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Abstract

Astronomers do not have a complete picture of the effects of wide-binary comp@eimirmajor axes greater than

100 ay on the formation and evolution of exoplanets. We investigate these effects using new data from Gaia Early
Data Release 3 and the Transiting Exoplanet Survey Satellite mission to characterize wide-binary systems with
transiting exoplanets. We identify a sample of 67 systems of transiting exoplanet carfdittates|l-determined,

edge-on orbital inclinatiofhghat reside in wide visual binary systems. We derive limits on orbital parameters for

the wide-binary systems and measure the minimum difference in orbital inclination between the binary and planet
orbits. We determine that there is statistically sigant difference in the inclination distribution of wide-binary
systems with transiting planets compared to a control sample, with the probability that the two distributions are the
same being 0.0037. This implies that there is an overabundance of planets in binary systems whose orbits are
aligned with those of the binary. The overabundance of aligned systems appears to primarily have semimajor axes
less than 700 au. We investigate some effects that could cause the alignment and conclude that a torque caused by a
misaligned binary companion on the protoplanetary disk is the most promising explanation.
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1. Introduction So far, most observational studies of binary companions to
exoplanet hosts have focused on the effects of binary
companions as a function of the projected separation, partly
ue to the dif culty of determining the true separation or orbital
lements of binary systems. Traditionally, measuring visual
binary-star orbits requires repeated precise observations of the
The extreme range in semimajor axes exhibited by binarypOSitions of the two stars over years, decades, or even centuries
(Mason et al2001). However, recently the extremely precise

systems makes it very challenging for any one formation ;.. ety from ESA Gaia missiofGaia Collaboration et al.
mechanism to explain all observed systems; instead, there arsy; g 2" made it possible to derive loose constraints on the
likely multiple pathways by which binary stars may form.

At close separations. binary stars with semimaior axes les orbital elements of visual binary stars using only the masses
p ’ y . J And instantaneous relative velocities of the two components
than about 100 au may form by disk fragmentatiddams

et al. 1989 and turbulent fragmentation at larger separations (Newton et al2019 Pearce et al020).

. ; . . Meanwhile, the advent of exoplanet-detecting space tele-
followed by migration(Bate 2018. In disk fragmentation, 0,00 shaci cally, the Kepler missiofKoch et al 2010 and
instabilities in massive circumstellar disks collapse and form

second star orbiting in the plane of the disk. At Iargerathe Transiting Exoplanet Survey Satel([fé&ESS; Ricker et al.

separations, binary stars can form through turbulent fragmenta2015 thai use the iransit method 1o detect exoplasntse

i here turbul in the initial leads to f tai resulted in an explosion in the numbers of planets known in
lon, where turbuience in the iniiaf core leads to fragmentation,iq 5| pinaries. Because the planets discovered by Kepler and
of the core into an eventual wide-binary syst@ffner et al.

201Q 2016 Bate2018. These binaries can in turn migrate to TESS transit their host stars, we know that the planetary orbital

; o . lanes are aligned to within a few degrees of our line of sight.
smaller separations; thus, close binaries form through a mlxturé) 9 g g

 disk and turbulent f tation. Another viabl hani In this paper, we take advantage of these new observations to
ordisk and turbulent iragmentation. Another viable mechaniSmgy, 4y, \whether there is a tendency toward alignment in the
for the formation of wide binaries is core capture, in which

ey ‘ . =" orientation of the orbits of visual binary systems and the orbits
initially unbounded stars form, for example, via the dissolution Y Sy

f lust h t a0l f ol of planets that reside in these systems. In particular, we
of open cluster¢kouwenhoven et a010) or from pre-stellar o454 1re the orbital inclination of a sample of visual binary
core capturgTokovinin 2017).

. stars in which one component is known to host a transitin
Many binary stars are known to host exoplanets P 9

. . exoplanet candidate.
(Mugrauer2019. While some exoplanets orbit aroupoth stars It is important to note that we refer to alignment as the
in the binary(the so-called circumbinarystem; e.g., Doyle et al.

