would represent an increase in the
known number of BDs in stellar multiples by as much as 50%.

In the context of previous studies, the prodigious identifi-
cation of hierarchical systems here is surprising. We note that
Fernandes et al. (2019) find ~6% of stars to have giant planets (0.1—
20 Myyp) in orbits with period P < 300 days, with this occurrence
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Figure 11. Same as Figure 9 but for the star J12582222+2630162. All 256 unphased samples are also shown in Figure 15.

Table 4. Orbital parameters for J12582222+2630162 and its substellar com-
panion.

Parameter Value Units
P (MAP mode) 123.93 + 0.74 days
e 0.41+0.14

0.011 -1
K 0.804% 306 kms
Vo —14.839 +0.049 kms™!
msini 10.4173-04 Mjyp
P (second mode) 19.99 +£0.42 days
e 0.24 £0.16

0.925 _1
K 0.382% -2 kms
vo —14.66 £ 0.11 kms~!
msini 3.07+0-38 Miup
P (third mode) 41.062 + 0.096 days
e 0.48£0.16
K 0.59*2-6% kms~!
vo —~14.64 £0.28 kms~!
msini 5.30%3-23 Miup
P (fourth mode) 186.37 £ 2.66 days
e 0.36£0.17

0.539 A
K 0.433% 229 kms
vo —~14.616 + 0.064 kims~!
msini 7.23+4-30 Mip

rate decreasing to ~1-2% for systems more massive than Jupiter.
Moreover, previous studies (e.g., Moe & Kratter 2019, Hwang et al.
2020, Fontanive et al. 2019, and references theréin) find that wide
binaries with separations >200 AU do not have a significant influ-
ence on the formation or occurrence rates/of close planets, and that
while substellar-companion hostsido show an enhancement in their
WB fraction compared to‘stars that are not close companion hosts,
it is at most a factor_of ~2%, enhancement for the most massive,
closest-separation substellar companions. In contrast, we find an
enhancement inthe occurrence rate of close substellar companions
in our WB stars of.nore than an order of magnitude compared to
the abovestudies—i.e., four stars with substellar companions out of
16 stasyfor which orbit fitting is performed in Section 4.1.2, or an
occurrence rate ~25%, instead of the nominal ~2%. The probability
offinding four close binary systems in a sample of 16 stars when
we might expect to find 0.2-0.3 close substellar-mass binaries is
P._~_0.0001, according to Poisson statistics; thus, either our yield
of such systems is vastly overestimated or the expected occurrence
rate is vastly underestimated.

We discern no part of our survey selection funetion that,should
act to enhance our occurrence rate. The most likely, souree of sys-
temic bias in our analysis would seem to li¢' in the interpretation
of the RV time series data. In particular, as\is well known, orbit
fitting of poorly sampled RV variations issprone to error. While
there is nothing we can do about the‘existing phasing or number
of RV visits within the APOGEE,survey, for our stars, it is possi-
ble to investigate whether our ‘solutions.to these data may have led
to improper or unlikely combinations of companion mass, period,
and/or orbital eccentricity. Of\particular concern are the effects that
RV outliers may have\in“driving a particular orbital solution. To
this end, we havednvestigated the individual RV measurements for
each of the four candidate companion hosts by checking carefully
the RV CCFsandiby comparing the visit-level spectra corrected by
their calculated visit RVs to the rest-frame velocity, and we find no
reason to doubt the veracity of any individual RV measurement. We
have also performed analyses of orbital samples returned by The
Joker. where we have removed either the most extreme outlier RV
(e.g., the observation at phase ~0.95 with RV ~ —47.3kms™! in
Figure 8) or single random RVs, and we find that the solutions—
while multimodal—by and large, have relatively large velocity semi-
amplitudes (K 2 0.5kms™!) and indicate that the observed RV
variations may be induced by companions with minimum masses
>2 Myyp.- Clearly the best way to resolve this dilemma is to obtain
more high-quality data utilizing the APOGEE spectrograph; addi-
tional data for the systems explored here, as well as multi-epoch
data for WB pairs in the southern hemisphere, may be available in
the forthcoming final APOGEE database.

