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Abstract

We present the results of an assessment of hierarchical systems for main-sequence stars within
200 pc of the Sun, utilizing the APOGEE - Gaia Wide Binary Catalog. The catalog of 36 wide
binary companions were selected by matching Gaia parallaxes and proper motions, and confirmed
to be gravitationally-bound pairs using APOGEE radial velocities. We identify triple and higher-
order multiple candidates using (1) the Gaia binary sequence and (2) observed radial velocity
variations in APOGEE measurements. Further, we compare abundance differences between the
components of the wide binaries and triple- or quadruple- systems, to identify the influence of ad-
ditional stellar or sub-stellar companions on the assumed identical chemistry of these co-eval pairs.

1. Introduction

Wide binaries are gravitationally bound pairs
of stars separated by up to ~ 1 parsec. Forma-
tion scenarios for such systems imply that wide
binaries are all born at (roughly) the same time
and from material of nearly identical chemical
makeup. The overall consistency in the metal-
licity of wide binaries has been studied in de-
tail for a handful of systems (e.g., Gratton et
al., 2001), and a few studies have gone be-
yond metallicity to study individual elements,
including Fe (Desidera et al., 2004, 2006), V
(Desidera et al., 2006), and Li (Martin et al.,
2002).

In a recent study, we compare the chem-
ical abundances of 14 separate elements of
dwarf stars in wide binaries to test the abun-
dance consistency of stars of a common ori-
gin (Andrews et al., 2019). The sample of
62 stars in 31 wide binaries is identified from
a catalog produced by cross-matching Apache
Point Observatory Galactic Evolution Experi-
ment (APOGEE; Majewski et al., 2017) stars
with US Naval Observatory CCD Astrograph
Catalog (UCACS; Zacharias et al., 2017) as-
trometry, and we confirm the fidelity of the
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sample with parallaxes from Gaia. We find that
the consistency of individual elements (includ-
ing Fe, Si, K, Ca, Mn, and Ni) between compo-
nents of the wide binaries is too similar to have
anything other than a common origin.

However, other processes may cause abun-
dance differences in wide binaries; in partic-
ular, differences in planet formation or accre-
tion in two otherwise identical stars may leave
signatures in chemical abundances (Oh et al.,
2018). Giant planets have been shown to form
more readily around more metal-rich stars (e.g.,
Fischer & Valenti, 2005) and the elemental
abundances of wide binaries that host plan-
ets have been studied in detail (e.g., Teske et
al., 2016). These studies find significant dif-
ferences in the abundance patterns, which has
been attributed to the fact that forming more
gas giants or rocky planets leads to an overall
depletion of metals in the gas that will even-
tually accrete onto the host star (Biazzo et al.,
2015; Ramirez et al., 2015).

Utilizing precise radial velocity measure-
ments from the Sloan Digital Sky Survey
(SDSS-1V; Blanton et al., 2017) Apache Point
Observatory Galactic Evolution Experiment



APOGEE spectroscopic survey for stars in
36 wide binaries, this work aims to identify
triple and higher-order multiple candidates and
to explore the potential chemical effects of
exoplanet formation.

2. Observations and Data

The sample is selected from the wide bi-
nary catalog described in El-Badry et al.
(2018), which was constructed by searching
Gaia DR2 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 et al. (2018) cat-
alog contains > 50,000 wide binaries, con-
taining main-sequence (MS) and white dwarf
(WD) components, with separations of 50 <
s < 50,000 AU. The catalog provides mea-
surements of proper motion, parallax, mag-
nitude, radial velocity (where measured), and
their associated errors, for each star in the pair
from Gaia as well as the physical separation
of the pair and the binary class (i.e., MS/MS,
MS/WD, or WD/WD).

