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A B S T R A C T 

Planet formation is often considered in the context of one circumstellar disc around one star. Yet, stellar binary systems 
are ubiquitous, and thus a substantial fraction of all potential planets must form and evolve in more complex, dynamical 
environments. We present the results of a 5 yr astrometric monitoring campaign studying 45 binary star systems that host Kepler 
planet candidates. The planet-forming environments in these systems would have literally been shaped by the binary orbits that 
persist to the present day . Crucially , the mutual inclinations of star–planet orbits can only be addressed by a statistical sample. 
We describe in detail our sample selection and Keck/NIRC2 laser guide star adaptive optics observations collected from 2012 to 

2017. We measure orbital arcs, with a typical accuracy of ∼0.1 mas yr −1 , that test whether the binary orbits tend to be aligned
with the edge-on transiting planet orbits. We rule out randomly distributed binary orbits at 4.7 σ , and we show that low mutual 
inclinations are required to explain the observed orbital arcs. If the stellar orbits have a field binary-like eccentricity distribution, 
then the best match to our observed orbital arcs is a distribution of mutual inclinations ranging from 0 

◦ to 30 

◦. We discuss the
implications of such widespread planet–binary alignment in the theoretical context of planet formation and circumstellar disc 
evolution. 
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 I N T RO D U C T I O N  

he majority of all Sun-like stars form with at least one stellar
ompanion (e.g. Heintz 1969 ; Kraus et al. 2008 ; Raghavan et al. 2010 ;
oe & Di Stefano 2017 ). Some of the defining physical character-

stics of multiple-star systems are encoded in their orbital elements,
ith eccentricity ( e ) and semimajor axis ( a ) tracing the angular
omentum and energy of a binary. The underlying distributions of

uch elements are well established (see Duch ̂ ene & Kraus 2013 , for a
e vie w), with a following a lognormal distribution (e.g. Duquennoy &

ayor 1991 ) and the e distribution being approximately flat for all
ut the shortest period binaries (e.g. Abt 2006 ). 

From a theoretical perspective, binaries are expected to have a
rofound dynamical influence o v er the many stages of planetary
ormation and evolution. For example, binary companions truncate
ircumstellar discs (e.g. Artymowicz & Lubow 1994 ; Andrews
t al. 2010 ; Jang-Condell 2015 ) and also dynamically stir plan-
tesimals (e.g. Haghighipour & Raymond 2007 ; Quintana et al.
007 ; Paardekooper & Leinhardt 2010 ; Rafikov & Silsbee 2015 ).
 E-mail: tdupuy@roe.ac.uk 
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urthermore, even if planets can be formed, secular evolution of
he orbits and even stellar evolution can drive systems through
nstable states that destroy them on ∼Myr to ∼Gyr time-scales (e.g.
olman & Wiegert 1999 ; Kratter & Perets 2012 ; Kaib, Raymond &
uncan 2013 ). In spite of these dynamical barriers, ground-based
 xoplanet surv e ys were the first to show that some binary systems do
ost planets. A handful of giant planets have been identified in nearby
hort-period binary systems (Queloz et al. 2000 ; Hatzes et al. 2003 ;
orreia et al. 2008 ; Kane et al. 2015 ), though it has been suggested

hat they might result from small- N dynamical interactions rather
han in situ formation (e.g. Pfahl & Muterspaugh 2006 ). In addition,
ircumbinary gas giants have been found in the Kepler surv e y (Doyle
t al. 2011 ), perhaps as frequently as for single stars (e.g. Armstrong
t al. 2014 ; Li, Holman & Tao 2016 ; Martin et al. 2019 ). Wide binary
ompanions have been found to many planet hosts (e.g. Mugrauer
t al. 2005 ; Eggenberger et al. 2007 ; Mugrauer 2019 ), implying that
hey too are common exoplanet hosts (Moe & Kratter 2019 ). 

Crucially, ho we ver, binary pairs of 10 au � a � 100 au are observed
o be hostile sites for planets to grow (e.g. Wang et al. 2014 ; Kraus
t al. 2016 ; Moe & Kratter 2019 ; Ziegler et al. 2020 ). The suppression
f planet occurrence in these systems is consistent with theoretical
odelling of the binaries’ origins. While both turbulent core frag-
entation and disc fragmentation can produce the widest binaries in
© 2022 The Author(s) 
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1 https://e xoplanetarchiv e.ipac.caltech.edu/
his set, disc fragmentation is preferred for smaller separations (Lee 
t al. 2019 ; Tokovinin & Moe 2020 ). Disc fragmentation is expected
o be disruptive to planet formation for a host of reasons, including
he siphoning off of mass by the newly formed secondary star and
he truncation of the individual protoplanetary discs. Indeed, roughly 
wo-thirds of close binary pairs ( � 50 au) appear to dispel their discs
romptly (Cieza et al. 2009 ; Kraus et al. 2012 ; Barenfeld et al. 2019 ),
hough various combinations of circumprimary , circumsecondary , 
nd circumbinary discs have been found to persist (e.g. Prato & 

imon 1997 ; Rizzuto et al. 2016 ; Allen et al. 2017 ; Czekala et al.
021 ). 
Testing whether particular orbital parameters are related to pro- 
otion or suppression of planet formation, and why, is a crucial 

tep in understanding these ubiquitous, potentially planet hosting, 
nvironments. One prediction of disc fragmentation models is the 
lignment of the binary orbital plane with that of both protoplanetary 
iscs. Thus, when planets do form in such systems, they would also
enerally be expected to be aligned at least at birth, even though
ubsequent evolution might excite inclinations (Jennings & Chiang 
021 ). Martin & Lubow ( 2017 ) also show that polar (orthogonal)
rientations are dynamically stable for circumbinary protoplanetary 
iscs, and indeed these have been observed over separations of ∼1–
00 au (Czekala et al. 2019 ). Observations have found protoplanetary 
iscs within young binary systems with wide-ranging separations to 
e both aligned and misaligned with respect to each other (Stapelfeldt 
t al. 1998 ; Jensen et al. 2004 ) and with respect to the orbits of their
inary systems (Winn et al. 2004 ; Plavchan et al. 2013 ; Schaefer
t al. 2014 ; Pearce et al. 2019 ). This diversity is consistent with
he dual formation channels of binaries; as the separation decreases 
rom hundreds to tens of au and less, the propensity for alignment
s expected to increase. Reliable observational confirmation of this 
rend is still required (Justesen & Albrecht 2020 ). 

The two observed trends of planet suppression in closer binaries 
nd binary–disc alignment increasing towards smaller a suggest that 
he orbital planes of stars and planets in systems that form planets
ould tend to be misaligned. Yet, it is also possible for young
isaligned discs to give rise to well-aligned planet–binary systems. 
isc warping and damping can re-align the disc and binary orbital 
lanes on time-scales shorter than the disc dissipation, and thus planet 
ormation, time-scale (Ogilvie 2000 ). Acting in the opposite direction 
t later times, secular dynamical interactions can also misalign nearly 
oplanar systems after the disc disperses (Martin & Lubow 2017 ; 
etrovich et al. 2020 ). 
Observations of planet–binary mutual inclinations are rare outside 

f the circumbinary planets orbiting very short period binaries that 
re broadly aligned (e.g. Welsh et al. 2015 ). In the case of Kepler-444, 
 star hosting five transiting Mars-sized planets and a wide ( ≈40 au)
uter double-M-dwarf companion system, Dupuy et al. ( 2016 ) found 
hat the companion orbit was consistent with being aligned with the 
lanetary orbits. At a much wider scale, Kepler-25 and KOI-1803 
oth host planets and are separated by 2000 au b ut ha ve an orbital
nclination that is consistent with only a small ≈10 ◦ misalignment 
Pearce et al. 2020 ). Yet, such individual case studies cannot rule out
rbitrarily misaligned orbits. A perfectly edge-on planetary system 

nd edge-on binary could still be misaligned in the position angles 
PAs) of their orbital nodes (i.e. in the sky plane). 

The continuously extending maturity of the Kepler planet sample 
o w of fers the opportunity for a population-level comparison of
ts (edge-on) planetary population to the motions of previously 
isco v ered binary companions. In this paper, we present results
rom the first 5 yr of our K eck adapti ve optics (AO) astrometric
onitoring of a sample of binary systems hosting planet candidates 
rom Kepler (KOIs). From these data, we have measured precise 
rbital arcs and compared the observed motion with a wide range
f underlying orbital parameter distributions. We demonstrate in the 
ollowing that the observed distribution is most consistent with planet 
nd stellar orbital planes tending to have low mutual inclinations. We
hen discuss the implications of such observed present-day mutual 
nclinations for planetary formation and survi v al in the dynamically
omplicated environments of multiple-star systems. 