These candidate quadruple systems are remarkably uncom-
mon examples of multiple systems, a surprising success of a rel-
atively small sample. However, Hwang et al. (2020) propose that
the occurrence rate of multiple close companion hosts in wide bi-
naries (like the candidate quadruple systems we report here) is
higher than the occurrence rate of close companion hosts in the
field (e.g., Mayor et al. 2011; Zhou et al. 2019). This is explained
by the fact that systems hosting close companions—specifically
those containing hot Jupiters—tend to have higher metallicities
(e.g., Fischer & Valenti 2005); if that hot Jupiter host has a wide
stellar companion, assuming that the wide companion has a very
similar metallicity (shown to be true here, and in Andrews et al.
2019 and Hawkins et al. 2020), we can assume that the wide com-
panion has a higher chance of also hosting a close, hot Jupiter
companion. The sample of known quadruple systems with close,
substellar-mass companions is small though, so additional work on
larger samples of such systems are required to confirm this finding.
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4.1.3  No Detected Companions

For the remaining wide binary components—those without a close
companion assumed from Gaia photometry, nor a companion de-
tected from Keplerian orbit fitting (or too few visits for orbit fit-
ting to be applied)—given the RV data from APOGEE or the
photometry from Gaia, it is not currently possible to ascertain
whether close-companions might exist without additional informa-
tion. In future works, we intend to use the APOGEE ARV pax (e.2.,
Badenes et al. 2018; Mazzola et al. 2020) and/or the Gaia renormal-
ized unit weight error (RUWE), which indicates high astrometric
noise (e.g., Belokurov et al. 2020), to detect unresolved compan-
ions in these systems; however, quality cuts used in making the
El-Badry & Rix (2018) catalog may have removed such systems
from our sample. It is unlikely that these systems will receive sub-
stantially more APOGEE visits during the remainder of the survey
(i.e., some may be observed 1-2x more, but few will receive enough
additional visits to reach the minimum 6 visits required here), but
the APOGEE RVs may provide the basis for a longer monitoring
campaign to search for massive close companions orbiting WB
components.

4.2 Abundance Differences for Companions Hosts

‘We compare the differences in metallicity and abundances for eleven
individual APOGEE-measured elements for the two components of
the 37 wide binaries in the sample.

We first focus on the consistency of the metallicity between
components of the wide binaries, as shown in Figure 12, for those
pairs that contain close companions compared to those pairs that
do not. As shown previously, in Figure 4, the metallicities of the
population of pairs in the catalog show a very strong, positive corre-
lation, with Spearman-p = 0.80 (99% CI = 0.58 to 0.91, rms~0.13,
and rms~0.06 when limited to pairs with |AT.g| < 200K). For
the sample of stars without any companions detected (red points
in Figure 12), the strength of the correlation between wide binary
metallicities is Spearman-p = 0.82; while this is larger than the
Spearman-p coeflicient for the entire population, it is within the.CI
of the population, so is not statistically significant. The sample of
systems with detected stellar- or substellar-mass companions show
a weak positive correlation, with Spearman-p = 0.37"(blue points
in Figure 12); however, because the sample contains only 6 data
points (4 wide binaries with detected stellar companiens-and 2 wide
binaries with detected substellar companions),ithe‘correlation coef-
ficient is not well constrained, and shouldmot be taken to mean that
the metallicities between wide binary components with companions
are less correlated than metallicities between wide binary compo-
nents without companions. Additionally, the rms of the sub-sample
of pairs without detected closescompanions (red in Figure 12) is
neither significantly different ftom, nor improved, as compared to
the full sample.

Figure 13 expands this comparison of elements to individual
elemental abundances of,C, O, Mg, Al, Si, K, Ca, Ti, Mn, Fe,
and Ni. Because we’ve already shown that the metallicities of each
pair are correlated in Figure 12, we therefore expect to see similar
correlationsibetween the pairs for [X/H] (where where X can be
substituted for'the element of interest). Here, instead of showing
elemental abundances with respect to H, we show abundances with
respect to metallicity, such that

[(X/M] = [X/H] - [M/H]. 3)

ASPCAP-measured abundances that have been excluded from this

analysis either have too few pairs where both components have
measured values (e.g., Na), or have large measurement uncertainties
that are not useful for the comparison (e.g., Co).

Based on the entire population of wide binaries in the
APOGEE-Gaia Wide Binary Catalog—including those with
companions—most of the elements shown here have moderate, pos-
itive correlations (aside from Ti, which shows a negative correlation,
though this is one of the less reliably elements derived by ASPCAP).
Like the trends observed for the metallicity of the pairs, for a major-
ity of the elements shown here, after removing systems with close
companions from the sample, the correlation between individual
abundances does not change statistically. Similarly, systems with
detected companions tend to show moderate to weak, statistically
insignificant correlations, which should be expected to be positive;
the fact that some elements show negative correlation coefficients
(indicating that they are weakly anticorrelated) is likely, due to the
small sample size.