The Apache Point Observatory Galaxy Evo-
lution Experiment (APOGEE-2) is a high-
resolution (R ~ 22,500), high-S/N (S/N >
100), infrared (1.51 pm to 1.69 pum), spectro-
scopic survey using the 2.5-m Sloan telescope
in the Northern Hemisphere and the du Pont
telescope at Las Campanas Observatory in the
Southern Hemisphere (Majewski et al., 2017).
The latest APOGEE-2 data release comprises
spectra for ~398,000 stars, along with stel-
lar parameters (Tg, log g, metallicity [M/H],
[a/M], etc.) and individual chemical abun-
dances for more than a dozen elements, de-
rived from the APOGEE Stellar Parameter
and Chemical Abundance Pipeline (ASPCAP;
Garcia Pérez et al., 2016). In addition to ele-
mental abundances, APOGEE provides multi-
epoch radial velocity (RV) measurements, with

a typical precision better than ~0.1 kms™!.
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The two catalogs were then cross-matched,
adopting a 17 positional tolerance.  The
APOGEE sample is made up of red giants stars
(~70%) and MS stars (~30%); stellar rem-
nants (i.e., WDs) are too faint to be observed
in the ~1hr APOGEE visits. For this rea-
son, the cross-match of the two catalogs con-
tains only MS/MS wide binary pairs. To sepa-
rate main sequence stars and white dwarfs, El-
Badry et al. (2018) required both stars to have
a measured Gaia Gpp-Grp color, and to have
well-resolved photometry. As a consequence of
these requirements, the El-Badry et al. (2018)
catalog has an effective resolution limit of ~
2 arcsec, which is equivalent to the separation
limit of APOGEE fibers, which are 2 arsec in
diameter. The resulting catalog therefore con-
tains only those wide binaries for which we
have APOGEE spectra (as well as good stel-
lar parameters and abundances) for both com-
ponents of the binary, as well as high-quality
astrometry and photometry from Gaia.

RVs were not used in the selection of candi-
date binaries in the El-Badry et al. (2018) cat-
alog, but are a useful check that binaries are
gravitationally bound. In genuine binaries, the
RVs of the two stars should agree within a few
kms~! (within the RV error). For this reason,
we require genuine binaries to have APOGEE
RVs consistent to within Skms~! (i.e., ARV <
5kms~t). We also select only stars with low
median visit RV error, Veip mea < 2km s’!, and
high S/N > 25 to remove stars with low-
quality spectra causing errors in the derived pa-
rameters and RVs. These cuts ensure minimum
contamination of the wide binary sample by
random alignments.

We also remove stars flagged with
the  ASPCAPFLAGS STARBAD or
NO_ASPCAP_RESULT, and pairs where

one or both stars do not have calibrated [M/H]
measurements, to ensure that we are consider-
ing only stars with reliably determined stellar
parameters and abundances.

The APOGEE - Gaia Wide Binary Cata-
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log contains 36 genuine MS/MS wide binaries,
shown in T,g-log g in Fig. 1, with separations
300 < s < 50,000 AU within 200 pc of the
Sun.
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Figure 1: The calibrated log g and T.g of the com-
ponents in our binaries, as measured by APOGEE.
The gray histogram in the background shows the
logg and T,z of APOGEE stars. A 5Gyr solar
isochrone is shown in black.

APOGEE calibrates its log g for giant stars
to detailed astroseismic models of stars in the
Kepler field, while cluster stars and stellar evo-
lution models are used to calibrate other stel-
lar parameters (Garcia Pérez et al., 2016). The
latest APOGEE data release includes stellar
abundance calibrations for dwarf stars based on
open clusters (Holtzman et al., 2018); however,
the dwarfs stellar parameters in the APOGEE
catalog rely on uncalibrated ASPCAP param-
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eters, which leads to an overestimation in the
surface gravity for the coolest dwarf stars; the
log g shown in the figure is, therefore, the cali-
brated log g, as defined by

(10g )cal = log g—(1.25x10™*)(Tog—6400 K),

(D
where log g and T, are the uncalibrated surface
gravity and effective temperature. The equation
represents a linear correction applied to dwarf
stars to fit the Dartmouth isochrone, shown in
Fig. 1 (solid black line).

In addition to stellar parameters, the
APOGEE reduction provides RV measure-
ments with precisions typically better than
~0.1 km s7!. The leftmost panel of Fig.2
compares the APOGEE RVs for the compo-
nents of the 36 wide binaries that we have
identified. The measurement uncertainties are
shown, but are small compared to the size of
the data points. In the center panel, for the 12
cases where both components of the wide bi-
naries have RVs measured by Gaia, a compar-
ison of the Gaia RVs are shown. That the data
points lie on top of the one-to-one line in both
of these plots is expected if the pairs are gen-
uine wide binaries. Finally, the rightmost panel
of Fig. 2 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 func-
tion of Gaia G magnitude. The RV measure-
ments are in good agreement between the sur-
veys, except for one star which has a relatively
low-S/N spectra with APOGEE (G ~ 13 mag,
S/N ~ 70).