201 | o bi bit closel g minimum alignment between the binary system orbit and
9, most exoplanets in binary systems orbit closely aroun JUStexoplanet orbit, not the stellar rotation axis of the primary star
one of the binary componenfa circumstellar orbjit In wide-

. S : ; . and orbit of the exoplanet as is commonly measured using the
binary systems, it is believed thartually all planets will be on P y 9

: I bits. The eff ¢ 2 wide-bi ; RossiterMcLaughlin effect. We make no assumptions on the
circumstellar orbits. The effects of a wide-binary companion on a,jentation of the stellar rotation axis in our analysis.

planetary system are debated. Theoretical work has shown that the gec4se the orbital inclinations of the transiting planets must
dynamical inuence of wide-binary companions can eject planets e cjose to 9% an overabundance of edge-on binary orbits
and increase the eccentricity of planfatary o(Bigb et al.2013 implies a preferential alignment between the binary systems
Correa-Otto & Gil-Huttor2017 Bazs6 & Pilat-Lohinge2020.  anq their planets. The observed misalignment is really the
Binary companions can affect planetary orbits via the Hdov  minimum possible misalignment of the binary system. Jf
Kozai mechanisnfvon Zeipel191Q Kozai 1962 Lidov 1962, b ip, andip, are the longitude of the ascending node and the

potential_ly causing tidal_migratia)f plangts to tighter o_rbits. This inclination of the planet and binary, respectively, then the
mechanism could provide an explanation for the existence of ho?nisalignment between the binary and planet can be

Jupiters (Wu & Murray 2003 Fabrycky & Tremaine2007, expressed as

Petrovich 2015 Dawson & Johnsor2018 Li et al. 2020,

although this is not the only mechanism that can explain hot coq Y6 cogi,) cofp) sy siny cosp, 8p ()&
Jupiter orbits(Lin et al. 1996 Batygin et al.2016 Ngo et al.

2016, and at least some hot Jupiters could not have formed in thisSincei, = 90°,

way (e.g., Becker et aR015 2017 Weiss et al2017 Cafias et al. .

2019 Huang et al.2020. The presence of a torque from the cof Pb o 90 ) cdsp 8y . 8 ()2
binary companion could also salign the protostellar disk
(Batygin2012 Lai 2014 Hijorth et al.2021).

On the observational front, statistical analyses have s;howr}h bi ¢ d ol to be th - otherwi
that while wide-binary companions with semimajor axes e binary system and planepipan to be the same; otherwise,

1000 au do not seem to have a sigrint impact on planet is equivalent to the minimum salignment _betv_vee_n the binary
occurrencéDeacon et al2016), closer binary companior{sf system and planet. A large observed relative inclination means a
semimajor axes 100 a) seem to suppress planet occurrence System is misaligned, while a system with small observed relative
(Kraus et al2016 Ziegler et al2021), possibly by disrupting  inclination could be alignedromisaligned depending on the
the protoplanetary disfDuchéne2010. relative (unknowr) longitude of the ascending nodes of the

Many stars in our galaxy reside in binary systéRischer &
Marcy 1992 Frankowski et al2007 Raghavan et aR010.
These binary systems have semimajor axes ranging from les
than 0.01 auDimitrov & Kjurkchieva 2010 to greater than
20,000 au(Latham et al1992; Jiménez-Esteban et &019.

Thus the observed misalignm¢®® iy| is only equivalent to the
actual misalignment if the longitude of the ascending nodes of
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Actual relative alignment

Secondary star Binary orbit angular
—— momentum
”
.
\\
Exoplanet

Apparent relative alignment
(190 -binary orbit inclination|)

Line of sight '
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) Binary orbit
Exoplanet orbit angular momentum

Figure 1. A diagram of the orbital corgurations relevant to this paper. The diagram is centered on the primary star. Apparent relative alignment is calculated as
|90° |, wherei is the inclination of the binary syste(the transiting exoplanets will always have approximatetyirf@finatior). In the diagram, the green wedge is

the inclination of the binary system. The primary star is the star that hosts the exoplanet, while the binary companion is the companion staeatéthout de
exoplanets. The angular momentum of the star is the axis that the star rotates on. The éropteygedrbits at 90 to the line of sight.