The chemical abundance correlations for the’sample without
detected companions and the sample with deteeted companions do
not differ significantly from one another, and therefore no conclu-
sions can be drawn about the impact of massive companions on the
chemistry of wide binaries. The sample.explored here is relatively
small; a large sample of wide binaries with.companions may reveal
significant chemical differences between wide binary components.
In addition to the small sample sizes‘in the metallicity and abun-
dance analysis presented ‘here; the'large scatter in the metallicity
differences are likely dominated by systematic trends in abundance
with stellar parameters'(as discussed in Section 2.1), making it im-
possible to differentiate ithe chemistries of stars with and without
massive, close companijons.

5. CONCLUSIONS

From ajrelatively small catalog—the APOGEE-Gaia Wide Binary
Catalog, which provides Gaia photometry and astrometry, as well
as’ APOGEE stellar parameters, visit-level radial velocities, and
chemical abundances—we identify four triple systems, containing
close stellar companions, and two candidate quadruple systems,
each containing a total of two close substellar-mass companions.
All systems in the catalog show very similar abundances, though
the removal of systems containing close companions from the full
sample does not improve the abundance consistencies observed for
systems without close companions, as predicted.

Of the four substellar candidates, (ignoring inclination) one
certainly falls within the planetary mass regime, and all four orbit in
quadruple systems—a wide binary with each wide component hav-
ing a closer, massive companion in an S-type orbit. None of these
candidates are previously reported in the literature, and require
further follow-up with RV observations (as part of the APOGEE
survey or with another instrument) to be confirmed, since many
of the systems have unconstrained periods or eccentricities, which
impact the assumed minimum mass. Though relatively few quadru-
ple systems with two substellar companions, each in close orbits
about a component of a wide binary, have been confirmed (<10
systems Schwarz et al. 2016), this small sample presents two addi-
tional candidates. The orbital solutions and companion masses for
these candidates must be carefully confirmed, as they indicate an
order of magnitude enhancement in the expected occurrence rate of
>1Myyp companions with periods <300 days (occurrence rate of
~25%, rather than the expected ~2%).

We do not observe any statistically significant differences in
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Figure 12. A comparison of the overall metallicity abundance of each star in our wide binary sample as measured by APOGEE for those statsywith (blue)
and without (red) detected companions (top panel). The Spearman correlation coefficient for all 37 pairs in the wide binary catalog is shown(black) in the
bottom right of the plot, as well as the correlation coefficients for each subset (i.e., with and without companions). The bottom panel shows that the rms of the
sub-sample of pairs without detected close companions is not significantly different from the full sample. Again, for many points erfor bars on the data are

typically smaller than the marker.

the chemistries of wide binaries which have detected companions,
compared to the chemistries of those without detected companions.
Given the small dataset and the magnitude of the abundance errors
achieved with APOGEE, the influence or correlation of additional
close companions is not discernible from the assumed identical
chemistries of these pairs. A larger catalog of wide binaries host-
ing close companions, perhaps assumed statistically from the Gaia
RUWE rather than derived from RV variation, with precise metal-
licities and abundances will be needed to better quantify any such
effects.
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DATA AVAILABILITY

The stellar parameters, abundances, RVs derived from com-
bined spectra, and individual visit RVs from APOGEE DR16
were derived from the allStar and allVisit files available at
https://www.sdss.org/dr16/irspec/spectro_data/. The
El-Badry & Rix (2018) wide binary catalog can be found in the
online version of that article, and the APOGEE-Gaia Wide Binary
Catalog, with the format shown in Table 5, is available at MNRAS
online.
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Table 5. Binary systems in the APOGEE-Gaia Wide Binary Catalog. This table is available in its entirety in machine-readable form online:
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01A J01315262+3029260 3 0.773 3636 = 75 4.825+0.122  -0.30 = 0.018+,-0.43 £ 0.028
01B JO1315500+3029522 40.5 2 0.079 4645 + 81 4611 £0.101  -0.05+0.008 0.71 + 0.046
02A J02005911+1334585 2 0.347 3757 + 83 4863 £0.126_ -0.46 + 0.020  0.44 +0.028
02B J02005975+1334463 15.4 1 s 3868 + 75 4,945 +0.122%, -0.38+0.015 0.48 +£0.030
03A J02572548+0059538 5 0.017 5322 + 98 4322 +0.083_  0.24 + 0.006 1.01 + 0.065
03B J02572363+0058185 99.3 9 0.110 5358 + 100 4.260 + 0:084 / 0.18 + 0.007 1.03 + 0.066
04A J03023780+0019430 5 0.122 4912 +94 4617 £0,089  0.18 £0.007  0.83 + 0.053
04B J03023581+0020190 46.7 4 0.036 4918 + 86 " 141592 +0.090 0.19+£0.006  0.83 +0.053
05A J03093344-0053352 3 0.072 5365 #1170, 4.427 £0.086  0.07 £0.009  0.96 + 0.061
05B J03093405-0053250 13.7 4 0.038 5734+ 1147 4.421 +0.081 0.11 £ 0.009 1.07 + 0.068
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APPENDIX A: TRUE APOGEE RV ERRORS