We compare the Gaia proper motions and
parallax for the stars in the 36 wide binaries in
Fig.3. Again, measurement uncertainties are
smaller than the data points. The clear consis-
tency between the parallaxes and RVs of the
stars in these pairs suggests that our sample
is free from contamination by random align-
ments.
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Figure 2: The leftmost plots compare the APOGEE radial velocities for components of the wide binaries, and
the Gaia radial velocities for the few cases where measurements are available for both binary components.
The rightmost panel shows that the binaries in our sample have consistent velocities as measured by the two
surveys for the 12 binaries that have RVs measured by Gaia.
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Figure 3: We compare the Gaia proper motions in both right ascension (u,) and declination (1) in the left
two panels. The third panel shows that the binaries in our sample have consistent parallaxes, as measured

by Gaia for the 36 binaries that are measured by Gaia.

3. Results

In this section we outline the multiple meth-
ods utilized to detect candidate companions
in these wide binary systems, and report all
candidate companions.

A. Binary Sequence

An unresolved binary system comprising
two identical stars has the same color but
twice the luminosity of an equivalent single
star; such a system, comprising two equal-mass
main-sequence stars, will appear in the color-
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magnitude diagram 0.753 mag brighter, irre-
spective of the wavelength bands used. We
show in Fig. 4 the Gaia Ggp-GRgrp color against
the absolute Gaia G magnitude. The grey
histogram in the background shows the den-
sity 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 black
line), as well as the corresponding binary MS,
shifted 0.753 mag in absolute magnitude.

The figure confirms that all of the stars in
our sample are on the main sequence, and
identifies four components of four separate
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Figure 4: The Gaia-based color-magnitude dia-
gram. The grey histogram 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 et al. (2018).

wide binaries which lie on the binary sequence.

B. Radial Velocity

An APOGEE “visit” is defined as the
combined spectrum of a source from a single
night’s observations (~ 1 hr of exposure). The
total survey number of visits scheduled for a
star depends on its H mag, with fainter targets
requiring more visits to obtain the accumulated
S/N of 100; at the completion of the survey,
all stars are expected to have a minimum of
3 visits to accomplish this goal. Though the
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APOGEE survey is not complete at the time
of publication of this paper, all of the stars in
the APOGEE — Gaia Wide Binary Catalog are
brighter than ~ 12.5mag in H, and so have
high-S/N combined spectra, though they may
have < 3 visit spectra.

1. Orbit Fitting

APOGEE RVs reach a typical precision <
100ms~!, which is sufficient for the detec-
tion of RV oscillations expected from relatively
short-period companions down to a few Jupiter-
masses (1073 M). In this work, we adopt
2Mj,, as our lower detection limit. For stars
with > 8 visits, over a sufficient temporal base-
line (i.e., longer than the period of the orbit),
these high-quality RV measurements are suit-
able to not only detect RV variability, but also
to derive Keplerian orbital fits.

For stars with fewer RV measurements, there
are many stellar- or exoplanet-mass companion
orbit models that are consistent with the data,
which leads to a challenging search to sample
over all possible orbital parameters. The Joker
(Price-Whelan et al., 2017) provides a Monte
Carlo sampler, intended for systems with sparse
RV measurements, that produces correct sam-
plings in orbital parameters for data that in-
clude as few as 3 visits; however, for < 5
visits, the returned samples are highly multi-
modal, with the samples tending to form a har-
monic series for systems 3 RV measurements.
For this reason, we limit our orbit fitting us-
ing The Joker to those stars in the wide binary
catalog with 6 or more RV measurements with
APOGEE. In the APOGEE - Gaia Wide Bi-
nary Catalog 16 stars in 10 wide binary pairs
have > 6 visits, and so are eligible for Keple-
rian orbit fitting with The Joker.

