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Abstract

Binary stars, where two stars are orbiting around a common center of mass,
are at the core of modern astronomy. Since a significant fraction of stars are in
multiple systems, binaries are now a critical component in all subfields, from
star formation, to planet formation, to the reionization of the Universe shortly
after the Big Bang. Close binaries are the origin of many exotic astronomical
events, including type Ia supernovae which have been used to measure the
accelerated expansion of the Universe. The recent detection of gravitational
waves opens a new window to witness the mergers of black hole and neutron
star binaries. On the other extreme, wide binaries are easily disrupted by
gravitational perturbations, making them a unique tool to probe the visible
and invisible Galactic structures. Therefore, a complete understanding of

binary formation and evolution is critical to modern astronomy.

In my thesis, I use the revolutionary survey Gaia to reveal the birth and
the fate of close and wide binary stars. Using the kinematic-dating method,
I reveal the lifetime of contact binaries, providing key constraints on their
formation and their death. I develop a comoving-search method to identify
wide stellar companions around hot jupiter hosts, investigating the connection

between the planet formation and the wide stellar companions. By combining

ii



Gaia with a cutting-edge large spectroscopic survey, I report the first known
relation between metallicity and the wide binary fraction. This relation sug-
gests that the formation of wide binaries is more complicated than what was
thought before. Following this direction, I conduct a detailed wide binary
search in the Milky Way halo, further ruling out several hypotheses for wide
binary formation. In the end, I conclude with the prospects of binary star

research.
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Chapter 1

Introduction

We are truly fortunate that our Sun does not have any stellar companions.
Otherwise, if the Sun had, or used to have, stellar companions, the formation
environments of planets would be strongly perturbed, and the Earth and the
human being might not come into existence. In fact, about 50% of Sun-like
stars in the Milky Way have stellar companions (Duquennoy and Mayor, 1991).
Therefore, it is lucky that we can enjoy our life on Earth with other planetary

siblings crossing the sky.

Binaries, where two stars are orbiting around a common center of mass,
have been known back in ancient human history. The resolved binary stars
Mizar and Alcor in the Big Dipper (Ursa Major) are bright enough for naked
eyes, and their separation of 0.2 deg was used as a vision test in the Arabic
literature in the 13th century (and was known earlier). However, their physics
of being bound as a physical binary was not known until the development
of Isaac Newton’s gravitation theory in the 17th century. Since then, together
with the development of telescope technology, many other resolved binaries

have been identified and studied.



Another type of binaries is found by their varying brightness due to
eclipses, the so-called eclipsing binaries. These binaries have small sepa-
rations such that their component stars are not resolved in ground-based
telescopes due to the turbulence in the atmosphere. Due to their small sepa-
rations, their orbital periods can be as small as one day. The binary origin of
the first known eclipsing binary, Algol, was recognized back in 1783 by John
Goodricke.

The modern ground-based and space-based observational techniques as
well as large-field astronomical surveys significantly improve our under-
standing of binaries. Variability surveys include the Kepler mission, Optical
Gravitational Lensing Experiment (OGLE), All-Sky Automated Survey for
Supernovae (ASAS-SN), Zwicky Transient Facility (ZTF) have discovered
hundreds of thousands of eclipsing binaries. The astrometry survey Gaia
measures the parallaxes and proper motions for billions of stars (Gaia Collab-
oration et al., 2016; Gaia Collaboration et al., 2018a), resulting in one million

wide binaries known today (El-Badry, Rix, and Heintz, 2021).

Binary stars continue to play a critical role in modern astronomy. Since a
significant fraction of stars are in multiple systems (Duquennoy and Mayor,
1991; Duchéne and Kraus, 2013), binaries are a critical ingredient of astro-
physics across in all subfields, from star formation, to planet formation, to the
reionization of the Universe shortly after the Big Bang. With larger samples of
binaries as well as better coverage of a wide range of binary separations, we
finally have a more complete picture of binary demographics in terms of their

separation distributions and mass dependence (Duquennoy and Mayor, 1991;



Figure 1.1: Stellar merger events that are associated with close binaries. Left: the
kilonova from the merger of two neutron stars (image: ESA /Hubble Space Telescope).
Middle: supernova 1994D (the bright spot on the lower left), which is spectroscop-
ically confirmed as a type Ia supernova (image: Hubble Space Telescope). Right:
stellar explosion V838 Mon in the Milky Way, whose origin may be a close binary
(image: ESA /Hubble Space Telescope).

Raghavan et al., 2010; Duchéne and Kraus, 2013; Moe and Di Stefano, 2017).

Close binaries are the origin of many extraordinary events in the Universe
(Fig. 1.1). Kilonovae arise coming from the mergers of double neutron stars,
and gravitational waves from such an event were first detected in 2017 (Abbott
etal., 2017). Type-Ia supernovae have been used to measure the accelerated
expansion of the Universe (Riess et al., 1998), and they originate from the close
binaries consisting of a white dwarf. Luminous red novae are produced in
the merger of contact binaries on (or close to) the main sequence, with the
tirst fascinating known case in the Milky Way captured in 2008 (Tylenda et al.,
2011).

On the opposite end of the separation distribution, wide binaries are so
weakly bound that they can serve as a unique probe of gravitational fields.
Their orbits can be changed or disrupted due to gravitational interactions

with other structures in the Milky Way (Bahcall, Hut, and Tremaine, 1985;



Weinberg, Shapiro, and Wasserman, 1987; Jiang and Tremaine, 2010). These
structures can be molecular clouds, passing stars, or even passing black holes.
Therefore, wide binaries have been used to constrain the nature of dark matter,
ruling out the possibility that dark matter is compact objects (neutron stars
and black holes) in the halo (Chaname and Gould, 2004; Quinn et al., 2009).
Furthermore, orbital velocities of distant wide binaries can place independent
constraints on the modified gravity theory (Hernandez, Jiménez, and Allen,
2012). Since gravity is the most mysterious force (so mysterious that it is not a
force in general relativity), wide binaries provide a valuable gravity test on a

large physical scale.

Numerous questions about binary stars remain unanswered. Many main-
sequence close binaries have separations smaller than the size of pre-main-
sequence stars. What mechanisms are responsible for their orbital shrinkage?
Do they merge on the main-sequence or only after they evolve off the main-
sequence? What do these mergers look like, and can we catch them in the
act? What are the results of these mergers? What determines the wide bi-
nary fraction? How are these wide binaries formed and at what frequency?
What are the signs of orbital modifications and disruptions by certain Galactic
structures? Are they a probe of formation processes or more strongly depen-
dent on the subsequent evolution? Answering these questions is critical to
understanding binary stars, to their associated merger events, and to their
application of probing the Milky Way.

In my thesis, I eager to fully understand the birth and the fate of close and

wide binaries. In Chapter 2, I develop a kinematic-dating technique to measure



the age of contact binaries — close binary systems where two component stars
touch each other. The age of binaries is notoriously difficult to measure. I use
the cutting-edge kinematic-dating method enabled by modern astrometric
data from Gaia to reveal the age evolution of contact binaries. The idea of
kinematic dating is that older stars move faster than younger stars because
older stars have experienced more gravitational jostles from other stars during
their lifetime. With this method, I measure the birth and the merger time of
contact binaries for the first time (Hwang and Zakamska, 2020), improving our
understanding of the evolution of close binaries and revealing an unexpectedly
short time to merger due to a yet-unknown process. I discuss the hypotheses

for this process and potential for testing these hypotheses in Chapter 6.