 OBSERVATI ONS  

.1 Sample selection 

he input sample for our orbit monitoring consisted of the binaries
eported in Kraus et al. ( 2016 ). That surv e y in turn used the NASA
xoplanet Archive 1 list of known KOIs as of 2013 July 31 for

ts input sample and prioritized targets based on their estimated 
hotometric distances, resulting in an approximately volume-limited 
ample of 382 KOIs. We prioritized our astrometric follow-up of 
he 252 KOIs with one or more companions based on the speed of
xpected orbital motion of the closest companion. For a face-on, 
ircular orbit, the angular orbital speed is 2 πρ/ P , where ρ is the
ngular separation and P is the orbital period. We used the best
vailable distances ( d ) and component masses ( M pri and M sec ) at the
ime, as estimated by Kraus et al. ( 2016 ), to compute semimajor axes
 a = ρd ) and thereby orbital periods P = 

√ 

a 3 / ( M pri + M sec ) . Of
ourse, eccentricity, inclination, and the time of periastron passage 
elative to the current epoch will cause the true orbital motion to vary,
ut without prior knowledge of these parameters our best estimate 
or the orbit speed will still be proportional to ρ/ P , which scales
s ρ−1/2 d −3/2 ( M pri + M sec ) 1/2 . As a secondary selection factor, we
onsidered the likelihood that the companion was a background 
bject based on the field contamination estimates done by Kraus 
t al. ( 2016 , see their fig. 4). 

Due to the strong dependence on distance, the fastest orbit speed
stimate for the whole input sample was 21 mas yr −1 for the nearby
38 pc) system KOI-3158 (Kepler-444). In order to include KOI- 
214, which had a relatively small estimated orbital period of 240 yr,
e considered systems with orbit speeds down to 1.9 mas yr −1 .
rom the 65 systems meeting this estimated orbit speed cut, we
 xcluded fiv e systems because the companion w as sufficiently f aint
nd widely separated to be a likely background star (K OI-0387, K OI-
663, K OI-1515, K OI-1843, and K OI-2704), as well as three faint
ompanions that required the use of the NIRC2 coronagraph (KOI- 
069, KOI-0314, and KOI-0961). None of these companions are 
etected in Gaia Early Data Release 3 (EDR3; Gaia Collaboration 
021 ). One more system was excluded from further monitoring after
 single follow-up epoch confirmed that the closest companion was 
 background object (KOI-1174). Finally, we excluded KOI-3908 
ecause we now believe that the original masking detection reported 
n Kraus et al. ( 2016 ) was a systematic caused by an unusual quasi-
table tip–tilt oscillation in the AO system. Our monitoring sample 
hus consisted of 55 KOIs. 

There are a number of systems that we have obtained follow-up
bservations on that we do not include in the following analysis. Six
f the nineteen systems with masking-detected companions (KOI- 
289, K OI-1316, K OI-1397, K OI-1833, K OI-1902, and K OI-2036)
ave not been robustly reco v ered in our follow-up observations to
ate. In some cases, this is clearly due to worse seeing compared
MNRAS 512, 648–660 (2022) 
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o the original detection epochs, but it is also possible that orbital
otion has made separations tighter, inside our detection limits, for

ome of these systems. 
The other group of objects that we exclude from our analysis

re higher order multiple systems unresolved by Kepler (KOI-0005,
 OI-2626, K OI-2813, and K OI-3497). 2 In these systems, we cannot

eadily determine which of the orbital planes is the correct one to
ompare to the planet’s orbit because the identity of the host star is
ncertain. (In binary systems where the host star identity is uncertain,
here is only one stellar orbital plane to consider, eliminating this
roblem.) The analysis of these dynamically complex systems will
e reserved for a future study. 
Therefore, of the 55 KOIs we have monitored, we report orbit
easurements for the 45 binaries that have multi-epoch data to date.
s we show in the following, all of these 45 binaries are physically
ound and none has any additional companions. 

.1.1 False positive re-analysis 

iven that our sample comprises entirely multiple-star systems, and
ot all planets around them have been validated, there is a strong
ossibility for some of these KOIs to harbour false positives (FPs).
n the other hand, FP classifications could be erroneous when due

ntirely to centroid offsets, as such offsets are actually expected
or astrophysical true positives in binary systems. Out of our entire
ample, the only KOI with an FP classification by NExScI for reasons
ther than centroid offsets is KOI-1961.02. We still include KOI-
961 in our sample because KOI-1961.01 is not classified as an
P and is confirmed by our own re-analysis of FP classifications,
escribed as follows. 
We used the primary star’s T eff , L bol , and [Fe/H] from Berger et al.

 2020 ) and the measured � K to estimate stellar properties (including
ean densities) for both binary components using ISOCLASSIFY

Huber et al. 2017 ). This procedure is essentially the same as we
sed in Kraus et al. ( 2016 ) but with an impro v ed stellar classification
ethod and a newer grid of MIST isochrones (MESA Isochrones &
tellar Tracks; Choi et al. 2016 ) as described in Berger et al. ( 2020 ).
e then calculated expected stellar densities for each component

rom the measured transit durations, assuming uniform impact
arameters o v er (0, 1 − R pl / R � ) (i.e. excluding grazing transits) and
 Rayleigh distribution with a mean of 0.05 for eccentricities (Van
ylen & Albrecht 2015 ). We then compared the two stellar densities

stellar isochrone and transit duration) for each component of the
inary and calculated a probability of the planet orbiting the primary
rom Monte Carlo simulations, following the same method used in
aidos et al. ( 2016 ). We found that all KOIs had transit durations

onsistent with orbiting either the primary or the secondary. 
Nine stars in our sample have planets that are more likely to orbit

he secondary than primary. All but one are only marginal, with
he probability of orbiting the primary between p prim 

= 0.43 and
.50. KOI-3444.02 is the only planet that appears to be much more
ikely to orbit the secondary ( p prim 

< 10 −4 ), while KOI-3444.03
nd KOI-3444.04 are likely to orbit the primary ( p = 0.997 and
.89, respectively). The fourth planet in the system KOI-3444.04 is
arginal between the primary and secondary ( p prim 

= 0.50). We note
hat the KOI-3444.02 transit is V-shaped, which means it could be a
NRAS 512, 648–660 (2022) 

 There are widely separated sources in Gaia EDR3 that seem to share 
ommon proper motion and parallax with K OI-1961, K OI-2059, and K OI- 
733. We retained these candidate higher order multiple systems as our 
nalysis focuses on the inner planet-hosting binary. 

o  

P  

o  

3

arger planet orbiting KOI-3444A rather than a small planet orbiting
OI-3444B. We find this to be unlikely because KOI-3444.02 shows
 centroid offset roughly matching the secondary separation, and it
ould be somewhat unusual to have three sub-Earth-sized planets
ith a nearby warm Neptune (or larger) planet. Regardless, KOI-
444 is the only system with possible evidence for three (rather than
wo) orbital planes of two independently edge-on planetary orbits
lus the stellar orbit. 
In summary, all of our targets contain at least one planet candidate

hat does not hav e an y evidence of being an FP, and none (except
ossibly KOI-3444) has any evidence that one of the planets orbits
he fainter star in the system. 

.2 Keck/NIRC2 LGS AO imaging and masking 

ll of our observations were obtained using the facility camera
IRC2 3 at the Keck II Telescope on Maunak ea, Haw ai‘i. We used

he narrow camera mode of NIRC2 that provides the finest pixel
ampling (10 mas pixel −1 ). We used the broad-band K 

′ 
filter [ λeff =

.108 μm, FWHM (full width at half-maximum) = 0.352 μm] for all
argets except for the brightest ones ( K 

< ≈ 9 mag) for which we used
he narrow-band K cont filter ( λeff = 2.287 μm, FWHM = 0.032 μm).

e typically used the laser guide star AO (LGS AO) system (van
am et al. 2006 ; Wizinowich et al. 2006 ), and for brighter targets

 R 

< ≈ 9 mag) we used natural guide star (NGS) AO (Wizinowich et al.
000 ). For the tightest binaries with separations < ≈0 . ′′ 1, we obtained
nterferograms on NIRC2 by using the nine-hole aperture mask that
s installed in one of the filter wheels of NIRC2. 

Our data were collected during 36 distinct nights spanning
012 May 6 UT to 2017 July 7 UT . This includes 18 nights for
hich we have previously published data (Kraus et al. 2016 ). We
erformed a homogeneous analysis of our imaging and aperture-
asking interferometry observations for the analysis we present here.
or all data sets, we use the reduction pipeline products described by
raus et al. ( 2016 ), e.g. for linearity corrections, flats, and darks, but
e perform a new astrometric analysis of these calibrated images. 
To derive astrometry from our imaging data, we used the same
ethods as described in Dupuy et al. ( 2019 ), which is the latest

teration of our NIRC2 astrometry pipeline developed in and im-
roving on our previous work (e.g. Liu, Dupuy & Ireland 2008 ;
upuy et al. 2016 ; Dupuy & Liu 2017 ). Briefly, we derived ( x , y )
ositions for each star in NIRC2 detector coordinates by fitting either
n empirical template point spread function (PSF) computed from
he image itself using StarFinder (Diolaiti et al. 2000 ) or, for tighter
inaries with insufficiently separated PSFs for such an approach, an
nalytical multicomponent Gaussian PSF. 