exoplanet and binary orbit. However, if many systems aremeasurements from both new and archival spectra to determine
observed, an overabundance of small relative inclinations has thtéhe masses of the binary components using isochriting. We
physical interpretation that an overabundance of systems tendalso perform a variety of cuts on our sample of visual binaries
to be aligned since the longiter of the ascending nodes of With exoplanets and a control sample. A diagram of the various

misaligned systems is expected to be distributed randomly an@yts perlformed ij,s;]own in FigueeWe ddfescribe tréese_lir}puts. to
independently of relative incliien. A diagram of the relevant our analysis and the cuts werfoemed in more detail in this

parameters described in this paper is presented in Rigure section.
This paper is organized as follows. In Sectiowe present
the Gaia Early Data Release(BDR3), TESS, and ground- .
based spectroscopic and photometric observations used in our 2.1. TESS Planet Candidates
study. In Section3 we describe the procedure we use to 2.1.1. Identication with TESS
constrain the masses of the binary systems and subsequently
model the orbits of the binary systems. In Sectihnwe
describe the statistical tests performed on the data and rule o
possible biases. Secti@ngives an analysis of two theoretical
mechanisms that could possibly cause the observed alignmen
In Section6 we discuss two possible scenarios for the observed
alignment and discuss future directions for our work. Finally, in
Section7 we summarize our results.

We start with the list of planet candidates reported by the
ESS mission(also known as TESS Objects of Interest, or
Ols). TESS uses four 10 cm cameras to repeatedly image 96

py 24 regions of the sky for 28 days at a time. After the

completion of each 28 day observatigalled a sectdyy TESS
moves to a neweld of view and repeats the process. Over the
course of its 2 year primary mission, TESS observed
approximately 70% of the sky, and is continuing to observe
in an extended mission.
The TESS CCDs read out images of the sky every 2 s, but
To investigate whether there & tendency toward alignment the data volume required to download each 2 s image from

between the orbits of visual binary stars and their planetaryorbit would be prohibitively large. Instead, TESS coadds the 2 s

systems, we need both a sample of likely transiting planetimages into longer observations before beaming the data back

candidates and a constraint on thgital inclinations of any visual ~ to Earth. Most of the sky is coadded to long-cadence Full
binary companions to these planet host stars. For the former, w&rame Image@~Fls) with exposure times of 30 minutéa the

make use of planet candidates discovered by the TESS missioprimary missioh or 10 minutes(in the extended missipn

and vetted with ground-based follow-up photometric and spectro-while the pixels surrounding 20,000 preselected stars are

scopic observations. For the lattere use astrometric observa- coadded to 2 minutes; for the extended mission, 1000 of these

tions from Gaia, archival brdeand photometry, and metallicity targets are coadded to 20 s.

2. ObservationgData

4



The Astronomical Journal, 163:207(26pp, 2022 May

2,449
Exoplanet
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Visual

Binaries \

93 Systems

l Removal of SG1 Suggestive False Positives
86 Systems
l Removal of systems with white dwarfs

85 Systems

|

67 Systems

star has RUWE greater than 1.4

Figure 2. A hierarchy of the cuts performed on the sample of visual binaries
with transiting exoplanet candidates. The same cuts were performed on the
control sample. The sped cuts performed are described in detail in Se@ion

Once the data have been received on Earth, they are analyzed
as described by Guerrero et gR021) to process the
observations and identify planet candidates. We base our
sample on the list of all TESS planet candidates that had been g
reported online as of 2020 December 15.

9.
10.

2.1.2. Sample of Visual Binaries with Planet Candidates

We identify planet-candidate-hosting stars that also happen
to reside in a visual binary system matching the underlying
Gaia DR2 ID of items in the TESS Input CatalfC) to a
catalog of visual binary stars iderg¢d in Gaia data by El-
Badry & Rix (2018. This work reports approximately 53,000
visual binary systems within 200 pc of the Sun and with
projected separations between 50 and 50,000 au derived from
Gaia DR2 astrometric observations. Although the catalog has
binaries with separations as small as 50 au, the vast majority of
binaries in the catalog have much wider separations. At wider
separations, it is more likely that the Gaia spacecraft will
resolve the individual stars in the binary system. In total, after
all cuts were performed, we idergd a sample of 67 visual

/ 2.

. CPC, or Cleared Planet Candidate, indicates that follow-

Removal of systems where either 5.

11.

Christian et al.

. PC, or Planet Candidate, indicates that either no follow-

up observations have been conducted, or that they are in
progress.