In Chapter 3, I investigate the role of wide stellar companions in planet
formation. In particular, I focus on a special planet population called “hot
jupiters”. These are giant gas planets, but unlike those in our solar system
where Jupiter is 5 AU away from the Sun, these hot jupiters are located very
close to their host stars, typically ten times closer than the orbit of Mercury.
One proposed formation mechanism for hot jupiters is the three-body in-
teraction under the perturbation of another stellar companion. I develop a
method to search for wide stellar companions around hot jupiters, and used
statistical analysis to determine whether hot jupiter hosts tend to have wide

companions.
In Chapter 4, I study the formation of wide binaries in the Milky Way disk.
Specifically, I investigate the metallicity dependence of the wide binary frac-

tion. By combining Gaia data with the large spectroscopic survey LAMOST, I



use my comoving companion method to show that the wide binary fraction is
strongly dependent on metallicity. I also demonstrate that younger stars have
a higher wide binary fraction. These results suggest that multiple formation
channels may be responsible for wide binaries. In Chapter 5, I further expand
the investigation to wide binaries in the Milky Way halo. Since halo stars have
very different stellar properties and evolution environments, the metallicity
dependence of halo wide binary fraction provides key constraints on different
hypotheses. Understanding wide binary formation is one of my key future
work and is the foundation for using wide binaries to probe the Milky Way

structures.

I conclude my thesis in Chapter 6, with discussion of the future prospects

of binary star research.



Chapter 2

Lifetime of short-period binaries
measured from their Galactic
kinematics

As a significant fraction of stars are in multiple systems, binaries play a crucial
role in stellar evolution. Among short-period (<1 day) binary characteris-
tics, age remains one of the most difficult to measure. In this paper, we
constrain the lifetime of short-period binaries through their kinematics. With
the kinematic information from Gaia Data Release 2 and light curves from
Wide-field Infrared Survey Explorer (WISE), we investigate the eclipsing binary
fraction as a function of kinematics for a volume-limited main-sequence sam-
ple. We find that the eclipsing binary fraction peaks at a tangential velocity of
1013716 km s7!, and decreases towards both low and high velocity end. This
implies that thick disk and halo stars have eclipsing binary fraction > 10 times
smaller than the thin-disk stars. This is further supported by the dependence
of eclipsing binary fraction on the Galactic latitude. Using Galactic models, we

show that our results are inconsistent with any known dependence of binary



fraction on metallicity. Instead, our best-fit models suggest that the formation
of these short-period binaries is delayed by 0.6-3 Gyr, and the disappearing
time is less than the age of the thick disk. The delayed formation time of
2 0.6 Gyr implies that these short-period main-sequence binaries cannot be
formed by pre-main sequence interaction and the Kozai-Lidov mechanism
alone, and suggests that magnetic braking plays a key role in their formation.
Because the main-sequence lifetime of our sample is longer than 14 Gyr, if the
disappearance of short-period binaries in the old population is due to their
tinite lifetime, our results imply that most (> 90%) short-period binaries in

our sample merge during their main-sequence stage.

2.1 Introduction

Binaries are at the core of many exotic astronomical events in the Universe,
including classical novae (Warner, 1995), red novae (Tylenda et al., 2011), type
Ia supernovae (Whelan and Iben, Icko, 1973; Iben and Tutukov, 1984; Webbink,
1984), short gamma-ray bursts (Shibata and Taniguchi, 2006; Fong and Berger,
2013), binary black hole mergers (Abbott et al., 2016), and kilonovae (Abbott
et al.,, 2017; Smartt et al., 2017, Cowperthwaite et al., 2017). A significant
fraction of all stars are in binary and multiple systems (Duchéne and Kraus,
2013). Therefore, binary evolution plays a crucial role in the understanding of

the Universe.

All the stellar binaries are once a main-sequence (MS) binary. While thou-
sands of short-period (< 1day) MS binaries have been found, they are not

formed with such short separation because the radii of pre-MS stars are larger



than the MS stars. In fact, the initial separation of binaries is believed to be
2 10 AU because the radius of an initial hydrostatic stellar core is ~ 5 AU (Lar-
son, 1969) and its fragmentation is unlikely (Bate, 1998; Bate, 2011). Therefore,
short-period binaries must have gone through orbital migration to shrink the

separation from > 10 AU (> 2000 Rp) to a few Rq.

Short-period binaries may have experienced several different processes to
lose orbital angular momentum. At the pre-MS phase, the energy dissipation
due to the interaction with the primordial gas may be able to produce binaries
with separations down to ~ 0.1 AU (Bate, Bonnell, and Bromm, 2002; Bate,
2009; Bate, 2012). This process takes place on a free-fall timescale, typically
~Myr, and may be able to explain the formation of pre-MS binary stars with
periods > 1 day (Mathieu, 1994; Tohline, 2002).

During the MS phase, if a binary has a distant tertiary companion, the
angular momentum of the inner binary can exchange with the outer ter-
tiary companion, the so-called Kozai-Lidov mechanism (Kozai, 1962; Lidov,
1962). The inner binary separation can be reduced to a few stellar radii at the
pericenter passages due to the high eccentricity excited by the Kozai-Lidov
mechanism, and at that point the tidal friction is able to remove the angular
momentum and shrink the orbit (Harrington, 1968; Kiseleva, Eggleton, and
Mikkola, 1998; Eggleton and Kiseleva-Eggleton, 2001; Fabrycky and Tremaine,
2007). This process is often referred to as Kozai cycles with tidal friction
(KCTE). If higher-order effects are taken into accounts, for example eccen-
tric outer orbit and post-Newtonian effects, three-body interactions are more

complicated and even chaotic (Naoz et al., 2013b; Naoz et al., 2013a; Naoz,



2016). The Kozai-Lidov mechanism is supported by observations that a large
fraction of MS close binaries are in triple systems (Tokovinin, 1997; Pribulla
and Rucinski, 2006; Tokovinin et al., 2006; Rucinski, Pribulla, and Kerkwijk,
2007). Furthermore, Borkovits et al., 2016 find that the distribution of mutual
inclination between the inner binaries and the outer tertiaries shows a peak
at ~ 40°, consistent with the prediction from KCTF (Fabrycky and Tremaine,
2007), although the other observed peak at ~ 0° is not expected. Depending
on the configuration of the triple stars and the initial conditions, KCTF may
operate on a wide range of timescales, from < 0.1 Gyr to several Gyr (Fabrycky
and Tremaine, 2007; Perets and Fabrycky, 2009), until the orbits of the inner

binaries are circularized.

If the binary separation is close enough (periods< 5 days), magnetic winds
become important in extracting angular momentum of binaries. Specifically,
stars with masses < 1.3 My possess subphotospheric convection zones that
generate magnetic winds which take away the (rotational) angular momentum
of the star. Due to the synchronization between the rotational and orbital
periods in short-period binaries, the loss of angular momentum shrinks the
orbit. Over a timescale of a few Gyr, magnetic winds are able to bring binaries
to the contact phase (Stepien, 1995; Yakut, Kalomeni, and Tout, 2008; Van and
Ivanova, 2019; Van, Ivanova, and Heinke, 2019).