For our masking data, we used the same data analysis pipeline
s was used by Kraus et al. ( 2016 , see section 3.4 of that work),
hich is largely based on the analysis methods described in Kraus

t al. ( 2008 ). Briefly, the pipeline computed closure phases and
isibilities from the interferograms, used the rms of measurements
cross individual interferograms taken on the same night as initial
rror bars, and fitted a binary model to them. The uncertainties were
ubsequently increased by adding a calibration error in quadrature
o that the resulting reduced χ2 of the fit was 1.0. 

The NIRC2 coordinates we found through PSF-fitting and interfer-
metric analysis were then transformed into angular separations and
As using the astrometric calibration of Yelda et al. ( 2010 ) for data
btained prior to the realignment of the AO system on 2015 April 13
 https:// www2.keck.hawaii.edu/inst/ nirc2/ 

https://www2.keck.hawaii.edu/inst/nirc2/


Kepler planet–binary mutual inclinations 651

Table 1. Relative astrometry measurements of KOIs from our Keck/NIRC2 AO imaging and aperture-masking interferometry. 

System Observation epoch Separation PA � m Filter 
( UT ) (MJD) (mas) ( ◦) (mag) 

KOI-0001AB 2012 Jul 6 56114.59 1105.1 ± 0.4 136.351 ± 0.020 2.351 ± 0.000 K 

′ 
KOI-0001AB 2015 Jun 23 57196.55 1110.3 ± 0.5 136.369 ± 0.022 2.386 ± 0.007 K 

′ 
KOI-0001AB 2016 Jun 16 57555.59 1112.7 ± 0.5 136.385 ± 0.022 2.347 ± 0.008 K 

′ 

KOI-0042AB 2012 May 6 56053.64 1667.2 ± 0.7 35.534 ± 0.020 1.854 ± 0.020 K 

′ 
KOI-0042AB 2014 Jul 31 56869.36 1666.3 ± 0.7 35.61 ± 0.04 1.86 ± 0.03 K cont 

KOI-0042AB 2015 Jul 27 57230.43 1665.2 ± 0.8 35.592 ± 0.024 1.905 ± 0.015 K cont 

KOI-0042AB 2016 Jun 16 57555.57 1664.4 ± 0.8 35.607 ± 0.024 1.838 ± 0.020 K cont 

KOI-0214AB 2014 Aug 13 56882.30 70.9 ± 1.6 196.2 ± 1.3 3.71 ± 0.10 K 

′ + 9H 

KOI-0214AB 2015 Jul 21 57224.54 65.1 ± 2.8 194.6 ± 2.6 3.49 ± 0.20 K 

′ + 9H 

Notes. The filter column includes a ‘ + 9H’ next to the filter name to denote when a measurement was derived from non-redundant 
aperture-masking interferometry using the nine-hole mask of NIRC2. Astrometric uncertainties for imaging results are computed as 
quadrature sum of the rms among measurements at a given epoch and the NIRC2 pixel scale and orientation uncertainties. For masking 
results, we use the errors derived by our pipeline from the ensemble of interferograms at a given epoch. We neglect the uncertainty in 
the distortion solution as is appropriate for binaries with small angular separations (see Section 2.2 ). Each � m uncertainty is simply the 
rms among measurements at a given epoch. (The full table is available at the end of this preprint.) 
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nd Service et al. ( 2016 ) for later epochs. These calibrations correct
or non-linear distortion and provide the pixel scale and a correction 
o the orientation of NIRC2 provided in the image headers. At this
tage, we also accounted for differential aberration and atmospheric 
efraction across the small (10 arcmin × 10 arcmin) field of view 

f NIRC2, which primarily manifests as a very small change in 
he linear terms of the pix el-to-sk y transformation that is typically
e gligible e xcept for v ery high precision astrometry. 
Table 1 reports all of the binary parameters we measured from

ur Keck/NIRC2 imaging and masking data. We present a total of
70 unique astrometric data sets here, 41 of which are from masking
ata. All binary parameters were first derived on individual images, 
nd we computed the mean and rms from these. The rms was our
nitial estimate of the measurement error. We used this instead of
he standard error on the mean because systematics like imperfect 
SF modelling are not expected to vary independently from one 

mage to another in a single data set. Each NIRC2 calibration also
rovides systematic uncertainties in their pixel scale and orientation 
orrection. We adopted the larger quoted systematic for each of these 
arameters, corresponding to a fractional error in the pixel scale of
.0 × 10 −4 and an error of 0.02 ◦ in PA. We added these systematics
n quadrature to the rms of individual measurements to derive the 
nal measurement error given in Table 1 . 
There is one more potential source of systematic error in our 
easurements, which is the uncertainty in the distortion solution. 
o we ver, unlike the linear terms, there is no evidence that the
istortion in NIRC2 varies from epoch to epoch at a level greater
han the quoted 1.1 mas error in the solution (as measured relative
o an external astrometric catalogue). In order to exploit this, our 
bservation strategy has been to acquire our targets at the same 
ixel location as often as possible from epoch to epoch. Thus, any
ystematic error in the distortion offsets applied to our astrometry 
hould cancel out. In addition, many of our binaries are tight 
nough (separated by � 10 pixel) that the distortion is expected to
e correlated for the two components, because distortion tends to 
ary o v er significantly larger spatial scales ( ∼100 pix el). F or both
f these reasons, it is likely that distortion contributes negligibly to 
ur astrometric errors. It would be most significant for the widest 
inaries, but these are also the systems where the errors in the linear
erms are largest. F or e xample, an ∼2 arcsec ( ∼200 pixel) binary
lready has systematic errors of ∼1 mas due to the uncertainty in the
ixel scale and orientation of NIRC2. Therefore, we neglected the 
ncertainty in the distortion correction in our reported astrometric 
rrors. 

For our purposes, the errors must accurately account for the epoch-
o-epoch variations in our relative astrometry. For other applications, 
uch as combining our measurements with astrometry obtained with 
ther instruments, it may be necessary to consider this additional 
ystematic error. A handful of our binaries hav e resolv ed astrometry
eported in Gaia EDR3. We choose not to include these measure-
ents in our analysis until a better understanding of systematics in
aia measurements of close binaries, and the relationship between 

he Gaia and NIRC2 astrometric reference frames, is available. 
 or e xample, El-Badry, Rix & Heintz ( 2021 ) have recently shown

hat Gaia ’s parallax uncertainties can be underestimated by up to a
actor of 3 for binaries with separations < 2 arcsec. Likewise, proper
otions of such binaries have been known to harbour systematic 

rrors since DR1 (Makaro v, F abricius & Frouard 2017 ). In our data,
e also see evidence for a systematic offset between the PA of

he NIRC2 frame and Gaia , with our NIRC2 PA measurements
eing 0. ̊a 07 ± 0. ̊a 02 smaller on average than the PA reported by
aia . 
Finally, we note that we have previously published astrometry 

or one of the objects in our sample, KOI-3158AB a.k.a. Kepler-
44AB, in Dupuy et al. ( 2016 ). In that work, all of our astrometry
as obtained before the AO realignment. We now have data taken

fter the realignment, and we have re-analysed all of our available
ata for this system using the appropriate astrometric calibrations. 
he first three epochs in 2013 and 2014 were taken at three different
IRC2 orientations and pixel locations of the target, so we have
een obtaining data in each of those set-ups at later epochs in the
ope of cancelling out distortion errors and combining all epochs 
nto one self-consistent orbit fitting analysis. Unfortunately, the AO 

ealignment in 2015 makes this impossible, so we have examined 
ur post-realignment data sets in each of the three set-ups separately.
e found consistent results between them, but we report the results

nly from the set-up with the longest post-realignment time baseline 
taken with the same pixel locations as our previously reported 
014 No v ember 30 UT data). 

