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A Possible Alignment Between Orbits of Visual Binary Stars and Their Planetary Systems
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Astronomers do not have a complete picture of the effects of wide-binary systems on the formation and
evolution of exoplanets. I investigate these effects using new data from GAIA EDR3 and the TESS
mission to characterize wide-binary systems with transiting exoplanets. I identify a sample of 72
systems of transiting exoplanet candidates (with well-determined orbital inclinations) that reside in wide
visual binary systems. I derive orbital parameters for the wide-binary systems and measure the
minimum difference in orbital inclination between the binary and planet orbits. I determine that there
appears to be a statistically significant difference in the inclination distribution of wide binary stars with
transiting planets compared to a control sample (p=0.008). This implies that there might be a
population of planets in binary systems whose orbits are aligned with those of the binary. I investigate
some effects that could cause such an alignment, such as a primordial alignment of angular
momentum vectors of the binary system or a torque caused by a misaligned binary companion.

Category

Physics and Astronomy

1. As a part of this research project, the student directly handled, manipulated, or
interacted with (check ALL that apply):

   human Participants    potentially hazardous biological agents

   vertebrate animals    microorganisms    rDNA    tissue

2. I/we worked or used equipment in a regulated research institution or industrial setting:
   Yes ✓✓   No

3. This project is a continuation of previous research:
   Yes ✓✓   No

4. My display board includes non-published photographs/visual depictions of humans
(other than myself):

   Yes ✓✓   No

5. This abstract describes only procedures performed by me/us, reflects my/our
own independent research, and represents one year's work only:

✓✓   Yes    No

6. I/we herby certify that the abstract and responses to the above statements are
correct and properly reflect my/our own work:

✓✓   Yes    No



Introduction

A Possible Alignment Between Orbits of Visual Binary Stars and Their Planetary Systems

o Many stars reside in binary systems [1][2][3]
o Around 50% of binary systems with exoplanets are 

wide binaries (a > 100 AU) [1][4][5]
o There are many predicted theoretical mechanisms 

to take place in wide-binary systems with exoplanets
o Even with the many predicted theoretical 

mechanisms [5][6], the formation process and 
evolution of exoplanets in wide-binary systems is 
somewhat unknown 

o Determining if there is an alignment between 
exoplanets and the wide-binary systems they reside 
would help to differentiate between various 
formation and evolution scenarios

1: Data

Procedure
o Combine datasets to wide-binary systems 

with exoplanets
o Estimate the orbital parameters of the 

wide-binary systems with exoplanets
o Repeat with a control sample of randomly 

selected wide-binary systems (see supp.
mat. section “control sample”)

o Determine statistical significance of 
alignment compared to control sample

o Analyze the inferred orbital parameters 
against planetary parameters and various 
timescales

3: Orbital Parameters

Key Findings

o Linear Orbits for the Impatient, or LOFTI [11] samples 
randomly from orbits and accepts probable orbits, 
building distributions of probable orbital parameters 
(see appendix 2 for details)

o The fitting procedure is computationally intensive so I 
run fits on the maverick2 and lonestar5 
supercomputers of TACC

2: Mass Fitting 5: Possible Explanations

Fig 1 upper left and lower 
right: Input parallax and 
separation between the 
binary stars of the control 
sample (orange) and sample 
with exoplanets (blue). 
Upper right: Distribution of 
orbital periods of exoplanets.

4: Results

Fig 6 (left) upper: A normalized 
histogram of inclinations for 
the control sample (orange) 
and sample with exoplanets 
(blue). lower: A KDE of binaries 
with exoplanets, the control 
sample, and the expected 
random 90-sin(i) distribution.

Fig 4: A random sample of 
100 orbits from the LOFTI 
fitting. In this context, 
phase is the offset from 
the present-day position, 
with a phase of 0 being at 
the present-day position.

o I run a Kolmogorov-Smirnov (KS) test for significance on the 
median values, returning a p-value of 0.0077

o I also run a bootstrapped Kolmogorov-Smirnov test where I take a 
random sample from each binary system's LOFTI results and 
compare the overall distributions of those random samples for the 
control and sample with exoplanets. I repeat this process 10,000 
times to achieve a median p-value of 0.057

o The control sample is significantly different from a random 
distribution, likely due to a combination of selection effects in the 
binary sample

o No trend is observed between inclination and semimajor axis 
(although this could be due to a small sample size)

Fig 8 (a): The Lidov-Kozai
timescale for the planet’s 
present semimajor axis. 
This would be the case if 
there was no migration of 
the planet. 

o The Lidov-Kozai timescale is calculated as [12]: 

o The so-called “disk” timescale is calculated as [6]:

Where Pc is the period of the companion star and Pp is the period 
of planet (the median period if multiple planets are present)

Fig 5: A corner plot of the derived 
parameters from the isochrone 
fitting method. Parameters are for 
the most part unimodal, 
suggesting a non-degenerate fit. 
The LOFTI fitting method derives 
all orbital parameters, but only 
ones used in this study are shown 
in this figure.