The relative contribution of each process to the formation of short-period
(< lday) MS binaries is not yet clear. In particular, neither pre-MS disk
migration nor KCTF during the MS can produce solar-type binaries within

orbital periods < 1day. During the pre-MS phase, solar-mass stars accrete
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most of their mass while slightly enlarged (a few Ry), and so disk migration
might be able to produce close solar-type binaries down to periods of ~
1 day, below which they would have merged (Hosokawa and Omukai, 2009).
Hydrodynamical simulations show that pre-MS interaction is not able to
produce binaries with separations < 0.1 AU, although it can be due to the
simulation resolution limit (Bate, Bonnell, and Bromm, 2002; Bate, 2009; Bate,
2012). The Kozai-Lidov mechanism encounters the difficulty that the majority
of binaries with periods < 10 days have circular orbits (Latham et al., 2002; El-
Badry et al., 2018), in which case the Kozai-Lidov mechanism is not effective.
Probably only magnetic braking is able to bring solar-type binaries to orbital
orbital periods < 1day, but magnetic braking requires small initial period

(< 5days) to be efficient.

If the ages of short-period binaries could be measured directly, ages could
be used to constrain the mechanisms responsible for the orbital migration.
By comparing with the MS lifetime, we can determine whether short-period
binaries can survive for the entire MS lifetime. If the short-period binaries
destruct or disappear at a particular age or at a particular stage of the stellar

evolution, then we can constrain or identify the destruction process.

Age is notoriously difficult to measure for single stars. Furthermore, such
methods, including isochrone fitting, stellar rotation, and chromosphere activ-
ity, are not valid anymore for short-period binaries because they may have
undergone binary interaction and mass transfer. Kinematics is among the
few reliable ways to probe the age of short-period binaries. The age-velocity

dispersion relation has been well established for a variety of MS stars (Dehnen
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and Binney, 1998; Nordstrom et al., 2004; Reid et al., 2009; Sharma et al., 2014).
For disk stars, this relation may be the consequence of kinematic heating
processes from giant molecular clouds, transient spiral arms, bars, and flyby
satellite galaxies. Kinematics can also help separate the thin-disk, thick-disk,
and halo stars. Because accelerations experienced by test particles are indepen-
dent of their masses, we are able to directly compare the kinematics between

single stars and binaries, and further infer their ages.

In this paper, we use Gaia Data Release 2 and the light curves from WISE
to investigate the kinematics of short-period (< 1 day) eclipsing binaries. In
Sec. 3.2, we describe the dataset, our sample selection, and our time-series
analysis. In Sec. 4.3 we present our primary results of the relation between
eclipsing binary fraction and kinematics. In Sec. 2.4, we investigate possible
systematics and different sample selections. In Sec. 2.5, we use Galactic models
and show that our results can be explained by a finite lifetime of eclipsing
binaries. In Sec. 5.5, we discuss disk/halo difference, metallicity, and the

implication from the lifetime of eclipsing binaries. We summarize in Sec. 5.6.

2.2 Sample Selection and Measurements
2.2.1 The parent Gaia sample

Our sample is selected from Gaia Data Release 2 (DR2; Gaia Collaboration et al.
2016; Gaia Collaboration et al. 2018a). Gaia is an optical all-sky survey which
is obtaining photometry and astrometry for stars with magnitudes down to
~ 21 mag and radial velocities for select bright stars. Gaia DR2 was released on

25 April 2018, based on data collected between 25 July 2014 and 23 May 2016.
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In Gaia DR2, broad-filter G-band magnitudes, blue-band BP magnitudes, red-
band RP magnitudes, positions, parallaxes, and proper motions are available
for ~ 1.33 billion objects and radial velocities for ~ 7 million stars, providing
an unprecedented dataset on the phase-space distribution of stars in the Milky
Way.

Our query for Gaia DR2 follows the one used in Gaia Collaboration
et al.,, 2018b. Specifically, the mean flux divided by its error is is larger
than 50 for G-band and larger than 20 for BP and RP bands. In Gaia DR2,
BP and RP fluxes are not treated with deblending, so we apply a cut on
phot_bp_rp_excess_factor to reduce the effect of crowded fields which makes
the BP and RP bands unreliable (Evans et al., 2018; Arenou et al., 2018).
visibility_periods_used> 8 is used to ensure that there are sufficient ob-
servations for deriving the astrometric solutions (Lindegren et al., 2018), and
parallax_over_error> 10 is adopted to have well-measured parallaxes. We
do not apply explicit cuts on relative proper motion uncertainties because that
excludes objects having intrinsically low proper motions, which biases the
kinematic results. Instead, we follow Gaia Collaboration et al., 2018b and use
the unit error introduced by Lindegren et al., 2018 to avoid spurious astromet-
ric solutions. Because we obtain the light curves from WISE, we cross-match
Gaia DR2 and WISE using the Gaia DR2 cross-match catalog (Marrese et al.,
2019). Our Gaia DR2 query is included in the Appendix.

We compute tangential velocities from proper motions and parallaxes
provided by Gaia DR2. We do not use the radial velocities in Gaia DR2

because the radial velocity sample is ~ 100 times smaller. Furthermore, Gaia
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DR2 does not report the radial velocities of double-line systems and objects
having high radial velocity variations (Katz et al., 2019), which strongly biases

the binary selection.

We correct the velocities by removing the solar motion and the differential
rotation of the Galactic disk. We adopt the solar motion from Schonrich,
Binney, and Dehnen, 2010 where (Uy, Vo, Wo) = (11.1,12.24,7.25) km s
with the convention that Ug, V, W, are oriented towards the Galactic center,
the direction of Galactic rotation, and the north Galactic pole. Our sample is
within 500 pc with a median of 380 pc, the local shear approximation described
by Oort’s constants is applicable. We remove the contribution from differential
rotation of the Galactic disk using the Oort constants reported from Bovy,
2017: A = 15.3kms tkpc™!, B = -11.9kms 'kpc™!, C = -3.2kms !t kpc},
K = -3.3kms ! kpc~!. While this correction is only valid for disk stars and
not for halo stars because halo stars are not rotating with the disk, but since
the velocity correction of differential rotation is < 10 km s~1, this (incorrect)
correction is small for halo stars where the typical velocities are > 100 kms~!.
With the correction of the solar motion and the differential rotation of the
Galactic disk, the tangential velocities (V;) presented in this paper are the
tangential components relative to the local Galactic rotation at the star’s

location.

2.2.2 Main sequence selection

Our MS selection is designed to satisfy several purposes: (1) the binary fraction

is a strong function of mass and therefore color (Duchéne and Kraus, 2013).
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Using a narrow color range reduces such mass dependence in our results. (2)
On the blue end (BP-RP< 0.5 mag), there is contamination from pulsating
stars like § Scuti. (3) Stars leave the MS phase because of stellar evolution,
so selecting long-lived (i.e. redder) MS stars helps to interpret kinematic
results. (4) Because binaries are brighter than single stars, we aim to construct
a volume-limited sample instead of a magnitude-limited sample to avoid
systematics. For this reason, we cannot use MS stars that are too red because

they are faint and the sample size would be small in a volume-limited sample.