 MEASURI NG  O R B I TA L  A R C S  

t is expected that the binaries in our sample should generally display
rbital motion that is indistinguishable from linear motion within 
MNRAS 512, 648–660 (2022) 
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ur astrometric errors. The median estimated orbital period for our
ample is 320 yr, so even our longest observational time baseline of
 yr typically co v ers � 2 per cent of the orbit. Among the sample of
5 binaries for which we present astrometry, the smallest estimated
rbital period is 11 yr for KOI-0854AB. We only have two epochs of
strometry for this system, so it is impossible to assess its non-linear
otion. The next shortest estimated period is 16 yr for KOI-4252AB,

nd our data spanning 2.88 yr do not show evidence of non-linear
otion. This provided a justification for assuming that linear motion
as the appropriate model to fit to our astrometry. 
We fitted each set of separations and PAs as a function of time,

ielding an instantaneous measurement of the orbital motion at the
ean epoch of the input data. In our fits, we first subtracted the mean

poch ( t 0 ) from the input times, so that the zeroth-order coefficient
n each fit would give the separation and PA and its uncertainty at
he mean epoch ( ρ0 and θ0 , respectively). We used the IDL routine
OLY FIT to perform the fits and provided the astrometric errors as

nputs in order to compute uncertainties in the fitted parameters and
he χ2 of the best-fitting solution. We also performed fits with no
nput errors in which parameter uncertainties were adjusted by the
 actor 

√ 

χ2 / ( N − 2) , where N w as the number of data points in the
t, thereby forcing the reduced χ2 to be ≈1. 
In the vast majority of cases, we found reasonable χ2 values,

nd an ensemble mean p ( χ2 ) ≈ 0.5, but six of the 90 total fits had
 ( χ2 ) < 0.03. In principle, these could be indicative of non-linear
otion, but the residuals are not obviously consistent with Keplerian
otion, so we conserv ati vely assume that these are cases where our
easurement errors are somewhat underestimated. In these six cases,
e used the unweighted fits where the parameter uncertainties were

djusted to correspond to reduced χ2 ≈ 1. 
Table 2 gives a summary of our orbital-arc fitting results. The

lopes are given in units of mas yr −1 , using ρ0 to convert our fitted θ̇
alues from 

◦ yr −1 to mas yr −1 to be more easily comparable to the ρ̇
 alues. Fig. 1 sho ws ho w the uncertainties in our linear fits depend
n binary separation. 

.1 Confirming physical association 

ost of the binaries in our sample have not been observationally
onfirmed as being physically bound, common proper motion pairs,
lthough the simulation of background stars for this sample by
raus et al. ( 2016 ) strongly implies that all but the widest, faintest

ompanions are very likely to be physical. We tested whether any
f our sample might be unassociated pairs by using the criterion B
efined by Pearce, Wyatt & Kennedy ( 2015 ) as 

 ≡ 1 

8 π2 

(
d 

pc 

)3
( √ 

ρ̇2 + θ̇2 

arcsec yr −1 

) 2 ( ρ0 

arcsec 

)(
M tot

M �

)−1

. (1) 

his criterion depends on the distance ( d ), total angular velocity,
ngular separation, and total mass of the system ( M tot ). For bound
ompanions, B < 1. We used the same distances and masses as in
ection 2.1 to compute B and assumed a 10 per cent uncertainty in
 tot when propagating the error in B . 
All but three systems are clearly bound (having B < 1 at 3 σ or

igher). These exceptions are KOI-0214AB (1.1 σ above B = 1),
OI-1725AB (0.3 σ below B = 1), and KOI-3892AB (2.0 σ abo v e
 = 1). KOI-1725AB is one of the few systems to have already been
onfirmed as a common proper motion (and common parallax) pair.
ann et al. ( 2017 ) measured resolved astrometry for this 4 arcsec

inary using CFHT/WIRCam seeing-limited imaging, and this is
lso confirmed in Gaia EDR3 (Gaia Collaboration 2021 ). 
NRAS 512, 648–660 (2022) 
All three of these systems are notable for having the largest
ncertainties in their angular velocities, � 10 × higher than the
edian 0.25 mas yr −1 . K OI-0214AB and K OI-3892AB have such

oor astrometry because they are exceptionally tight and faint ( ρ0 =
0 and 120 mas and � K 

′ ≈ 4 mag), which makes high-precision
strometry very challenging to obtain. If their companions were
ero-proper-motion background sources, they would have appeared
o mo v e 6 and 37 mas yr −1 , respectively, which would have been
etectable at 2 σ and 12 σ . We determine that it is most likely that
hese noisiest angular velocities resulted in B values that scattered
igh, rather than the alternative that the only unbound systems in the
ample happened to be those with the poorest astrometry. The latter
cenario is very unlikely a priori, as any background contaminants in
ur sample are expected to be at � 2 × wider separations (see fig. 4
f Kraus et al. 2016 ). 
We conclude that all of the systems in our sample are physically

ound binaries. We note that the lack of any apparently unbound
ystems in our sample is consistent with the expectation that
nresolved higher order multiplicity should be negligible in our
ample. Such inner binaries could systematically alter the observed
inear motion of the photocenter motion, which would be unlikely to
reserve B < 1. 

 TESTS  O F  O R B I TA L  A L I G N M E N T  

or an ensemble of binary systems that each hosts one or more
ransiting planets, perhaps the simplest orbital test that can be
erformed is whether the stellar and planetary orbital planes are
ligned. This is because all of the planets are known to be in
dge-on orbits, to within a few degrees, and astrometry provides
 straightforward test of whether the binary orbits are also edge-on.
 or an y giv en binary, if there is significant motion in PA, then the orbit

s not edge-on. In practice, ho we ver, we are not interested in testing
or mutual inclinations of exactly zero, as even our relatively flat
olar system has misaligned orbits up to a few degrees. In addition,
bserving a preference for more-aligned-than-not orbits, rather than
xtremely flat, would still be interesting astrophysically. 

Alignment tests on single systems can never be definitive. In our
ase, the PA of the transit chord is not known, and so both the transit
nd binary can be seen edge-on even if their angular momentum
ectors are highly misaligned in a direction that happens to be
rthogonal to the plane of the sky. Therefore, a statistical sample
s necessary to perform any robust alignment tests. 

In the following, we examine our orbital measurements in a variety
f ways to determine which underlying distributions of mutual
nclination between the stellar and planetary orbital planes are most
ikely, and which are ruled out. For simplicity, we will generally refer
o low mutual inclinations as ‘aligned’ and higher mutual inclinations
s ‘misaligned’. 

.1 A binary variable test 

e first approach the question of alignment by turning our measure-
ents into a binary variable, i.e. either true or false. This approach

as the advantages of being intuitively simple and amenable to
tatistical tests like the binomial theorem. The binary variable we
onsider is whether the amplitude of the motion in the separation
irection | ̇ρ| is larger or smaller than the motion in the PA direction
 ̇θ | . We refer to these two cases as more-aligned or less-aligned,
espectively. 

We performed a Monte Carlo simulation of the null hypothesis
hat binary orbital inclinations are distributed with isotropic viewing
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Table 2. Linear fits to the relative astrometry time-series measurements of planet-hosting binaries from Table 1 . 

System t 0 � t ρ0 θ0 ρ̇ θ̇ρ0 

(MJD) (yr) (mas) ( ◦) (mas yr −1 ) (mas yr −1 ) 

KOI-0001AB 56956 3.95 1109.37 ± 0.27 136.368 ± 0.012 1.90 ± 0.16 0.15 ± 0.14 
KOI-0042AB 56927 4.11 1665.8 ± 0.4 35.581 ± 0.012 − 0.66 ± 0.24 0.52 ± 0.20 
KOI-0112AB 57405 2.93 100.7 ± 0.5 114.13 ± 0.21 0.0 ± 0.4 − 1.7 ± 0.3
KOI-0214AB 57053 0.94 68.0 ± 1.6 195.4 ± 1.5 − 6 ± 3 − 2 ± 4
KOI-0227AB 56985 2.96 299.73 ± 0.11 69.002 ± 0.019 0.01 ± 0.09 1.04 ± 0.07
KOI-0249AB 56688 2.94 4333.0 ± 1.3 28.078 ± 0.017 0.5 ± 0.9 − 0.4 ± 0.8
KOI-0270AB 57301 1.96 168.31 ± 0.10 64.344 ± 0.026 2.60 ± 0.12 0.38 ± 0.11
KOI-0291AB 

a 57349 2.90 65.69 ± 0.18 316.2 ± 0.4 − 0.47 ± 0.16 − 0.3 ± 0.3
KOI-0588AB 56600 2.95 280.31 ± 0.10 276.327 ± 0.015 0.44 ± 0.07 − 0.93 ± 0.06
KOI-0854AB 57071 3.18 17.7 ± 0.6 222.1 ± 2.7 1.0 ± 0.4 2.6 ± 0.5
KOI-0975AB 57254 2.28 776.31 ± 0.30 129.474 ± 0.020 3.3 ± 0.3 1.21 ± 0.29
KOI-1422AB 56863 2.03 214.16 ± 0.11 216.927 ± 0.023 − 0.76 ± 0.14 − 0.33 ± 0.10
KOI-1613AB 57225 4.90 207.60 ± 0.05 184.519 ± 0.016 − 1.47 ± 0.04 0.01 ± 0.04
KOI-1615AB 56906 4.21 24.8 ± 0.8 135.6 ± 1.5 − 3.5 ± 0.4 2.7 ± 0.4
KOI-1619AB 57015 4.34 2068.8 ± 0.6 226.605 ± 0.012 1.0 ± 0.3 − 0.66 ± 0.23
KOI-1681AB 56863 2.03 148.61 ± 0.16 141.19 ± 0.03 − 1.83 ± 0.22 − 0.13 ± 0.09
KOI-1725AB 56974 0.82 4053.4 ± 1.2 98.567 ± 0.013 − 7 ± 4 − 2.5 ± 2.5
KOI-1835AB 57175 4.88 53.9 ± 0.4 355.49 ± 0.28 − 1.28 ± 0.29 0.45 ± 0.18
KOI-1841AB 57048 4.90 309.46 ± 0.12 74.097 ± 0.020 0.90 ± 0.06 − 0.24 ± 0.05
KOI-1961AB 