See supplementary information for definition of parameters
o It appears that for both fig 8 (b) and fig 8 (c), there is 

an alignment below the lifetime of the disk, 
suggesting that both the Lidov-Kozai and disk 
mechanisms could act in these systems

Fig 8 (b): The Lidov-Kozai
timescale if the planet 
was at 5 AU 
(approximately the 
distance of Jupiter). This 
timescale assumes 
migration of the planet.

Fig 8 (c): The disk 
timescale for the planets, 
averaged over possible 
inclination angles and 
assuming properties as 
specified in the 
supplementary materials.

o There is potentially an alignment between 
short-period planets and the wide-binary 
systems they reside in

o The Lidov-Kozai mechanism, an oscillation 
between eccentricity and inclination, and 
the disk mechanism, a precession of the 
disk (like a top), show promise in 
explaining the alignment

o If these mechanisms are causing the 
alignment, then it the binaries most likely 
formed from different cores and the 
secondary was captured pre-disk dispersal

Fig 7 (right): A histogram of the 
bootstrapped KS p-values. The 
median value is 0.057.
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Fig 8: The Lidov-Kozai and disk timescales, with inclination of 
the binary system as the color

o The Transiting Exoplanet Survey Satellite (TESS)  has 
discovered 1764 exoplanets as of December 2020

o The Gaia satellite has observed 1.8 billion stars, 1.4 
billion of which have proper motion measurements

o [7] and [8] have derived a sample of wide-binaries 
from Gaia proper motion data

o Cross-matching the wide-binaries and exoplanets, I 
obtain a sample of 72 wide-binaries with exoplanets

o Orbital parameter fitting requires mass estimations
o The python package isochrones is used to fit masses
o For M-dwarf stars (of                              ), the empirical 

relation of [9] is used
o The photometric bands H,K,J,G,BP,RP, along with 

metallicity and parallax are used in the isochrones fit
Fig 2: Comparison of the 
mass derived for my study 
vs. the mass given in the 
TIC catalog [10] for the 
control sample. The 
match indicates a 
successful isochrone 
fitting procedure.

Fig 3: A corner plot of the 
derived parameters from 
the isochrone fitting 
method. Parameters are 
for the most part 
unimodal, suggesting a 
non-degenerate fit. The 
only parameter used is 
mass, which is inputted 
into the LOFTI fit and is 
required to give an orbital 
solution. See 
supplementary materials 
for how input metallicity 
was derived.
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Derivation of Disk Timescale

Supplementary Information

Bibliography

The disk timescale is derived from the work of [6]. 
Specifically, [6]’s supplementary information gives the 
approximate rate of precession as 

The precession of the disk can be thought of as the 
precession of a top while spinning. The disk timescale 
is the timescale of precession, or the timescale of one 
cycle of misalignment between the angular 
momentum of the disk and spin axis of the star. As the 
angular momentum of the disk and star become 
misaligned, the angular momentum of the disk can 
become aligned with the angular momentum of the 
binary orbit.

can be calculated as 

In this equation, h is the scale height of the disk, 
approximately 0.05 for most disks. The Laplace 
coefficient is “softened,” as is typical for disks

Unlike [6], a disk profile of the form

Is used, where all parameters are constants fitted to 
observed disks. The mean values of [13] are used.

Assuming one full precession cycle, the disk timescale 
can be calculated as

When averaging over all inclination values and 
assuming an initial random inclination, the average 
timescale will be multiplied by a factor of      of the 
timescale at i=0 (see below derivation and note 

that inclination is 
measured as          
in the equation for                  
s      ).

Metallicities
The samples of binary stars are taken from two 
catalogs: [7] and [8]. [7] serves as the base catalog for 
[8]. The main advantage of [8] is that it gives 
metallicity values for the binary systems, in turn giving 
tighter mass estimations. The metallicities of [8] are 
derived from systematic spectroscopic surveys such as 
RAVE and LAMOST. The TESS Follow-up Observation 
Group (TFOP) takes spectroscopic observations of 
planets, allowing the addition of metallicities for 
certain binaries in the sample.
o 7 stars were observed using the Network of Robotic 

Echelle Spectrographs (NRES) operated  by Los 
Cumbres Observatory [14][15], a global network of 
four 1-meter optical telescopes. NRES achieves a 
spectral resolution of R=53000 over the wavelength 
range 390-860 nm.

o 20 stars were observed using the CHIRON 
spectrometer. The CHIRON spectrometer, located on 
the 1.5 meter SMARTS telescope at Cerro Tololo
Inter-American Observatory in Chile, is fiber-fed and 
uses an echelle grating. The spectrometer has a 
resolution of R~79000 and covers a fixed 
wavelength range of 415-880 nm [16][17].