PPC, or Promising Planet Candidate, indicates that
follow-up observations have ruled out NEB false-positive
scenarios on most stars in theld.

up observations have ruled out NEB false-positive
scenarios on all stars in theld.

. VPC, or Validated Planet Candidate, indicates that

ground-based follow-up observations have detected the
transit signal discovered by TESS, caming that the
signal is on-target and not a false alarm.

KP, or Known Planet, indicates the candidate was
previously identied and conrmed as a planet indepen-
dently of TESS.

. LEPC, or Lost Ephemeris Planet Candidate, indicates that

the uncertainty on predicted future transit times has
grown large enough that ground-based photometric
observations cannot efiently screen for false positives.

7. STPC, or Single Transit Planet Candidate, indicates that

the orbital period of the planet is not known and therefore
ground-based photometric observations cannaieitly
screen for false positives.

. NEB, or Nearby Eclipsing Binary, indicates the detection

of a NEB that is contaminating the TESS aperture.
PNEB indicates a Possible NEB.

NPC, or Nearby Planet Candidate, indicates that the
TESS detection was actually of a nearby star, but the
TESS detection itself is not ruled out to be a false
positive. However, the original TOI is retired as a false
positive in this case.

APC, or Ambiguous Planet Candidate, indicates that
results are ambiguous, but suggest that ooing a
planet candidate in the system would be cliflt.

12. BEB, or Blended Eclipsing Binary, and EB, Eclipsing

Binary, indicate the presence of an eclipsing binary as the
cause for the TESS detection.

13. FA, or False Alarm, indicates an instrumental anomaly as

the cause of the detection.

In this analysis, we consider any TOI with a photometric
disposition of PNEB, NEB, NPC, APC, BEB, EB, and FA to

binary systems including a TESS planet-candidate host stape a false positive and remove them from our sample. After this
with projected semimajor axes ranging from 61 to 34,700 aufa|se-positive cut, there are 86 binary systems with exoplanets.

and parallaxes ranging from 5 to 48 mas.

2.1.3. Follow-up Ground-based Time-series Photometry

We identi ed and removed additional false-positive planet

2.2. Visual Binaries from Gaia

2.2.1. Control Sample of Visual Binaries without Planet Candidates

We also identied a control sample of visual binary systems

candidates using ground-based observations. The majority ofrom the El-Badry & Rix(2018§ catalog. Kepler has taught us

these observations came from Sub-Gro@1) of the TESS
Follow-up Observing Program Working Gro(pFOP WG,

that most of these stars likely host planetary systems of their
own (e.g., Fressin et ak013 Deacon et al2016, but since

which performs seeing-limited time-series photometry of TOIs. they do not host any transiting planets, their inclinations will be
The specic facilities used for follow-up observations are listed unknown. Therefore, performing our analysis on a control
in Table 1. SG1 observations have the primary purposes of sample and comparing the results against the sample of binaries

ruling out the possibility of nearby eclipsing binarjR&EBS) as with
the source of the TESS detection andhiag the parameters of

transiting planet candidates.

planet candidates helps give us cdence that any

features we see in the resulting distribution of inclination
angles are astrophysical and not due to selection effects. We

SG1 observations are used to classify TOls into a variety ofspeci cally constructed our control sample to have nearly
photometric dispositions, indicating whether a given candidateidentical properties to the sample of binaries with planet
is a false positive, a plausible candidate, or a well-vetted likely candidates to make sure that our control sample incorporates

planet. The dispositions used by SG1 are as follows:

any selection biases from the TESS planet-detection process.
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Table 1
Facilities Used for SG1 Seeing-limited Photometric Follow-up Observations