a 57432 2.92 38.51 ± 0.10 262.3 ± 0.7 2.59 ± 0.09 2.0 ± 0.4
KOI-1962AB 57079 3.92 123.18 ± 0.21 114.09 ± 0.05 2.06 ± 0.16 0.30 ± 0.09
KOI-1964AB 57064 4.02 386.18 ± 0.09 1.063 ± 0.012 − 3.23 ± 0.06 − 1.82 ± 0.05
KOI-1977AB 56796 3.92 81.08 ± 0.15 77.03 ± 0.25 − 1.45 ± 0.10 − 1.2 ± 0.8
KOI-2005AB 

a 57246 3.93 20.26 ± 0.30 237 ± 4 0.89 ± 0.27 − 1.1 ± 0.9
KOI-2031AB 

a 57132 3.93 56.0 ± 0.6 246.6 ± 1.4 − 0.3 ± 0.4 − 0.1 ± 0.9
KOI-2059AB 56511 1.96 385.44 ± 0.21 289.573 ± 0.020 1.17 ± 0.21 − 1.21 ± 0.14
KOI-2124AB 

a 56985 4.88 56.5 ± 1.1 53.54 ± 0.15 3.1 ± 0.5 0.04 ± 0.07
KOI-2179AB 56861 2.02 133.6 ± 0.4 356.09 ± 0.10 − 1.0 ± 0.4 − 0.10 ± 0.22
KOI-2295AB 56966 3.94 2188.1 ± 1.0 78.563 ± 0.014 − 0.3 ± 0.7 1.5 ± 0.3
KOI-2418AB 57345 2.94 103.7 ± 0.6 2.1 ± 0.3 − 1.5 ± 0.5 0.1 ± 0.5
KOI-2542AB 56863 2.02 764.11 ± 0.21 28.674 ± 0.013 − 0.26 ± 0.26 − 0.42 ± 0.21
KOI-2672AB 56869 1.97 640.09 ± 0.23 306.502 ± 0.020 − 2.23 ± 0.25 0.80 ± 0.24
KOI-2705AB 57265 2.28 1888.4 ± 0.5 303.900 ± 0.017 − 0.8 ± 0.5 − 0.8 ± 0.7
KOI-2733AB 57266 2.30 105.62 ± 0.18 294.61 ± 0.13 − 2.47 ± 0.22 1.05 ± 0.26
KOI-2790AB 57405 2.93 253.25 ± 0.09 135.017 ± 0.023 − 0.63 ± 0.09 0.36 ± 0.10
KOI-3158AB 57325 0.99 1841.9 ± 0.4 252.834 ± 0.013 − 0.6 ± 1.0 − 0.1 ± 0.9
KOI-3255AB 57266 2.30 181.21 ± 0.07 336.006 ± 0.027 − 0.42 ± 0.09 − 0.15 ± 0.10
KOI-3284AB 57046 0.98 438.69 ± 0.17 192.802 ± 0.020 − 0.5 ± 0.3 − 0.2 ± 0.3
KOI-3444AB 57222 1.84 1085.33 ± 0.27 9.718 ± 0.014 2.4 ± 0.4 − 0.6 ± 0.3
KOI-3892AB 57053 0.94 120.8 ± 1.6 341.8 ± 0.8 8 ± 3 10 ± 3
KOI-3991AB 57267 2.29 201.17 ± 0.24 111.60 ± 0.03 − 1.63 ± 0.21 0.63 ± 0.23
KOI-4032AB 56690 0.98 126.2 ± 0.7 30.6 ± 0.3 1.8 ± 1.4 − 0.2 ± 1.5
KOI-4097AB 57209 3.91 176.8 ± 0.6 17.84 ± 0.14 − 1.5 ± 0.3 5.33 ± 0.24
KOI-4184AB 

a 57227 3.91 206.47 ± 0.05 223.25 ± 0.05 0.30 ± 0.03 − 0.23 ± 0.13
KOI-4252AB 57488 2.88 48.11 ± 0.15 341.29 ± 0.15 3.05 ± 0.10 − 3.53 ± 0.08

Notes. Linear polynomials were fitted to separation ( ρ) as a function of time and PA ( θ ) as a function of time. The measurements 
used in the fits are from Table 1 , and the mean epoch ( t 0 ) was subtracted from the input times before performing the fit so that the 
zeroth-order coefficient would provide the best-fitting separation and PA at the mean epoch ( ρ0 and θ0 , respectively). We report the 
first-order coefficients for both separation ( ̇ρ) and PA ( ̇θ ) in units of mas yr −1 for clarity, using ρ0 to convert the fitted PA slope from 

◦ yr −1 to mas yr −1 . Polynomial fits use the measurement errors from Table 1 to determine the coefficient uncertainties except where
noted.
a Using measurement errors in these fits resulted in unreasonably high χ2 values, p ( χ2 ) < 0.03, so we instead used unweighted fits in
these cases and report coefficient uncertainties that are scaled by 

√ 

χ2 / ( N meas − 2) (i.e. the rms scatter about the fit is used to estimate
the measurement errors).
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ngles, p ( i ) ∝ cos i . We assumed a uniform eccentricity distribution
ith 0.1 < e < 0.8 and random times of observations. We found that
5 per cent of the trials resulted in more-aligned orbital arcs where
 ̇ρ| > | ̇θ | . This may seem unexpected, as the isotropic viewing angle
rior means that edge-on orbits are more common, and more edge-on 
rbits have lower | ̇θ | . However, | ̇ρ| does not necessarily go up when
 ̇θ | goes down, as the orbital velocity also gets projected orthogonal
o the plane of the sk y. F or e xample, at the median inclination of i =
0 ◦, a circular orbit maintains | ̇θ | > | ̇ρ| o v er the entire orbit. 
Fig. 2 shows our orbital arc measurements. Out of the 45 binaries

n our sample, 33 (73 per cent) have more-aligned orbital arcs,
bout two times higher than expected from the null hypothesis. 
ssuming that each binary represents an independent trial with a 
robability of 35 per cent of having a more-aligned orbital arc,
MNRAS 512, 648–660 (2022) 
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M

Figure 1. Uncertainties in the slopes computed from our linear fits to 
separation ( ̇ρ, red) and PA ( ̇θ , blue) plotted as a function of binary separation. 
A major factor in these uncertainties is the per-epoch astrometric uncertainty, 
but they also reflect the range in time baselines and number of epochs in our 
orbit monitoring sample, which explains the scatter. Starting at the tightest 
binaries and going wider, astrometric errors impro v e (on av erage) as binaries 
become more cleanly resolv ed. Ev entually, uncertainties in the astrometric 
calibration of NIRC2 become significant at scales � 500 mas, causing the 
average error to increase for the widest binaries. Large grey symbols show 

the average and rms of the individually plotted measurements divided into 
logarithmic bins that are a factor of 2.5 (0.4 dex) wide. 

Figure 2. Amplitude of the orbital motion in the separation direction | ̇ρ| as 
a function of the amplitude of orbital motion in the PA direction | ̇θ | for our 
sample. Colour indicates how consistent with being edge-on (red) or face-on 
(blue) the orbital motion is, as defined by the angle γ (equation 2 ). The dashed 
line is the line of equality ( | ̇ρ| = | ̇θ | ), and the solid grey curves indicate total 
motion of 0.5, 1, 2, and 4 mas yr −1 . 
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f  
he probability that 33 out of 45 systems would appear to be
ore aligned is 2 × 10 −7 according to the binomial theorem.
herefore, we conclude that the null hypothesis is ruled out at high
ignificance corresponding to ≈5 σ . We note that this result is inde-
endent of measurement uncertainties, as individual measurements
NRAS 512, 648–660 (2022) 
re equally likely to scatter from more-aligned to less-aligned as the
pposite. 
This test relies on an assumption for the eccentricity distribution of

he sample, and sufficiently high eccentricities might mimic more-
ligned orbits. For instance, we performed another Monte Carlo
est using a uniform distribution of 0.75 < e < 0.95 that yielded
 probability of 65 per cent for | ̇ρ| > | ̇θ | . This modified version of
he null hypothesis would be consistent with our result (15 per cent
robability from the binomial theorem). This would be a remarkable
esult in its own right, as such an eccentricity distribution would be
ighly inconsistent with field binary statistics (e.g. Raghavan et al.
010 ). To examine the influence of alignment versus eccentricity in
ore detail, we next consider tests using a continuous variable. 