o 27 stars were observed using the Tillinghast 
Reflector Echelle Spectrograph (TRES), an optical 
two-fiber echelle spectrograph with a wavelength 
range of $385-910$ nm. TRES is located at the 
Whipple Observatory on Mt. Hopkins in Arizona and 
has a resolution of R=44,000 [18]. For all stars with 
Teff<4500 K, a Yale-Yonsei isochrone prior is used to 
help fit cooler, dwarf-like stars [19]

o . 11 stars were observed using the FIbre-fed Echelle 
Spectrograph (FIES). FIES is located on the Nordic 
Optical Telescope (NOT) in La Palma, Spain. The high 
resolution (R=67000) mode of FIES was used [20]

o . For stars that have more than one spectroscopic 
observation, I used an average of the metallicities 
derived from the separate spectroscopic 
observations.

False-Positives
Sub-group 1 (SG1) of the TESS Follow-up Observation 
Group (TFOP) performs seeing-limited photometry 
follow-up of TESS planet candidates to exclude various 
false-positive scenarios. SG1 observations are used to 
classify planet candidates into various categories. 
Exoplanets removed as a false positive if they do not 
have one of the following designations:
o Confirmed planet
o Validated planet
o Known planet
o Verified achromatic planet candidate
o Verified planet candidate (even if the aperture is 

contaminated)
o Cleared planet candidate (even if outside the 

target PSF)
o Promising planet candidate
o Planet candidate
o Single-transit planet candidate
Such a procedure does not guarantee that unknown 
false-positives exist in the sample, as some of the 
designations used, such as “planet candidate,” have 
little to no productive follow-up observations. 
Unknown false-positives will only dilute an alignment 
and not amplify it.

Explanation of Lidov-Kozai
Mechanism

The Lidov-Kozai mechanism is essentially an 
“oscillation” between the eccentricity of a star-planet 
system and the inclination of that system, caused by 
the motion of a distant, massive perturber (the 
secondary star). The prescence of a disk can lead to a 
highly eccentric star (the eccentricity being induced by 
the Lidov-Kozai mechanism) to lose angular 
momentum due to the friction of the disk, thus 
circularizing in orbit and remaining at low inclinations.

Cadence Time: Possible Bias

Most stars observed by the TESS mission are observed 
at 2 minute cadence, while some are observed at 30-
minute cadence [21][22]. 2 minute cadence 
observations are less likely to be around nearby bright 
stars due to purposeful selection to avoid 
contamination. This could lead to an increase in edge-
on binaries in 2 minute cadence observations since 
companions could be more likely to be very close to 
the primary star.

Supplementary Fig. 1: A comparison of the inclination 
distribution of the control sample observed with 2-
minute cadence (blue) and without 2-minute cadence 
(orange).

There is no significant or systematic difference in the 
cadence of the control sample and sample with 
exoplanets, thus the cadence is likely not causing the 
observed alignment.

RUWE Cut
RUWE (re-normalized unit weight error) can be used as 
an indicator of the quality of the Gaia astrometric 
solution for a star. An RUWE of greater than 1.4 
typically indicates a poor astrometric fit [8], so I 
eliminate any systems for which the RUWE for at least 
one of the stars is greater than 1.4.
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Where ac and Mc are the semimajor axis and mass of 
the companion star, respectively, M∗ is the mass of the 
host star is the inclination of the disk with respect to 
the binary orbit,         is the disk density profile, aout

and ain are the inner and outer boundaries of the disk, 
and        is a Laplace coefficients with disk softening.

Control Sample
A control sample is drawn so that there are 12 binary 
systems without detected exoplanets for every system 
with exoplanets. The control sample is drawn to match 
the properties of the systems with exoplanets to avoid 
unknown biases.

http://www.tacc.utexas.edu/


Abstract

Astronomers do not have a complete picture of the 
effects of wide-binary systems on the formation and 
evolution of exoplanets. I investigate these effects using 
new data from GAIA EDR3 and the TESS mission to 
characterize wide-binary systems with transiting 
exoplanets. I identify a sample of 72 systems of transiting 
exoplanet candidates (with well-determined orbital 
inclinations) that reside in wide visual binary systems. 
I derive orbital parameters for the wide-binary systems 
and measure the minimum difference in orbital 
inclination between the binary and planet orbits. 
I determine that there appears to be a statistically 
significant difference in the inclination distribution of 
wide binary stars with transiting planets compared to a 
control sample (p=0.008). This implies that there might be 
a population of planets in binary systems whose orbits are 
aligned with those of the binary. I investigate some effects 
that could cause such an alignment, such as a primordial 
alignment of angular momentum vectors of the binary 
system or a torque caused by a misaligned binary 
companion.