To address all these points, we select an MS sample with absolute magni-
tude offsets |4G| < 1.5 mag and with 0.9 <BP-RP< 1.4, shown as the colored
region in Fig. 5.4. The black dashed line in Fig. 5.4 is the spline fit to Pleiades,
following Hamer and Schlaufman, 2019. Pleiades is a young, solar-metallicity
open cluster with age 10%%* years and [Fe/H]= -0.01 (Netopil et al., 2016),
and 4G is defined as the offset of absolute G magnitudes between the stars
and Pleiades at the same BP—RP colors, where 4G < 0 means that the star is
brighter than Pleiades at the same color. Objects are defined as MS if they
have |4G| < 1.5mag. The 1.5 magnitude range is motivated by the fact that
we want to include binaries, which are 0.75 mag brighter than single stars
assuming equal luminosities and no occultations, and we also want to keep
thick-disk and halo stars which are < 1 mag fainter than Pleiades in the color

range considered due to their lower metallicities.

The color selection of 0.9 <BP-RP< 1.4 is chosen to avoid the pulsating
stars at BP—RP< 0.5, and to include most of the eclipsing binaries concentrated

around BP-RP~ 1 in Fig. 2.2. From the PARSEC isochrone (Bressan et al.,
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2012), the selection of BP—RP= 0.9-1.4 has masses ranging from 0.7 to 0.9 M,
with temperatures 4500-5500 K, corresponding to late-G and K dwarfs. This

selection ensures that their MS lifetime is longer than 14 Gyr.

2.2.3 Eclipsing binary sample from WISE

Because Gaia DR2 has not released the time series and the catalog of eclipsing
binaries, we construct the eclipsing binary sample using two other ways.
One is from the light curves of WISE, and the second is from the variability
information in Gaia DR2. These two samples are complementary: the WISE
sample has less contamination, while the Gaia sample is more complete in
terms of the sky distribution and is not affected by the limits of period-finding

algorithms.

The WISE eclipsing binary sample is constructed using Wide-field Infrared
Survey Explorer (WISE; Wright et al. 2010). Our work requires a large sample
and good cadences to recover short-period (< 1day) eclipsing binaries, and
WISE serves as an excellent dataset for this purpose. Since WISE is an all-sky
survey, it provides a large cross match sample with Gaia. Furthermore, the
orbital period of WISE satellite is ~ 1.6 hours, which is able to recover the MS
eclipsing binaries, and this cadence is much better than most of the ground-
based surveys. Its W1 (3.4 um) and W2 (4.6 um) bands have been collecting
data since AIIWISE in 2010 to NeoWISE in 2019, providing a long baseline to
study the time series. In main-sequence regions and the color and parallax
range of interest, we end up with ~ 1000 short-period eclipsing binaries in

WISE, compared to only a few hundred targets in the Kepler eclipsing binary
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catalog (Kirk et al., 2016) and the Catalina Sky Survey (Drake et al., 2014)

under the same criteria.

The AIIWISE source catalog provides var_flg which is a measure of the
probability that an AIIWISE source is variable in each WISE filter. Specifi-
cally, var_flg is an integer ranging from 0 to 9 such that ~ 107V2"-f1¢ is the
probability that the observed WISE light curve is drawn from a non-variable
population (Hoffman et al., 2012). Therefore, var_flg= 0 means non-variable
and 9 indicates the highest probability of being variable. Out of the parent
Gaia sample, we select targets where var_flg> 5 in W1 band to further an-
alyze their light curves, resulting ~ 20, 000 variable candidates. We do not
consider other WISE bands because W2 has worse sensitivity, and W3 and W4

do not have single-epoch exposures in NeoWISE.

We download complete W1 light curves from AIIWISE Multiepoch Pho-
tometry Table and NEOWISE-R Single Exposure (L1b) Source Table through
NASA /IPAC Infrared Science Archive and perform time series analysis for
variable candidates where var_flg> 5. The W1 light curves from AIIWISE and
NeoWISE provide a total baseline of ~ 9 years from 2010 to 2019. To ensure
the photometric quality of single-epoch exposures, we follow the instruction
of Cutri et al., 2011 to adopt the criteria of saa_sep> 0, moon_masked= 0,
qi_fact> 0.9 for AIWISE!, and saa_sep> 0, moon_masked= 0, qi_fact>
0.9, and qual_frame> 0.9 for NeoWISE”. AIIWISE Multiepoch Photometry
Database also contains some redundant photometric measurements, and we

turther exclude them by matching the source ID (source_id_mf) in AIIWISE

Thttp:/ /wise2.ipac.caltech.edu/docs/release/allwise/expsup/sec3_1.html
Zhttp:/ /wise2.ipac.caltech.edu/docs/release /neowise/expsup/sec2_3.html
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and NeoWISE °.

We use the periodogram of Multi-Harmonic Analysis of Variance MHAOV;
Schwarzenberg-Czerny 1996) to determine the periodicity in the light curves.
MHAOV has good performance compared to other period-finding algorithms
in terms of the accuracy against magnitude, sampling rates, quoted period,
S/N ratios, number of observations, and different variability classes (Graham
et al., 2013). We run MHAOV with three harmonics on the WISE variable
candidates from fiin = 0.1day ! to fiax = 20day ™! with 4f = 1x10*day !,
or equivalently periods ranging from 0.05day (1.2 hour) to 10 days. Chen
et al., 2018 also measure the periods for WISE variables, but their minimum
period in the periodogram is set to 0.143 day (3.4 hours). While this minimum
period is safer because it is above the classical Nyquist period of 3.2 hours (i.e.
two times of the WISE satellite’s orbital period), it misses most of short-period
MS eclipsing binaries. The Nyquist sampling theorem applies when the sam-
pling is uniform, whereas WISE satellite does not observe targets uniformly
due to the size of the field of view and the drift of the satellite’s orbital plane
(Mainzer et al., 2014). Thus WISE's slightly irregular sampling may help
to recover periods below the classical Nyquist limit (VanderPlas, 2018). If
the aliasing does happen, it results in an aliased peak in the periodogram.
Therefore, aliasing only makes the measured period inaccurate but does not
affect the fact that such source is a periodic variable. Since our main interest
is in selecting short-period (< 1day) eclipsing binaries but not their exact
periods, aliasing does not affect our sample selection. Therefore, we adopt a

minimum period in the periodogram smaller than the classic Nyquist limit to

3h’ftp: / /wise2.ipac.caltech.edu/docs/release/allwise/expsup/sec3_2.html
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recover short-period MS eclipsing binaries. A more detailed investigation of
the short-period WISE periodic variables will be presented in Petrosky et al.
(in prep.).

For some eclipsing binaries, particularly contact binaries (W UMa binaries),
their primary and secondary eclipses have similar depths so period-searching
algorithms may not be able to distinguish the primary from secondary eclipses.
Therefore, the period-searching algorithm may report a period that is two
times smaller than the orbital period. We do not attempt to apply this factor
of 2 correction, and we refer to the measured periods from periodograms as
‘apparent periods’, and keep in mind that the apparent periods may be two

times smaller than the orbital periods of the binaries.