For any observed single star, we expect the observed scatter in
the visit-level RVS Vicater to be comparable to the APOGEE RV
pipeline-derived RV uncertainties o, meq; however, as shown in Fig-
ure A1 (which shows all stars in APOGEE DR16 that are not telluric
standards, having five or more visits and o7, yeq < 0.5 km s71), the
pipeline-derived, median RV errors are severely underestimated,
with Vscatter > 07y, meq for stars over all temperatures, surface grav-
ities, metallicities, and apparent magnitudes. These errors are most
significantly underestimated for the brightest stars in the sample
(i.e., those typically with the highest SNR). For H > 11, the errors
are only underestimated by a factor of 2-3X (a similar resultis also
presented in Cottaar et al. 2014), but for brighter stars (say H ~ 8){
Oy, med i8 a factor of ~20-30x smaller than the RV scatter. For fu-
ture APOGEE data releases (DR17 in late 2021; see"Holtzman et
al. in prep.), a new RV pipeline has been implemented; and this
significant underestimation of the RV errors of‘bright stars has been
resolved.

By applying Equation 1 to the pipeline-derived RV errors, the
true errors o yrye are inflated substantially, and have a minimum
RV error of 0.072km s~!. The ratio of Vieater to the true RV errors
as a function of the explored stellar parameters and observational
properties is shown in FigureA2.“This expression for the error
inflation has corrected the global 2-3x underestimation of o, peq
relative to the RV &catter that was observed across all parameter
space, as well as‘the obsetved trend with decreasing H magnitude.

Even with the«correction applied from Equation 1, there re-
mains a significant trend in the ratio of Vicatter to 0y, true for stars
with deereasing surface gravity (i.e., giant stars). This is likely a real
astrophysical effect caused by the fact that the RV scatter for these
low=log g stars is inflated by stellar surface oscillations manifesting
as velocity “jitter”. These oscillations are expected to be inversely
correlated with surface gravity (Hekker et al. 2008), as shown in
Figure A2 for stars with logg < 1.5. Though we do not correct
for the effects of stellar “jitter" in this work, if the APOGEE RVs

6000 4000 0

2 4 6
Terr [K] log(g) [cgs]

,_.
A
SNR

Vscatter/Ov, med

.
o
]

1071

2 -1 0 75 10.0 125 150
[Fe/H] [dex] H [mag]

Figure Al. Comparison of the ratio of Vicaner tosthe pipeline-derived
Oy, med- s a function of effective temperature T (upper left), surface grav-
ity log g (upper right), iron abundance [Fe/H] (lower left), and H -band mag-
nitude (lower right). In each plot, points are colored,bythe SNR of the com-
bined spectrum of the corresponding star,’with redder points indicating stars
having higher SNR. As in Figure 6, the/one-to-oneline (Vscater/ 0y, med = 1)
is shown in red. The running mediafratio\Vscater/ 0y, med (calculated in bins
of ~670 stars) over each of the parameters is shown by the black crosses.
Prior to the correction applied'by Equation 1, it is clear that the pipeline-
derived errors are underestimated,'such that Vicager/0 v, med > 1 across the
broad parameter space presentedshere.
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Figure A2. Same as Figure Al but for the ratio of Vicayer to the true
eITOIS Oy, rue, as given by Equation 1. The true errors account for the
previously observed trend with H-band magnitude, though these values are
still underestimated for stars with log g < 1.5.

are to be utilized in any form (including the RV scatter, visit-level
RVs, or RV errors), an additional “jitter” term should be added in
quadrature to the true velocity errors derived in Equation 1 (seee.g.,
Price-Whelan et al. 2020).
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