ObservatoryTelescope Location Aperture Pixel Scale FOV

(m) (arcsel (arcmirf)
Acton Sky Porta(Private Observatoyy Acton, MA, USA 0.36 0.69 17.3 115
Adams Observatory at Austin College Sherman, TX, USA 0.61 0.38 x 26
Antarctic Search for Transiting ExoPlanfASTEP Concordia Station, Antarctica 0.4 0.93 $B3
Chilean-Hungarian Automated Telescd¢1AT) Las Campanas Observatory, Chile 0.7 0.6 x221
Deep Sky West Rowe, NM, USA 0.5 1.09 8737
El Sauce Observatoifevans Private Telescope Coquimbo, Chile 0.36 1.47 19 13
Fred L. Whipple ObservatorfFLWO) Amado, Arizona, USA 1.2 0.672 234123.1
George Mason UniversitfGMU) Fairfax, Virginia, USA 0.8 0.35 28 23
Grand-Pra Observatory Valais Sion, Switzerland 0.4 0.73 X12.8.55
Hazelwood Private Observatory Churechill, Victoria, Australia 0.32 0.55 x 20
Infrared Survey FacilitylRSH SIRIUS) South Africa 14 0.45 17X 7.7
Las Cumbres Observatory Global Telesc(fpé m) Spain, Australia 0.4 0.571 29X219.5
Las Cumbres Observatory Global Telesc(iben) Chile, South Africa, Australia, USA 1.0 0.39 2626
Las Cumbres Observatory Global Telesc(pay MuSCAT3) Haleakala, Hawaii, USA 2.0 0.27 959.5
MEarth-South Observatory La Serena, Chile 0.4 0.84 x 29
Mt. Kent ObservatorfCDK700 Toowoomba, Australia 0.7 0.4 X727
Mt. Stuart Observatory Dunedin, New Zealand 0.3175 0.88 x 30
Mt. Lemmon Observatory Tucson, AZ, USA 0.61 0.39 X236
Observatoire du Mont-Mégant{©MM) Notre-Dame-des-Bois, Québec, Canada 1.6 0.47 X7 BR5
Observatori Astronomic Albany@AA) Albanya, Girona, Spain 0.406 1.44 8636
Okayama 188 cm TelescofduSCAT) Okayama, Japan 1.88 0.358 6.56.1
Perth Exoplanet Survey TelescqBEST) Perth, Australia 0.3 1.2 R 21
Kotizarovci Observatory Sarsoni, Croatia 0.3 1.21 x 180
Private observatory of the Mount Saint-Pierre-du-Mont, France 0.20 0.69 x 298
Sierra Nevada Observatory Granada, Andalucia, Spain 15 0.232 x 7.92
Teide ObservatoryMuSCAT2) La Laguna, Spain 1.52 0.44 ™AT.4
TRAPPIST-North Oukaimeden Observatory, Morocco 0.6 0.64 x 22
Virtual Telescope Project Ceccano, ltaly 0.43 1.2 x 181
Whitin Observatory at Wellesley College Wellesley, MA USA 0.7 0.67 x 28

To achieve this goal, we deed a metric,%, to quantify the
similarity between any two visual binary systems:

large spectroscopic surveysee Section2.3.1). For these
systems, we restricted our search for similar systems to those
that also have an archival spectroscopic metallicity measure-

% %G5, 2 UG, 2 YRR 2 %RRP 2 ment from El-Badry & Rix(2019. In total, we identify a
? 4 4 4 4 control sample of 960 systems with very similar distributions of
0 2 o 5 parameters to the input sample of binaries containing planet
B8R /BR 2 g candidates. Figur8 shows various properties of the sample
(W (9%2% (9 ;
4 4 with exoplanets and control sample.

wheres is the projected separation of the two stars in the binary
system, the system parallax, ar®, BP andRP are the stars
apparent magnitudes in the three Gaia passbands. Here, the  Our analysis hinges on highly precise measurements of the
symbol represents ghnormalized fractiomalifference between  positions, proper motions, and parallaxes of each star in the visual
the values for the two systems: a system with a transitingPinary system. Originally we used parameters from Gaia Data
exoplanet and potential control sample system, and the subscripf§€léase ZDR2; Gaia Collaboration et &01§ Lindegren et al.