After time series analysis of the WISE variables, we use the following
criteria to select the WISE eclipsing binary sample: (1) the peak in the MHAOV
periodogram (O statistics) is larger than 200, meaning that a strong periodic
signal is detected in the light curves; (2) there is at least one observation in
every 0.05 phase in the phase-folded light curves, ensuring that the light curve
is well-sampled; (3) even with the previous two criteria, there is an overdensity
in the apparent periods at ~ 0.067 day, the orbital period of the WISE satellite.
Therefore, we limit our sample to apparent periods > 0.07 day to avoid these
spurious period measurements. These three criteria result in 2994 periodic
variables from the parent Gaia sample (without the MS selection). We inspect
their phase-folded light curves and confirm that these criteria provide a robust
eclipsing binary sample.

Fig. 2.2 shows the apparent periods of the WISE periodic variables with
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respect to the Gaia BP-RP colors. The red line is the theoretical minimum
possible period for contact, equal-mass MS binaries. The red line is derived
using PARSEC isochrone (Bressan et al., 2012) with an age of 9 Gyr and solar

metallicity. The simple theoretical minimum possible apparent period is

computed by Pupparens = 0-5Porpisat = 1ya3/G(M; + M), where a is the semi-
major axis of the binary, G is the gravitational constant, and M; and M, are
the masses of the stars. We consider equal-mass binaries (M; = M) and use
the Roche-lobe volume radius R;, = 0.38a (Eggleton, 1983), where Ry, is the
volume radius of a star. By definition, the volume radius R;, equals to the
radius of an undistorted star which is provided in the PARSEC isochrone. The
overall trend of the solid red line in Fig. 2.2 represents the periods limited
by the sizes of stars: bluer, larger stars have larger minimum periods while

redder, smaller stars can have smaller periods.

Fig. 2.2 shows that our period measurements are in excellent agreement
with the period limit of contact binaries, meaning that our WISE variable
sample, if not all, is dominated by eclipsing binaries. Fig. 2.2 also emphasizes
the need to search apparent periods below the classical Nyquist limit of 0.13
day, otherwise most of the eclipsing binaries having BP-RP> 1 would be
missed. Some narrow gaps in apparent periods at multiples of the WISE’s
orbital period (0.13 day and 0.2 day) can be seen in the black points because
the sampling is not sensitive to their periods. While aliasing can potentially
downgrade our period accuracy, Fig. 2.2 shows that our results pass through
the classic Nyquist limit at 0.13 day quite smoothly and recover a large number

of low-mass eclipsing binaries below this limit. The blue end (BP-RP< 0.5)
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Figure 2.1: The H-R diagram demonstrating our selection. The x-axis is the Gaia
BP—-RP color, and the y-axis is the Gaia absolute G-band magnitude. The gray scale
shows is the stars within 500 pc, and the color region indicates our main sequence
sample. The dashed line is the spline fit of Pleiades.

overlaps the instability strip, so some of them may be ¢ Scuti variables (Gaia
Collaboration et al., 2019). Type-II Cepheids are also located at the blue end
(BP-RPs< 0.5), but their periods typically are longer than 1 day and are not

seen in this plot.

2.24 Eclipsing binary sample from Gaia DR2

Here we construct another eclipsing binary sample using Gaia DR2 alone.
While Gaia DR2 does not release the catalog and the light curves of eclipsing

binaries, we can construct an indirect eclipsing binary sample from Gaia
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Figure 2.2: The distribution of apparent periods with respect to Gaia BP—RP color for
the WISE periodic variables. The y-axis shows the apparent periods reported from
periodograms, which typically are half of the orbital periods for short-period eclipsing
binaries. The dots are the individual measurements, and the blue background is the
Gaussian kernel density estimation where the bandwidths are chosen to present
a smooth distribution. The red solid line shows the theoretical apparent periods
(0.5xorbital periods) for contact, equal-mass binaries. The WISE variables agree very
well with the red solid line, meaning that they are MS eclipsing binaries.
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DR2. The variability information can be obtained from the photometric errors
of Gaia DR2 (Gaia Collaboration et al., 2019). The photometric errors are

calculated by

phot_g_mean_flux_error = UG/\/phot_g_n_obs,

where o7 is the standard deviation of the G-band fluxes. When a star passes
through the field of view of the Gaia satellite, it goes through 9 astrometric field
CCDs where each CCD has one G-band photometric measurement. This o
is the standard deviation of each CCD photometric measurement, which are
obtained within the crossing time of a source over one CCD is ~ 4.4 seconds.
Furthermore, as the Gaia satellite spins with a period of 6 hours, a source
passes its two field of views separated by ~ 1.8 (or 4.2) hours. Therefore, o
also contains the information on variability on timescales of hours. Depending
on the location of the sky, Gaia scans through the same target after several
weeks (Evans et al., 2018; Riello et al., 2018). In our selection, we require
that visibility_periods_used > 8, ensuring that there are enough visits to
derive reliable astrometric solutions but also enough observations to measure
photometric variability. In our Gaia sample with the MS cut, the median
visibility_periods_used is 13 and the median phot_g_n_obs (number of
CCD photometric measurements contributing to G photometry) is 254.
Based on the photometric errors in the Gaia DR2, we compute o and
turther fG,aw = 0c/Fc for all the sources, where Fg is the mean flux in the
G band. We refer to the dimensionless fg 4, as ‘raw fractional variability”’

in the G band. While f; ;4 contains the information about the variability of
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stars, it has to be corrected for the magnitude-dependent instrumental errors
(Evans et al., 2018). The instrumental fractional variability, f; ins, is computed
from the running modes of f; for our entire sample across the observed G-
band magnitudes. Then the instrumentally corrected fractional variability is
fi= fGZ’mW - sz},ins .- In this definition, fZ may be negative, which means that
such star does not have significant variability compared to the instrumental
level. 95% of our MS sample is brighter than 14.8 mag in G-band, where the

instrumental correction is fg ins: ~ 0.8%.

We use fZ to identify eclipsing binaries in Gaia DR2. Fig. 2.3 shows the
distribution of log(f2) for the eclipsing binaries identified from WISE and for
all MS stars located in the same region in the H-R diagram. The distribution of
MS stars has a small excess at log( sz) ~ =3 and an enhanced tail at log( fé) >
-2, suggesting two different origins for variability. By comparing with the
WISE eclipsing binaries, we select stars having log( sz) > —2 (dashed line) as
the eclipsing binary candidates. The excess at log(f2) ~ -3 is likely due to
stellar rotation and the spots, ellipsoidal variations, and/or (semi-)detached
binaries with longer orbital periods (Appendix 2.8.2). Particularly, we find
that stars having -2.5 < log(f32) < -2 are significantly kinematically cooler
than other stars, suggesting that they may be young stars where the spots
are more active, or young binaries where the orbital periods are larger. A
similar method has been used to obtain Gaia variability information to identify
RR Lyrae stars (Belokurov et al., 2017) and sub-kpc dual quasar candidates
(Hwang et al., 2020a).
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This selection of eclipsing binaries is based on the assumption that eclips-
ing binaries are the dominant sources of variability on the MS in the color
range considered. Although we do not have the information of periods for
eclipsing binaries selected from Gaia DR2, we expect that short-period bi-
naries dominate the sample because systems having shorter orbital periods
have a higher probability of being eclipsing systems. Furthermore, eclipsing
binaries with orbital periods > 1 day tend to be more detached and so vary in
brightness only during eclipses, i.e., a smaller duty cycle of variability, which
reduces their overall fractional variability. Indeed, in Appendix 2.5.2 we show
that the majority of eclipsing binaries selected by Gaia fractional variability
have orbital periods < 0.5 day. While it is still possible that some variability
can be due to stellar rotations and flares, we argue that eclipsing binaries still
dominate the number. One reason is that our criteria select objects with large
variation amplitudes of sz > 0.01 (i.e. > 10%), which is unlikely to be due to

spots.