.2 A distance- and mass-independent variable test 

ur orbital arcs are essentially an instantaneous measure of the
elativ e v elocity between the two stars in the system. By definition,
his velocity can be characterized as a direction and a speed. Of the
wo components of a velocity, the direction is an observable that
epends only on the orbital phase at the time of the observation and
 few of the orbital parameters, namely e , i , and ω. 

The orbital speed is a more complicated observable. First, it
s measured in angular units, requiring a distance to convert into
hysical units. More importantly, deriving orbital speeds requires
wo more parameters, a and M tot . Given the importance of accurate
asses in analysing orbital speeds, we reserve this topic for a

uture study. Accurate stellar properties of even the single stars in
he Kepler sample are still being refined (e.g. Berger et al. 2020 ),
nd commensurate work on the binary components is still ongoing
Sulli v an et al., in preparation; Ali et al., in preparation). We also note
hat even though Gaia has now reported parallaxes for our sample,

ost of them have large re-normalized unit weight errors, implying
hat the Gaia astrometric solutions harbour systematic errors caused
y the binary nature of these sources. 
In our present analysis, we focus on directional information

lone. Follo wing the pre vious work on orbital arcs of wide binaries
y Tokovinin ( 1998 ), we use the angle between the direction of
rbital motion and the binary PA ( γ ) as the mass- and distance-
ndependent variable. We computed this angle from our orbital

otion measurements, taking the absolute value of the motion in
rder for γ to span only 0 ◦–90 ◦, as 

≡ arctan ( | ̇θ | , | ̇ρ| ) . (2) 

he sign of γ is unimportant, as it simply corresponds to clockwise or
ounterclockwise motion. If the relative orbit appears to be changing
nly in separation and not in PA, as in an edge-on orbit, then γ is 0 ◦.
f the motion is entirely in the PA direction, as in a face-on circular
rbit, then γ is 90 ◦. 
Fig. 3 summarizes our orbital arc measurements, showing the

peed, direction, and astrometric precision as a function of binary
eparation in au. Fig. 4 shows the distribution of γ for the 45 orbit
rcs we measured. In this histogram, as in all the following analysis,
e account for the uncertainties in our orbital motions in a Monte
arlo fashion, propagating their Gaussian-distributed values into γ
alues that do not necessarily follow Gaussian distributions. 

We performed rank correlation tests of both speed and direction as
 function of projected separation in au. As expected for Keplerian
rbits, we found that speed is correlated strongly with separation,
ith a Spearman’s rank coefficient of −0.56 ± 0.04 (probability of
 × 10 −4 for the null hypothesis of no correlation). In contrast, we
ound no evidence of correlation of orbital direction with separation,

art/stac306_f1.eps
art/stac306_f2.eps
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Figure 3. Pictorial representation of our orbital motion measurements. 
Binary companions are arranged in a spiral pattern, in order of increasing 
separation in au (but not shown to scale), around a star symbol that depicts 
the (typically) planet-hosting primary. The line segments show the orbital 
motion direction (edge-on orbits point towards the central star), with longer 
segments indicating higher speeds. The size of the circle anchoring each 
line segment corresponds to the measurement precision (larger symbols have 
more precisely measured orbital velocities). Each system is labelled with its 
KOI number and colour coded according to the orbital direction parameter 
γ using the same colour mapping as in Fig. 2 . Orbital speeds are higher for 
more closely separated binaries, as expected for Keplerian motion, and wider 
binaries tend to have higher precision astrometry as they are easier to spatially 
resolve. More edge-on orbits (redder colour) are the most common, and more 
face-on orbits (bluer colour) appear at all binary separations. 

Figure 4. Histogram of the angle γ that characterizes the orbital direction 
of the binaries in our sample. The solid red line indicates an average over 
10 4 Monte Carlo trials with Gaussian noise added to each orbital motion 
measurement according to its error. The shading at different values of N 

for each bin indicates the fraction of Monte Carlo trials resulting in that 
value of N for that bin. The distribution peaks at γ < 15 ◦, consistent with a 
preponderance of nearly edge-on orbits. 
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ith a Spearman’s rank coefficient of −0.005 ± 0.083. This is not
ecessarily expected, and in fact, it demonstrates that within our 
ample there is no evidence of any trend between planet–binary 
utual inclination and binary separation. 

.2.1 Simulating orbital arcs 

o provide a comparison to our measured distribution of γ , we
erformed Monte Carlo simulations generating synthetic orbits 
hat varied only the underlying distributions for inclination and 
ccentricity. In all simulations, the argument of periastron ( ω) and
A of the ascending node ( �) were drawn from uniform distributions
rom 0 ◦ to 360 ◦. The semimajor axis and period were fixed at unity,
he time of periastron passage was fixed at zero, and the times of
he synthetic observations were drawn from a uniform distribution 
etween zero and unity. At each of these times, the separation and
A were computed as well as at two other times ±0.01 per cent of
he period before and after. The average of the difference in motion
efore and after the central time provided our simulated linear orbital
otion. 
We considered three forms for the binary inclination distribution. 

he first, simplest, represents isotropic viewing angles in which 
nclination is computed as arccos ( U ), where U is a uniformly
istributed variate from zero to unity. 
The other distributions we tested represent a range in mutual 

nclinations with respect to the planet orbit. Adopting similar notation 
o Czekala et al. ( 2019 ), the mutual inclination ( φ) between the
lanetary orbital plane and the stellar binary orbital plane can be
xpressed in terms of their orbital elements as 

cos φ = cos i pl cos i � + sin i pl sin i � cos ( �pl − �� ) . (3) 

nverting this equation to solve for i � as a function of the other
arameters gives a complicated set of equations, so instead we make
he approximation that for transiting planets sin i pl ≈ 1 and cos i pl ≈
. The binary inclination can then be written simply as

 � = arcsin 

(
cos φ

cos ��

)
, (4) 

here we define �� ≡ �pl − �� as a relative quantity because we 
ave no information on �pl for transiting planets. 
We generated randomly distributed values for i � by drawing 

andom values for φ and ��. The two different types of mutual
nclination distributions we considered had φ drawn uniformly 
etween either 0 ◦ < φ < φmax (i.e. star–planet alignment within
max ) or | φ − φ0 | < 5 ◦ (i.e. misaligned by a narrowly specified
mount). We assumed a uniform distribution from 0 ◦ to −360 ◦ for
he nuisance parameter �� and ensured that | cos ��| > | cos φ| , so
hat the argument of the arcsin in equation ( 4 ) was valid. 

Overall, we tested 10 different distributions for the mu- 
ual inclinations: isotropic; aligned within φ < φmax for φmax = 

10 ◦, 20 ◦, 30 ◦, 40 ◦, 50 ◦); and misaligned within a ±5 ◦ band centred
n φ0 = (15 ◦, 25 ◦, 35 ◦, 45 ◦). (We note that ‘misalignment’ of φ0 =
 

◦ is equi v alent to aligned within φmax = 10 ◦.)
For the eccentricity distribution, the null hypothesis is that it 

ould resemble the field binary population, which is roughly flat 
 v er a wide range of eccentricities (Raghavan et al. 2010 ). In
ddition to this uniform distribution ranging from 0.1 < e < 0.8,
e also tested very low (0.0 < e < 0.2) and very high (0.6 < e
 0.8), uniformly distributed eccentricity distributions. These three

ccentricity distributions, combined with the ten mutual inclination
istributions, resulted in a total of 30 distinct simulations of binary
rbital arcs.
MNRAS 512, 648–660 (2022) 
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Figure 5. Histograms of simulated γ values for isotropic inclinations (i.e. 
uncorrelated binary and planet orbits) and different eccentricity distributions 
that range from more circular orbits (left) to field binary-like (middle) to 
highly eccentric (right). The dashed black line indicates an average over 
10 5 Monte Carlo trials, and the grey shading indicates sampling variance 
expected for a sample of 45 binaries not including measurement errors. The 
observed distribution from Fig. 4 is overplotted as a solid red line. Regardless 
of eccentricity, an isotropic distribution of binary orbital inclinations does not 
match our observations, implying that the binary orbits are not random and 
instead correlated with the planetary orbits. 
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Figure 6. Histograms of simulated γ values, same as Fig. 5 , except here 
the planet–binary mutual inclinations are misaligned by the angle φ0 ± 5 ◦. 
Misalignment increases from top to bottom, and the most misaligned cases are 
highly inconsistent with the observed γ distribution, even for highly eccentric 
orbits. The bottom row ( φ0 = 45 ◦) corresponds to the mutual inclinations 
expected as the outcome of Kozai–Lidov planet migration. 
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.2.2 Statistical tests of simulated γ distributions 

ig. 5 shows distributions of γ for isotropic orbital inclinations, as
ould be expected if the transiting planet orbital plane were indepen-
ent of the binary orbital plane. Unlike the observed distribution of
, these distributions all have minima at low γ . This is the opposite
f the observed distribution that has a minimum at high γ and rises
o peak at low γ . Ev en v ery high eccentricities are not sufficient to
ully reverse the shape of the γ distribution under the assumption of
sotropic inclinations. 