1 and 2 represent the primary and secondary star in each systerio+9: Which were based on 22 months of data. During the
) ° G G preparation of our manuscript, updated astrometric parameters
For instance, %5, , where ¢ represents the control  p,q6d on 34 months of data became available in Gaia EB&S

sample. We arbitrarily divide all magnitude normalized differ- Collaboration et al2021; Lindegren et al2021). We performed

ences by 4 so that not all weight is given to the magnitudes.  our full analysis using data from both Gaia DR2 and EDR3 and
For each of the visual binary systems with non-false-positive found consistent results between the two samples. We present the

exoplanets as of 2020 December 25, we idewtithe 12 results from our analysis using the more precise Gaia EDR3 data

systems from the El-Badry & RiXx2018 catalog with the in the rest of this paper.

lowest % metric. Systems were not removed after each

sampling procedurdi.e., they are allowed to be included . : ,

tWiceF;; h%wpever, dug to the Iax;ge number of systems present in2.2.3. Removing Incorrect Crzgss-matc;hes, High-RUWE Solutions, and

the El-Badry & Rix(2018 catalog, the resulting control sample White Dwarfs

has no repeated systems. A subset of our planet-candidate We apply a variety of cuts to both the control sample and

sample was also idengd by El-Badry & Rix(2019 to have sample with exoplanets in order to ensure that only high-

spectroscopic metallicity measurements from one of severafuality astrometric parameters are preserved.

2.2.2. Astrometric Parameters

6
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Figure 3. Histograms of properties of the binary systems. From left to right: parallax in milliarcseconds, projected separation in arcminuteS, rapgaitrte,
BP RPcolor,G, Gs, Wherep is the primary stafde ned as the brighter sjaands is the secondary stdng,,(a) wherea is the projected semimajor axis, and
mass ratio of the primary and secondary star.

In the process of converting between Gaia DR2 and Gaiamatched stars in our sample, we exclude 17 binary systems in the
EDR3 IDs, a purely positional cross-match can contaminate thecontrol sample for whichGgprs Gpr2 > 0.05.
sample due to proper motion movement from the Gaia DR2 epoch The renormalized unit weight errfRUWE) can be used as
(2015.5 to the Gaia EDR3 epod016§ and the addition of new  an indicator of the quality of the Gaia astrometric solution for a
sources in EDR3. To ensure that there are no incorrectly crossstar (Lindegren2018. The RUWE is the square root of the
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reduced 2 divided by a correction function that eliminates (a)
dependence oB magnitude an@P RPcolor. An RUWE of
greater than 1.4 typically indicates a poor astrometriso we 204
eliminate any systems for which the RUWE for at least one of
the stars is greater than 1.4. A high RUWE can indicate the
presence of an unresolved compan(iBalokurov et al2020. = 157
We also remove any binaries where either the host star or 5
companion star is a white dwarf; it is more difllt to estimate 3
masses for white dwarfs than for main-sequence stars, and in
these systems the binary orbit has beeruémced by post-
main-sequence mass loss. While these effects are very 3]
interesting in their own right, it is beyond the scope of this
work to consider them. 0!
After these cuts, there are 67 binary systems with exoplanets 60 25 50 75 100 125 150 175
and 688 binary systems in the control sample. The distribution radius (Re)
of the radii and the periods of the exoplanets in our sample are
shown in Figured.

10

251
2.2.4. Other Work Identifying Visual Binaries in Gaia 204
The El-Badry & Rix(2018 catalog we used in this study is
not the only list of visual binary stars including planet § 15
candidates. Recently, Mugrauer & MichgD20 presented a S

sample of 193 binary companions of TESS exoplanets. = {, |
Although Mugrauer & Michel2020 identify a signi cantly
larger number of possible binary companions to TOls, they do
not identify visual binaries in non-planet-hosting stars with the
same criteria that we could use to construct a control sample, so
we cannot include these additional binaries in our analysis.
Ziegler et al.(2020 used speckle imaging with the Southern
Astrophysical Research Observatory to search for binary _
companions to TOls. They then compared their discoveredfé?;ir\fe‘l‘y '\’I'(‘)’stt ?;tsr:eep%;?st: 'grgg;;f‘”’;‘é’éf ;reamﬁ R&)'J?)T]?]g;lrjgohﬂye
g;gg%g'%@i:lg;hveﬁﬁ gijsrcsgrirsl(ej in Gaia DR2. Many of the'rGuerrero et al.2021) compared to giant’ planet candidatéSanterne
- et al.2012.
During the nal preparation of our manuscript, El-Badry ?

et al. (202]) reported an updated search for visual binaries oy stars that have more than one spectroscopic observation,
using the more precise astrometric parameters from Gaigye yse an average of the metallicities derived from the separate