2.2.5 Detectability as a function of parallax

After introducing the main-sequence selection and two eclipsing binary se-
lections, we now determine the parallax (distance) cut to construct a volume-
limited eclipsing binaries sample with the MS selection of |4G| < 1.5 mag and
0.9 <BP-RP< 1.4. Fig. 2.4 shows the fraction of stars that are short-period
WISE eclipsing binaries as a function of parallax. If a star is too far so that
it is not well detected in a single-exposure in WISE and therefore the peri-

ods cannot be well determined, we expect a steep decline in eclipsing binary
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Figure 2.3: The distribution of fractional variability (f) for the Gaia main sequence
sample and WISE eclipsing binaries. The excess of objects at log(f3) ~ -3 and > -2
two physical mechanisms for variability. By comparing with the WISE eclipsing
binaries, we select Gaia stars having log(f2) > -2 (dashed line), i.e. variability > 10%,
as the Gaia eclipsing binary sample.
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fraction at a certain parallax. Instead, we see a flat dependence in Fig. 2.4,
and the slight decrease at 2.5-3 mas parallaxes is likely consistent with the
difference in eclipsing binary fraction between the thin disk and the older

stars as discussed below.

With the criteria of |4G| < 1.5mag, 0.9 <BP-RP< 1.4, and parallax > 2 mas,
we end up with 1081 WISE eclipsing binaries. All of them have apparent
periods < 0.5 day. We do not correct for dust extinction because the Galactic
models we use for comparisons with data includes the effects of extinction. At
the limiting distance of 500 pc of our sample, the level of reddening (E(B—V)<
0.2mag) is small compared to the color range of our selection, and the level
of extinction (Ay < 0.8 mag) does not affect the completeness of the volume-

limited sample in our chosen magnitude range.

Fig. 2.4 also shows that the Gaia eclipsing binary fraction is consistent with
WISE eclipsing binary sample and the detectability stays constant. With the
criteria of |[4G| < 1.5mag, 0.9 <BP-RP< 1.4, and parallax > 2 mas, we end up

with 1545 eclipsing binaries from Gaia DR2.

2.2.6 General properties of our eclipsing binary selections

While we refer to our sample as eclipsing binaries, the variability may not only
come from eclipses. The variability can also be the ellipsoidal modulation due
to the strongly distorted stars. For WISE eclipsing binaries, we do not attempt
to classify eclipsing binaries into subclasses based on their light curves, but
Paczynski et al., 2006 show that eclipsing binaries with periods < 1 day consist

of mostly contact binaries and some semi-detached binaries, and very few

27



0.0015 — ' :

-+ WISE EB

O Gaia EB
2
2 0.0010 _!__ I I |
o .
£ —1
=3 —
O
(]
Y
o
c 0.0005 | |
S
S
©
T

0.0000 — B ; : :

Parallax (mas)

Figure 2.4: The fraction of eclipsing binaries as a function of parallax for the WISE
and Gaia sample. The eclipsing binary fractions remain fairly flat over the entire
range of parallax, meaning that we have not reached the limit of detectability of
eclipsing binaries. We use parallax > 2 mas (i.e. within 500 pc) as our volume-limited
sample.
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detached binaries.

Both our WISE and Gaia eclipsing binary selections tend to select bina-
ries with shorter periods because the probability of being eclipsed is higher,
and also shorter-period systems are more likely to be contact binaries where
photometric variability is stronger. By comparing with the Kepler eclipsing
binaries (Kirk et al., 2016) in Appendix 2.8.2, we find that the majority of
the Gaia eclipsing binaries have orbital periods < 0.5 day (or apparent peri-
ods < 0.25day). Similarly, Fig. 2.2 shows that most of our WISE eclipsing
binaries have apparent periods < 0.25 day, corresponding to orbital periods
< 0.5day. Since we are interested in eclipsing binary fraction as a function
of kinematics, missing non-eclipsed short-period binaries only affects our

sample completeness but does not bias the kinematic result.

2.2.7 Summary of the sample selection

Here we summarize our sample selection. Each of the WISE and Gaia samples
has a parent MS sample and an eclipsing binary sample. The parent MS sam-
ples have the same selection as their corresponding eclipsing binary samples
except without requiring variability or eclipses. For the WISE sample, the

selection criteria are:

1. parallax_over_error > 10.
2. phot_g_mean_flux_over_error > 50.
3. phot_rp_mean_flux_over_error > 20.

4. phot_bp_mean_flux_over_error > 20.
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10.

11.

12.

13.

visibility_periods_used > 8.

Cuts on phot_bp_rp_excess_factor following Gaia Collaboration et al.,

2018b.
Cuts on unit errors following Gaia Collaboration et al., 2018b.

parallax> 2mas (i.e. within 500 pc).

. MS selection so that the absolute G-band magnitude relative to Pleiades

is smaller than 1.5mag (|4G| < 1.5).
A color selection of 0.9 <BP-RP< 1.4.
Every object has an AIIWISE cross match.

ANIWISE cc_flags = 0000, indicating no spurious signals in WISE

images.

For the WISE eclipsing binary selection, we require that the peak in the
MHAOQYV periodograms is larger than 200, at least one observation in
every 0.05 phase in the phase-folded light curves, and apparent periods
between 0.07 and 0.5 day.

The Gaia parent MS sample is selected using criteria (1)-(10), and the Gaia

eclipsing binaries are selected further using log( fGZ) > 2.
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Figure 2.5: The fraction of short-period eclipsing binaries as a function of tangential
velocity. The blue crosses use the eclipsing binaries selected from WISE, and the
orange crosses are from Gaia DR2. The horizontal bars indicate the size of the bins,
and the vertical bars are errors estimated using Poisson statistics. Both eclipsing
binary samples show that the eclipsing binary fraction peaks at tangential velocity of
~ 101316 kms1, and decreases toward both lower and higher velocities.
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2.3 Eclipsing binary fractions as a function of kine-
matics

Fig. 2.5 presents the eclipsing binary fraction as a function of tangential veloc-
ity in the MS sample. Because WISE eclipsing binaries are easier to identify
with more WISE scans and therefore may have different sky distribution as the
WISE parent sample, we weigh the WISE result based on the sky distribution
of WISE eclipsing binaries. Specifically, we bin the WISE eclipsing binaries by
the galactic coordinates with steps of 4/ = 15 deg and 4b = 10 deg, and assign
weights to each bin such that the parent sample has the same sky distribution
as the WISE eclipsing binary sample while the total number of sources (i.e.
the sum of the weights) remain unchanged. The error bars in Fig. 2.5 are
estimated using the Poisson statistics assuming no errors from the weights.
The difference between the unweighted and weighted result is small, within

0.4 of the error bars.