Orbit fitting with The Joker was performed
for all stars with > 6 RV measurements with
APOGEE, and all candidate heirarchical sys-
tems are reported here. Note, we do not report
here systems for which The Joker returned



highly multi-modal samples; we only report
those systems with a unimodal, unique solu-
tion. One example — out of the six sub-stellar
mass companion candidates detected in the
sample — is shown in Fig. 5.

ii. Minimum Mass Estimation

Of the remaining stars (with < 5 visits),
~ 10% have more than 3 visits, and a ma-
jority (~ 60%) have 2 to 3 visits. To char-
acterize these very sparsely sampled systems,
we use the difference between the highest and
lowest measured RVs for each star, ARV ,.x =
max(RV,,) — min(RV,,) (Badenes et al., 2012;
Maoz et al., 2012; Badenes et al., 2018). We
will use ARV .« as a proxy for the minimum
peak-to-peak amplitude, ARV,_,,, of the sys-
tem’s RV curve, in order to derive a lower-
limit to the mass of the candidate companion.
In order to derive this lower-limit, we will as-
sume (1) the peak-to-peak amplitude of the RV
curve, ARV .x = ARV,,_,, is twice the semi-
amplitude, K, of the orbit, (2) all companion
orbits are circular (eccentricity e = 0), and (3)
all companions orbit at the critical period for
Roche Lobe overflow.

The critical period is defined as

Rj

Pcrit - QWR(Q) GM

2)

where R(q) is the ration between the radius
of the Roche Lobe and the orbital separation,
which can be approximated as 0.30, the average
over the range 0 < ¢ < 1 (Eggleton, 1098), and
M, and R, are the mass and radius of the star,
derived via the Torres et al. (2010) relations.

For the companions at the critical period,
the peak-to-peak amplitude of the RV curve,
ARV,_,, is twice the semi-amplitude, K, such
that

GMN\'"?
ARV, , = 2K =2 (7;]3 j) NG
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where M; is the mass function, M; =
(msini)3/(M, + m)? The variable of inter-
est then, for detecting candidate companions in
systems with sparsely sampled RV curves is

(msini)? _ Pt ARV, _, ’
(M, +m)? 27nG 2 '
“)

We solve the above equation iteratively, to de-
rive the minimum companion mass; we solve
the equation for the sin 7 = 1 case, and thus use
m ~ msin 1 after the first iteration.

For all stars in the APOGEE — Gaia Wide Bi-
nary Catalog with insufficient visits for Keple-
rian orbit fitting, we derive the minimum com-
panion mass msini. We detect two additional
sub-stellar mass companion candidates (which
had not already been detected via the orbit fit-
ting method); one of these candidates orbits the
secondary star in a wide binary system where
the primary also has a companion detected via
orbit fitting.

My =

4. Conclusion

From the sample of 36 pairs in the APOGEE
— Gaia Wide Binary Catalog, in total, we iden-
tify 4 stellar mass companions in 4 wide binary
systems, and 8 sub-stellar (minimum) mass
companion candidates in 7 systems, resulting
in 10 detected triples and 1 quadruple system.

In a preliminary analysis of the metallic-
ities of these stars, we confirm the planet-
metallicity correlation (i.e., higher metallicity
stars are more likely to host planets Fischer &
Valenti, 2005), as shown in Fig. 6 (upper panel).
We also compare the metallicity differences,
normalized to the measurement uncertainties,
of our wide binary sample for both compan-
ion hosting systems and for systems where no
companion (sub-stellar or stellar mass) is de-
tected. The systems which host detected com-
panions appear to have smaller discrepancies
in metallicity (middle panel of Fig.6), which
is unexpected; however, this is likely a detec-
tion effect, not an astrophysical one. Systems
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Figure 5: Radial velocities of an RV variable star in the APOGEE - Gaia Wide Binary Catalog. The
measured RVs are shown in blue, and the best-fit RV curve is shown in black. The companion candidate has

a period of 60.7 days and mass 2 11.7 M.

for which we are able to detect companions
via the RV methods described in this work re-
quire multiple APOGEE visits; these systems
therefore have higher-S/N, which in-turn means
they have more accurately measured values for
[M/H], with similar levels of uncertainty, so the
value A[M/H]/o is lower for the sample of
candidate companion hosts (shown in the bot-
tom panel of Fig.6). Similar analysis for the
14 elements reliably measured by APOGEE for
dwarf stars (CI, O, Mg, Al, Si, P, S, K, Ca, Ti,
V, Mn, Fe, and Ni, Andrews et al., 2019) for a
large fraction of the wide binary components is
forthcoming.
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Figure 6: We compare the overall metallicity of
each star in our wide-binary sample, as measured
by APOGEE. The plot shows that systems with at
least one companion candidate tend to have higher
metallicities.