EDRS, including a signicant increase in the number of gpectroscopic observations and add the errors from each
identi ed systems. In the future, we could perform the Samegeparate observation in quadrature.

analysis in this paper on their larger sample of visual binaries
and potentially increase the statistical sigance of our
results. We checked and found that most of the binary systems

0 A T T - T
0 10 20 30 40 50 60 70
Period (days)

2.3.1. Archival Spectroscopy

(929 in our sample lie in the sample of El-Badry et(2D21), Many of the stars in our samples have archival spectra and
with the inclination distribution being virtually the same when published metallicity estimates. El-Badry & RB019 cross-
excluding those systems not in El-Badry et(2021). matched their sample of visual binary stdE-Badry &

Rix 2018 with stars observed by large spectroscopic surveys

and identify a subset of 8507 binaries for which spectroscopic

metallicities have been reported in the literature for at least one
Fitting binary orbits using only instantaneous positions and component. The archival metallicities they identify come from

proper motions from Gaia requires an estimate of the mass othe following surveys or compilations: RA(Bteinmet2003

each binary component, which in turn requires an estimate ofkunder et al.2017, LAMOST (Zhao et al.2012, Hypatia

each stds metallicity. To derive the metallicities of stars in our (Hinkel et al. 2014, APOGEE (Majewski et al.2016, and

samples, we use both archival observations from largeGALAH (Buder et al2018 otar et al.2019. Of the stars in

spectroscopic surveys and targeted follow-up observations obur sample of binary stars with planet candidates, 16 stars have

planet-candidate host stars made by the TESS Follow-upa metallicity from RAVE, one from LAMOST, four from the

Observing Prograr(TFOP). Below, we describe the sources of Hypatia catalog, two from APOGEE, and two from GALAH.
our spectroscopic parameters and the procedure we used to

determine the metallicities of the observed stars. Because the
components of relatively wide-binary stars are known to have

nearly identical elemental abundances in most datmskins

et al. 2020, we assume the metallicity of both stars in the  We obtained observations of seven stars from our sample of
binary are the same when we only have metallicity measure-binary stars with planet candidates using the Network of

ments for one of the pair. Robotic Echelle SpectrograpfiSRES), a set of four identical

2.3. Ground-based Spectroscopy

2.3.2. Las Cumbres Observatti¥gtwork of Robotic Echelle
Spectrographs
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optical echelle spectrographs connected to the Las Cumbrethe binary system, an@) given these stellar masses and the
Observatory(LCO) global telescope networiBrown et al. Gaia astrometric parameters, determining plausible orbital
2013 Eastman et al2014 Siverd et al.2017 2018. Each parameters using the LOFTI software packé@earce et al.
spectrograph is ber-fed by one of the 1 m telescopes in the 2020.

LCO network. NRES achieves a spectral resolution of

R 53,000 over the wavelength range 3860 nm. We derive 3.1. Stellar Mass Determination

stellar parameters from NRES spectra using the SpecMatch We deri for th . | . h
algorithm (Petigura 2015 Petigura et al.2017, which € derlve masses for the stars in our samples using the

compares the observed spectra to the synthetic spectra dpochrones — Python packaggMorton 2019. Given obser-
Coelho et al(2005. vable parameters like a smmapparent magnitudes in different

bandpasses, its trigonometric parallax, and spectroscopic
parameters|sochrones  determines the star most likely
physical parameters and their uncertainties by comparing