Next, Fig. 6 shows distributions of γ when the planet and binary
rbits are all misaligned by a specific amount. For instance, in the
nd state of Kozai–Lidov migration, binaries and planets would be
xpected to be misaligned by � 40 ◦ (e.g. F abryck y & Tremaine 2007 ;
aoz et al. 2011 ). Distributions of γ for mutual inclinations that

ange from perfectly aligned up to a varying degree of maximum
isalignment are shown in Fig. 7 . In general, highly misaligned

rbits do not provide a good match to the observed distribution, again
egardless of eccentricity. Yet, highly aligned orbits also provide a
oor match, peaking more strongly at low γ than is observed. 
To quantitatively assess the significance of differences between our

bserved orbital arcs and simulated data, we performed tests of the
umulative distribution functions of γ . In order to account for the fact
hat our orbital arc measurement errors ( ̇ρ and θ̇ ) do not necessarily
ropagate to symmetric errors on γ , we conducted our tests using
0 4 Monte Carlo trials. We computed the Kolmogoro v–Smirno v (K–
) and Anderson–Darling (A–D) statistics, and the associated K–S
robability, for every trial and adopted the mean value obtained for
ach of the 50 simulated orbit distributions.

The field binary-like eccentricity distribution with aligned orbits
p to φmax = 30 ◦ gave the best K–S statistic ( p = 0.81) and best A–
 statistic (0.03). In fact, regardless of the eccentricity distribution

ested, this same mutual inclination distribution al w ays gave good
–S ( p > 0.55) and A–D ( < 0.04) statistics. Several other simulated
rbit parameters gave acceptable statistics, generally falling into two
ategories. One is comparable to the best-matching case, except with
lightly lower or higher values of φmax , ranging from 20 ◦ to 50 ◦.

ithin this category, the more aligned cases showed a preference
or more circular orbits, and the converse was true for less aligned
rbits. This follows the intuition that either misalignment or higher
ccentricity can skew the γ distribution to lo wer v alues. The K–S
ests ranged from p = 0.10 to 0.76 for this category of orbits, and the
–D statistic ranged from 0.06 to 0.12. 
NRAS 512, 648–660 (2022) 
The other category of simulated orbits that gave good matches
o the observed distribution used small and narrowly distributed
utual inclinations ( φ0 = 15 ◦) with a slight preference for eccentric

rbits ( p = 0.54 for 0.6 < e < 0.8) but acceptable fits for field-like
ccentricities ( p = 0.30 for 0.1 < e < 0.8). Compared to the other
ategory of simulated orbits, these had larger A–D statistics of 0.14
nd 0.25, respectively. This reflects the different sensitivity of the A–
 statistic and the fact that this category or simulations deviate from

he observed distribution in a different way than the other category.
n these cases, the high- γ tail is matched well, but the simulated
istribution does not peak towards γ = 0 ◦ like the simulations that
nclude more well-aligned mutual inclinations. 

The worst performing inclination distribution was the assumption
f isotropic orbits, where the binary and planet orbits would have
o knowledge of each other. The best K–S statistic was for the case
f only highly eccentric orbits ( p = 0.006 for 0.6 < e < 0.8), and
he next best case of field-like eccentricities was much worse ( p =
.0002). The A–D statistics for the isotropic case were also much
orse, ranging from 0.22 to 0.50. 

.3 Two-population tests 

lthough we found many single-population binary orbit simulations
hat match our observations, none of them included isotropically
istributed binary inclinations. Given that there may well be multiple
ormation pathways to produce the Kepler planet sample, we have
lso considered the possibility that two disparate populations could
xplain our observed distribution of γ . Two-population models have
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Figure 7. Histograms of simulated γ values, same as Fig. 5 , except here the 
planet–binary mutual inclinations are uniformly distributed from perfectly 
aligned ( φ = 0 ◦) up to maximum misalignment of φmax . The most aligned 
cases are more peak ed tow ards γ = 0 ◦ than our observed distribution, and 
the less aligned cases are too flat, unless eccentricities are also very high. A 

field binary-like eccentricity distribution (middle column) and φmax = 30 ◦
provide the best match to the observed γ distribution. 
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een proposed to explain other properties of the Kepler sample, 
s for instance the ‘Kepler dichotomy’ has previously been shown 
o be necessary to explain the number of single-transiting versus 

ultitransiting systems (Lissauer et al. 2011 ; Ballard & Johnson 
016 ). For simplicity, our simulations assume an exact 50/50 split in
he population, which is also comparable to the Kepler dichotomy 
plit. 

We tested combinations of all three eccentricity distributions and 
ither isotropic plus aligned (up to φmax ) or isotropic plus misaligned 
by φ0 ) orbits. Many of the 81 pairings produced acceptable K–S 

tatistic probabilities, and we show the best of each isotropic case in
ig. 8 . Broadly speaking, the results indicate that if half of the orbits
re isotropic and have low or field binary-like eccentricities, then the 
ther half need to hav e v ery small mutual inclinations ( φmax = 10 ◦)
nd eccentricities ( e < 0.2). If the isotropic half has high eccentricity,
hen the other half still needs to have aligned mutual inclinations 
 φmax = 20 ◦) and a field binary-like eccentricity distribution actually
rovides the best match. Many other pairings produced poor matches 
o the observations, and the worst ones used the highly misaligned 
ase ( φ0 = 45 ◦) that corresponds to Kozai–Lidov migration.
Overall, the results of our two-population orbit simulations show 

hat a majority of our sample must show some degree of alignment be-
ween planet and binary orbits. If some of the sample has misaligned
r isotropic orbits, then the rest needs to be even more aligned (and
ess eccentric) than indicated by the single-population tests. Of all 
he two-population tests, the best match is actually a combination 
f highly eccentric orbits with random mutual inclinations and well- 
ligned orbits with a field binary-like eccentricity distribution. 

 DI SCUSSI ON  

he most general result of our tests of stellar orbital direction is
hat the orbital planes of our planet-hosting binary sample are not
rawn from a random distribution. More specifically, a significant 
ubset of the sample must have low mutual inclinations in order to
 xplain the observ ed distribution of orbital arcs. High eccentricities
re not required to explain the tendency of stellar companions’ 
rbital motion to be mostly towards or away from the primary
tar, but high eccentricities are not ruled out as long as there is
lso still a tendency towards alignment. A single population of 
ostly aligned, high-eccentricity orbits provides a perfectly adequate 
atch to the observations, as well as two populations split between

igh eccentricities with random inclinations and field binary-like 
ccentricities with well-aligned mutual inclinations. 

In the theoretical interpretation that follows, we make the fun- 
amental assumption that the stars in these systems formed first, 
nd then the planets formed subsequently in circumstellar discs in 
he presence of the binary companions. Given that these systems 
nly contain two stars, along with their one or more planets, it is
mplausible that substantial evolution of the binary orbits has taken 
lace since the formation epoch. At such early times, it is, ho we ver,
ossible in principle that planets form around one star before the
inary companion has evolved on to its current, close-in orbit. This
ossibility is mostly inconsistent with binary statistics that show that 
he orbital properties of field binaries are in place even on the pre-

ain sequence (Moe & Kratter 2018 ; Kounkel et al. 2019 ). Therefore,
he most likely scenario is that the present-day binary orbits record
he architectures of the systems while their planets were forming in
heir discs. In the following, we consider the various types of orbital
onfigurations that we have inferred from our orbital arc analysis in
he context of planet formation theory. 