The WISE and Gaia eclipsing binary samples are in excellent agreement in
Fig. 2.5: they show that the eclipsing binary fraction peaks at an intermediate
tangential velocity (~ 10'°kms™!), and decreases towards both low and
high velocity end. With smaller error bars, the Gaia eclipsing binary sample
constrains the peak to be in the bin of 101371 km s~1. As elaborated in more
detail in Section 2.6.1, the difference of eclipsing binary fraction cannot be
explained by the smaller sizes of stars with lower metallicities. This is the
primary result of this paper: the fraction of short-period binaries is a strong

function of kinematics.

We perform the Anderson-Darling test to quantify the significance of
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the difference in the distributions of tangential velocity between the sam-
ple of short-period eclipsing binaries and the comparison MS sample. The
Kolmogorov-Smirnov test and the Anderson-Darling test give qualitatively
the same result and here we quote the Anderson-Darling values because the
Anderson-Darling test is more sensitive to tails of distributions. For WISE
eclipsing binary sample, the p-value, the probability that two distributions
are sampled from the same parent distribution, is 0.02. For Gaia eclipsing
binary sample, the p-value is 6 X 10~%. Therefore, the kinematic difference is

statistically significant.

In principle, different velocity components (U, V, and W) may provide
different kinematic information for eclipsing binaries. For example, the ve-
locity component in the direction of galactic rotation (V component) would
lag behind the disk as a result of asymmetric drift (Dehnen and Binney, 1998;
Reid et al., 2009). However, since only tangential velocities are available for
our sample, we find that decomposing the tangential velocity into U, V, and
W component suffers strongly from the projection and does not provide statis-
tically meaningful constraints. Therefore, we focus on the results of tangential

velocities in this paper.

2.4 Potential systematics

Because binaries are brighter than single stars, using magnitude cut could bias
the sample. We use a volume-limited sample without any explicit magnitude
cut, and in Fig. 2.4 we show that the binary fractions remain fairly flat over

the entire range of parallax considered, meaning that eclipsing binaries within
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Figure 2.6: The same as Fig. 2.5, but with different sample selections. Top panel:
Different MS selection of |[4G| < 2mag (blue crosses) and parallax > 3 mas (orange
crosses), using the Gaia eclipsing binary sample. Bottom panel: Different color
selections. BP—RP=0.5-0.9 (blue crosses) and BP—RP=0.9-1.4 (black crosses) from the
Gaia eclipsing binary sample agree with each other very well. BP—RP=1.4-2 from the
WISE eclipsing binary sample also shows a similar trend but with a lower eclipsing
binary fraction compared to the bluer color ranges. BP-RP=1.4-2 from the Gaia
eclipsing binary sample has a peak at the low velocity end, which is likely due to the
active flaring from young late-type dwarfs.
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this distance range are well recovered. Furthermore, 95% of our MS sample
are brighter than 14.8 mag in G-band while the limiting magnitude of Gaia
DR2 is ~ 21 mag, our criteria for the mean flux divided by its error do not
imply any implicit magnitude cut.

The excellent agreement between the WISE sample and Gaia sample in
Fig. 2.5 means that our results are not affected by the WISE cross-match nor
the limit of period-finding algorithms. Furthermore, the difference in the
observing strategies of WISE and Gaia (and the resulting differences in the sky
distribution of binaries) does not appear to affect our result. The dependence
of the binary fraction on V; cannot be explained by the covariance between
velocity measurements and the variability. First of all, the tangential velocities
are computed from proper motions and parallaxes with corrections from solar
motions and the Galactic differential rotation, and there is no direct link to the
photometry. If the observed dependence were due to the covariance between
velocity and variability measurements, we would expect to see a monotonic

relation in Fig. 2.5, which is not the case.

Gaia DR2 uses the standard deviation of individual flux measurements
to estimate the flux errors, so variable sources like eclipsing binaries may
have lower phot_g_mean_flux_over_error (also depends on the number of
observations). Therefore, if a stricter cut for the mean flux divided by its error
is used, the eclipsing binary sample may be reduced. However, this only
affects the completeness level but not the kinematics, so it is not expected to
change the observational trend in Fig. 2.5. To verify, we test a selection with

the mean flux divided by its error only larger than 10 for G, BP and RP bands
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(instead of 50, 20, and 20), resulting in ~ 10% more eclipsing binaries but not

affecting the conclusion in Fig. 2.5.

The binaries in our sample only have separations of a few solar radii. For
a solar-like contact binary at 100 pc, the maximum angular separation of the
binary is ~ 0.1 mas, and the observed angular separation is even smaller due to
the orbital motion and the viewing angle. Therefore, the resulting astrometric
noise is < 0.1 mas, which is below Gaia’s astrometric precision (Lindegren
etal., 2018). If the short-period binary has a tertiary companion, the additional
orbital motion of the short-period binary around the companion may affect
the astrometric solution. The level of this effect depends on the separation
(and the orbital period) and the mass ratio between the inner binary and the
tertiary companion. If the tertiary is comparable to the binary in brightness,
we would actually not see much motion since the center of brightness would
be relatively still, but such objects will be rare because the tertiary would
be diluting the eclipses and we would be much less likely to identify such
sources. If the tertiary is faint and therefore we mainly measure the motion of
the inner binary, then outer orbital period needs to be short enough (< 10 yrs)
to contribute significant orbital velocity to the inner binary, but also long
enough (> 2yrs of Gaia DR2’s observation) so that the motion of the inner
binary can still be described by the single-star model used by Gaia DR2’s
astrometric solutions. Therefore, there is a very limited parameter space for

tertiary contamination to have a significant effect on our results.

In Fig. 2.6, we establish the robustness of results to differences in sample

selection. In the top panel, we use the Gaia eclipsing binary sample to test

36



with a different MS selection of |4G| < 2mag, and also with a closer sample of
parallax > 3mas (i.e. within 333 pc). The results are nearly the same except
that the fraction of binaries with parallax > 3 mas has larger error bars due to
the smaller sample size. The results from the WISE eclipsing binary sample

are similar so we do not repeat here.

In the bottom panel of Fig. 2.6, we test the fraction of eclipsing binaries
with different color ranges, and therefore different mass ranges. We consider
three BP-RP ranges: 0.5-0.9, 0.9-1.4 (the same in Fig. 2.5), and 1.4-2. The
tirst two agree with each other very well. Interestingly, the eclipsing binary
fraction in the color range of 0.5-0.9 seems to peak at a higher velocity (V; =
1016-19km s71). The WISE eclipsing binary sample with BP—RP=0.5-0.9 also
shows similar results to the Gaia sample, so we do not repeat here. This blue
sample may have some contamination from ¢ Scuti variables, especially that
a large fraction (up to ~ 70%) of stars located in the § Scuti instability strip
are pulsating, but most of them are variable on levels of a few mmag, below
our variability sensitivity (Murphy et al., 2019). Indeed, within 751 eclipsing
binaries in this color range, only 4 are identified as high-amplitude (> 0.1 mag)
0 Scuti/SX Phoenicis from Gaia’s non-public light curves (Rimoldini et al.,

2019), so such contamination is small and does not affect the results.