We observed 15 stars with the Tillinghast Betor Echelle measured parameters to those predicted by stellar evolution
Spectrograp{TRES, an optical echelle spectrograph with a and atmosphere modeldsochrones  supports several
wavelength range of 38910nm. TRES is located on the different suites of isochrone models; we use the MIST
1.5 m telescope at the Whipple Observatory on Mt. Hopkins in isochrones(Choi et al. 2016 Dotter 2016. We input each
Arizona and has a resolution &= 44,000 (F rész 2008 stats parallax, metallicity(when available from archival
Mink 2011). The TRES metallicities are derived using the spectroscopy or NRES, TRES, FIES, or CHIROMNnNd
Stellar Parameter Classation tool (SPQ. SPC cross- apparent magnitudes in ti@& BP, and RP bandpasses from
correlates the observed spectra of stars with a grid of aroundsaia and the), H, andK bandpasses from the 2MASS survey
51,000 model spectra. The peaks of the cross-correlatior(Skrutskie et al2006. For uncertainties in bandpasses, we use
function (CCP are then tted with a polynomial over four the error oors of Eastma2017).
stellar parametel3es, 0g(g), [F€ H], v sin(i)) in an attempt to Not all of the stars in our samples have spectroscopic metallicity
determine the location of the highest point between grid points. measurements. If a star does not have a metallicity value, the
If multiple observations are available for a star, the meanmetallicity of its companion is usdelee Hawkins et aR020). If
metallicity is weighted by the corresponding highest peak of neither star in a binary pair has a spectroscopic metallicity
the CCF in the SPC results for each observafBuchhave measurement, we use tlschrones  default metallicity®, a
et al.2012 2014 Buchhave & Lathan2015. For all stars with ~ prior based on a two-Gaussiart to the distribution of
Ter< 4500K (indicating that the star is a cooler, dwarf-like metallicities reported by Casagrande e(2011).
sta), a Yale-Yonsei isochrone is used as a prior for thésstar ~ Model isochrones are not as well calibrated for M-dwarf
log(g), Tesr, and[Fe H] (Spada et aR013; this additional step  Stars(which constitute around half of the stars in the sample of
improves the reliability of spectroscopic parameters for coolVvisual binariey as they are for Sun-like staténgus et al.
stars. 2019. For M dwarfs, we use th&lx Mgy relationship of
Mann et al.(2019 using the accompanyind -M_K- Python
packag@® to estimate the stdrsnass.My magnitudes, when
available, are taken from the TIiStassun et aR019. Any

We observed six stars with the Flbre-fed Echelle Spectrograptstars in the range 4.5 M, < 10.5 (the more conservative
(FIES. FIES is located on the 2.56 m Nordic Optical Telescope option given by Mann et aR019 are treated as M dwarfs.
(NOT) in La Palma, SpailiTelting et al.2014. FIES has three Rough mass estimates for these stars are also provided in the
observation modes that offer different spectral resolution andTIC (Stassun et aR019. We compare our mass estimates to
throughput, our observations use the highest resolutionthe TIC estimates, as demonstrated for the control sample in
(R=67,000 1”3 ber. Metallicities are derived using SPC in Figure5, to ensure that there are no systematic discrepancies in

2.3.3. Tillinghast Reector Echelle Spectrograph

2.3.4. Flbre-fed Echelle Spectrograph

a similar manner to the TRES metallicities. estimation. The median uncertainty of the masses in our sample
is 0.016M, and in the TIC 0.082M.. We also compare our
2.3.5. CTIO High Resolution Spectrometer mass estimations to those derived from spectral energy

: . . . distribution modeling(Stassun et al2018, where stellar

We observed eight stars with the CTIO High Resolution atmosphere model grids are interpolate@Jg logg, and[Fe
spectrometer(CHIRON) located on the 15 m SMARTS H] and combined with spectroscopioegg measurements.
telescope at the Cerro Tololo Inter-American Observatory iNnThere is general agreement between the masses derived from

Chile. CHIRON is a ber-fed optical echelle spectrograph that g techniques, an independent check of the masses assigned
achieves a resolution & 79,000 and a wavelength range of . the stars.

415880 nm (Schwab et al.201Q Tokovinin et al. 2013.
Metallicities are derived by interpolating the CHIRON spectra :
to a sample of around 10,000 TRES spectra with parameters 3.2. LOFTI Modeling

derived by SPC using a gradient-boosting regressor. When Linear Orbits for The ImpatiefLOFTI; Pearce et ak020
multiple CHIRON observations are present for a star, the mearuses measurements of the relative positions of two ftars

of the observations is used, with error added in quadrature. both R.A., , anddecl., ), relative proper motions, relative
radial velocity (if availablg, and stellar masses to constrain
3. Analysis orbits of visual binaries. In our analysis, we take all of these

~ Here, we describe the calculations needed to constrain the3 sy github.conttimothydmortoisochronesbloty
inclination angle of each binary orbit in our sample. This c¢134d271950fe63bd5e84ede4530585eba3f48aehronekspriors.pyt L364
involves two main step$l) estimating the mass of each star in °* Available athttps/ github.confawmantM_-M_K-.
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