The simplest explanation for the low mutual inclinations that we 
nfer is that close binaries and their discs preferentially begin as (or
uickly evolve to) coplanar systems. This explanation is consistent 
ith close-binary formation models based on disc fragmentation 

Adams, Ruden & Shu 1989 ; Bonnell 1994 ; Moe & Kratter 2018 ;
okovinin et al. 2019 ), in which the gas discs form in the plane of

he binary orbit. 
Even if close binaries arise from the migration of much wider

riginal pairs of stars (Bate 2012 , 2019 ; Lee et al. 2019 ), gas-rich
iscs can warp and align with the binary orbit on time-scales short
ompared to the disc lifetime (Bate et al. 2000 ). Whether this is a
iable pathway depends on the details of the alignment time-scale, 
hich itself depends on the origin of ef fecti ve viscosity in the disc

nd the presence of parasitic modes that damp warp excitation. 
Another complication in theoretical predictions for low mutual 

nclinations between binary orbits and circumstellar discs is that even 
odest initial misalignments between binary, planet, and disc orbital 

lanes can lead to substantial inclination excitation for the planets 
nd discs (Lubow & Martin 2016 ; Franchini, Martin & Lubow 2020 ).
hese works consider the evolution of tilt oscillations in the absence
f viscous damping. They find that multiplanet systems can have 
MNRAS 512, 648–660 (2022) 
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Figure 8. Histograms of simulated γ values, same as Fig. 5 , except here only half of the underlying orbital parameters correspond to isotropic orbits with 
low eccentricities (left), field-like eccentricities (middle), or high eccentricities (right). The other half of the population in each case corresponds to the 
mutual inclination and eccentricity distributions that provide the best match to the observed data. None of the best-matching two-population simulations that 
include isotropic orbits provides a better match than the best single-population simulations, but their K–S test probabilities ( p = 0.27–0.72) and A–D statistics 
(0.025–0.035) are acceptable. 
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elati ve inclinations gro w, and in some cases planets can evolve on
o retrograde orbits. The independent evolution of planets in the
ystem depends on their proximity and relative masses. In some
ases, the gravitational interactions between tightly packed planets
ead to oscillations more like a rigid disc, thus preserving planetary
lignment (Petrovich et al. 2020 ). 

Our sample is well matched by low mutual inclinations ( � 30 ◦),
ut purely coplanar orbits (as flat as the Solar system, for instance)
annot entirely reproduce our sample. This suggests that multiple
rocesses are at work in shaping the distribution of planet–binary
nclinations, some of which may result in fully coplanar systems and
ome more misaligned. There is good evidence for a fully coplanar
onfiguration in at least the case of KOI-0001 A, better known as the
arent star of TrES-2 (O’Donovan et al. 2006 ). The low obliquity of
rES-2 is consistent with alignment between the stellar spin and the
.04 au planetary orbit (Winn et al. 2008 ), and our orbital arc shows
o significant PA motion but a 12 σ detection of edge-on orbital
otion. This implies a remarkable alignment of the 240 au stellar

ompanion’s orbit with the hot Jupiter and its host star. 
KOI-3444 AB is another notable case highlighting multiple planes

f orbital alignment. As discussed in Section 2.1.1 , it is the only
inary in our sample with clear evidence for at least one planet
rbiting both of the stars in the system. We detect edge-on orbital
otion at 6 σ but only 2 σ in the orthogonal direction. This system is

hus consistent with alignment between the planetary system around
he primary, the planetary system around the secondary, and the
inary’s orbit that has a projected separation of 98 au. 
Our results do not rule out high eccentricities for our sample, as

ong as mutual inclinations are also low in at least a subset of systems.
o we ver, the conclusion that planet occurrence rates are highest in

he most eccentric binaries is at odds with theoretical expectations.
oreo v er, it would be inconsistent with both previous investigations

f planet occurrence rates (Moe & Kratter 2019 ) and would contradict
heoretical predictions for the impact of binaries on planet formation.
or one, more eccentric binaries truncate their discs, and thereby

heir planet-forming mass reservoirs, at smaller radii for a fixed
emimajor axis (Artymowicz & Lubow 1994 ). The case of KOI-
158 AB (Kepler-444 AB) illustrates this point well, as it does indeed
ave a high eccentricity (and is also consistent with being aligned)
ut its Mars-sized planets are smaller than any other binary system
NRAS 512, 648–660 (2022) 
n our sample. Secondly, eccentric stellar companions tend to excite
lanetesimal velocities, inhibiting core formation (Silsbee & Rafikov
015 ). Lastly, high-eccentricity binaries would tend to drive higher
ccentricities in planets through dynamical interactions, leading to
ore orbital parameter space that is dynamical unstable and thus

ikely fewer planets (Holman & Wiegert 1999 ; Mudryk & Wu
006 ). 

 SUMMARY  

e present the results of a 5 yr astrometric monitoring campaign
tudying 45 binary star systems that host Kepler planet candidates,
ncluding Kepler-444 that was the first result from our observations
Dupuy et al. 2016 ). The o v erall goal of our observations is to
onnect planet formation outcomes (like the Kepler sample) to the
nitial conditions (like disc size and alignment). The fundamental
ssumption is that stars must form before planets, and thus the planet-
orming environment is literally shaped by the stellar orbits that
emain unchanged to the present day. One of the most important
rbital characteristics, mutual inclination, can only be addressed
sing a statistical sample as projection effects impede conclusive
esults on individual systems. 

We describe how we selected our sample, which was designed
o follow the fastest moving orbits (in angular units) among the
inaries reported in the surv e y of Kraus et al. ( 2016 ). We reassess
he false-positive status of all of our targets and show that they are all
onsistent with at least one planet orbiting one star in the system. All
re consistent with the primary having at least one planet, although
n many cases the planet could be orbiting the secondary star instead.
ne system (KOI-3444 AB) has a transiting planet around each star.
We used Keck/NIRC2 in concert with NGS and LGS AO to

btain multi-epoch imaging and aperture-masking observations, with
esults presented here based on data collected o v er 2012 to 2017. We
eri ved high-precision relati ve astrometry from these data and found
he orbital arcs to be consistent with linear motion, and gravitationally
ound orbits, for our entire sample. Our repeated observations
llowed us to validate our astrometric errors and examine them as
 function of binary separation. A typical system in our sample has
ncertainty in its linear motion of ∼0.1 mas yr −1 , with the best and
orst systems ranging from ≈0.03 to ≈3 mas yr −1 . 
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We performed a number of tests that examine the distribution of
rbital velocities measured in our sample, focusing specifically on 
he direction of the orbital vector. Stellar companions in edge-on 
rbits will display only motion towards or away from the primary 
tars, and we find a preponderance of such orbits in our sample
hat is inconsistent with the null hypothesis of randomly oriented 
inary orbits at 4.7 σ . Given that our sample was defined by having
ransiting (edge-on) planetary orbits, this result suggests that planet–
inary alignment is common. 
In order to test whether high eccentricity could be mimicking 

rbital alignment, we created simulations that varied these two key 
nknown orbital parameters. We found that our observed distribution 
f orbital arcs can only be explained if most of the systems have low
utual inclinations between planet and stellar orbits. Randomly dis- 

ributed mutual inclinations cannot explain the observed distribution 
f orbital arcs alone, even with very high eccentricities. A single 
nderlying distribution of orbital parameters in which our binaries 
ave eccentricities that follow field binaries and planet–binary mutual 
nclinations are distributed uniformly between 0 ◦ and 30 ◦ provides 
he best match to our observed orbital arcs. 

We discuss the implications of widespread planet–binary align- 
ent in the theoretical context of planet formation and circumstellar 

isc evolution. Our results are consistent with planets in binaries 
orming preferentially in discs that are moderately well aligned with 
he binary orbital plane. This finding points to either preferential 
ormation of planets in binaries with primordial coplanar discs or in 
ystems whose discs are torqued into alignment on time-scales faster 
han the disc dissipation time-scale (e.g., Zanazzi & Dong 2018 ). In
ither case, modest misalignments for some systems are consistent 
ith the myriad dynamical mechanisms for exciting inclination. 
Our observations of planet-hosting binaries are ongoing with a few 

mmediate goals. One is to develop a sample that is not biased towards 
he fastest moving systems. Our observations began before much of 
he Kepler planet candidate hosts had high-resolution imaging and 
efore Gaia distances were available. It is now possible to construct 
 volume-limited sample of Kepler hosts that have by now been 
horoughly surv e yed for binaries (e.g. Furlan et al. 2017 ; Ziegler
t al. 2017 ). In this work, we focused on the distance- and mass-
ndependent direction of the orbital vector. With Gaia distances and 
mpro v ed stellar properties, it will be possible to perform orbit tests in
hysical units (km s −1 ) with accurate constraints on the total system
asses. With such a carefully constructed and larger sample, it will be

ossible to examine trends among subsets of the planetary systems 
s well, for instance, whether planet size or planet multiplicity is
elated to the underlying orbital properties, and thereby different 
lanet-forming environments. 
With its depth of planetary demographic information, the Kepler 

ample continues to be one of the most fertile data sets for addressing
uestions about the formation and evolution of exoplanetary systems. 
or studies of planet-hosting binary systems, the large distances 

o most of the Kepler planet hosts present a serious hindrance to
ore detailed orbital studies, such as pinpointing the parameters of 

ndividual systems. The sample of TESS planets orbiting more nearby 
tars will be complementary to Kepler in this way, as it will open the
oor to full orbit fits and much closer binary separations. 
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