The WISE eclipsing binary sample with BP—RP=1.4-2 (red crosses) shows a
similar trend but with a lower eclipsing binary fraction compared to the bluer
color ranges, which may be due to the combination of lower (eclipsing) binary
fraction in low-mass stars (Duchéne and Kraus, 2013), the faintness of these

stars, and their short periods below the classic Nyquist limit. The eclipsing
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binary fraction from the Gaia eclipsing binary sample with BP—RP=1.4-2
(purple crosses) peaks at the lowest velocity bin, with perhaps a slightly
flattened trend at V; ~ 10'® km s~!. Because our Gaia eclipsing binary selection
is based on the flux standard deviation but not the light curves, it is likely that
this selection ends up with many actively flaring, young late-type stars. Due
to the likely low completeness and high contamination of the reddest bin, we

do not use it in our subsequent modeling.

2.5 Thelifetime of eclipsing binaries from the galac-
tic model

The kinematics in Fig. 2.5 may be linked to the age of the stars. When stars
form in the disk, they have similar circular velocity (with some offset, Reid
et al. 2009) as the disk initially. As time goes by, stars are perturbed by
structures like giant molecular clouds, transient spiral arms, bars, and flyby
satellite galaxies, resulting in a higher velocity dispersion when stars age.
The age-velocity dispersion relation has been widely studied in literature (e.g.
Nordstrom et al. 2004; Holmberg, Nordstrom, and Andersen 2009; Sharma
et al. 2014; Cheng, Cummings, and Ménard 2019), and this relation is crucial

for converting the kinematics into stellar ages.

Because the velocity dispersion monotonically increases with the stellar
age, the average age of the stars in each tangential velocity bin in Fig. 2.5 is
older with increasing velocities. Because the eclipsing binary fraction peaks
at 101316 km s~! and drops at both lower and higher velocity ends, it means

that the eclipsing binary fraction peaks at a certain stellar age, and is lower
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for younger and older populations. As a first-order approximation, we pa-
rameterize the eclipsing binary fraction as a function of stellar age using three
parameters: intrinsic eclipsing binary fraction (IEBF), the time when the eclips-
ing binaries form (#p), and the time when the eclipsing binaries disappear
(t1). to and #; determine the overall trend of eclipsing binary fraction versus

kinematics, and IEBF adjusts the normalization but does not affect the trend.

Fully modeling Fig. 2.5 requires a complete description from the Galactic
model, including the Galactic star formation rate history, number densities and
kinematics for different stellar populations. We use the Gaia DR2 mock catalog
produced by Rybizki et al., 2018. The Gaia DR2 mock catalog is generated
using Galaxia (Sharma et al., 2011) that samples stars from a Besan¢on Galactic
model (Robin et al., 2003) with a realistic 3D dust extinction map (Drimmel,
Cabrera-Lavers, and Lopez-Corredoira, 2003; Marshall et al., 2006; Green et al.,
2015; Bovy et al., 2016a; Bovy et al., 2016b). Because we do not correct for dust
extinction in our samples, they can be directly compared with the Gaia DR2
mock catalog, although dust extinction within 500 pc is not a strong effect
(typically Ay < 0.8 mag). The Gaia DR2 mock catalog also provides the ages
and metallicities of the sampled stars, which is necessary for us to model the
eclipsing binary lifetime.

We select stars from the Gaia DR2 mock catalog using the same color and
absolute magnitude criteria as our sample, i.e. 0.9 <BP-RP< 1.4, |[4G| < 1.5,
and parallax > 2mas. The Gaia DR2 mock catalog itself does not simulate
the stellar binaries, so for sources that are supposed to be binaries, their

luminosities are underestimated by < 0.75mag. Our absolute magnitude
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selection of |4G| < 1.5 ensures that such systems are selected in both our
eclipsing binary samples from observations and from the mock catalog. We
assign weights to the stars in the mock catalog so that their sky distribution is
the sample as our observational Gaia EB sample. The tangential velocities are

corrected by removing the solar motion and the Galactic differential rotation.

We sample a grid of formation time (#p) and disappearing time (¢;) shown
in Fig. 2.7. For each combination of 7y and #;, we feed them into the Gaia
DR2 mock catalog, and using the stellar ages recorded in the mock catalog,
we compute the preliminary (preliminary because it has not considered the
IEBF) eclipsing binary fractions weighted by the sky distribution as a function
of tangential velocity. Then the preliminary eclipsing binary fractions are fit
to the observed WISE-selected EB sample to determine the best-fit IEBF and
the corresponding linear chi-squared costs, presented by the color coding in

Fig. 2.7.

Fig. 2.7 shows that models with 7y = 0 Gyr and those with #; > 12 Gyr can
be rejected. We avoid using fits with 11 Gyr and 13 Gyr because these are the
ages of thick-disk stars and halo stars in the mock catalog. We present some
rejected examples in the left panel of Fig. 2.8. The observed drop of eclipsing
binary fractions on the low-velocity end leads to rejection of models with
to = 0Gyr because such models can naturally only produce monotonically
decreasing eclipsing binary fraction with increasing velocity (since the mean
stellar ages monotonically increase with increasing velocity). On the other
end of the distribution, models with #; > 12 Gyr (i.e. when binaries can only

disappear at an age above that of thick disk) make the eclipsing binary fraction
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too high in the velocity bins > 100 kms~!, for example the model (b) in the left

panel of Fig. 2.8.

Fig. 2.7 presents the accepted models where 7y ~ 0.6-3 Gyr and #; =5-10 Gy,
and the accepted 7y and # roughly follow a relation of 7y + 0.4¢; ~ 5 Gyr. Some
examples of the accepted models are shown in the right panel of Fig. 2.6. They
all successfully reproduce the overall trend of eclipsing binary fractions as a

function of velocity.

The main uncertainty in these models lies in the Galactic descriptions
used, including the star formation history, the adopted age-velocity disper-
sion relation, kinematics descriptions for different stellar populations (thin
disk, thick disk, and halo), etc. These models are currently calibrated by
the entirety of data from Galactic surveys. The number of free parameters
involved is too large for us to investigate the uncertainty if a different Galactic
description is used. Another uncertainty is the step-function-like lifetime
model. While it is a reasonable first step, it is likely too simplistic. Because
the uncertainties are mostly due to the model assumptions rather than due to
measurement uncertainties, we do not pursue a best fit nor the Markov chain
Monte Carlo procedure. Even though the modeling uncertainties are still
unclear, the observed relation between eclipsing binary fraction and velocity

can be successfully reproduced using the state-of-art Galactic descriptions.
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Figure 2.7: The model grids for the formation time (#p) and disappearing time (1) of
eclipsing binaries, color-coded by the chi-square of the best fit. The result constrains
the formation time to be 7y =0.6-3 Gyr and the disappearing time #; =5-10 Gyr, with
accepted models roughly following the relation 7y + 0.4#; ~ 5 Gyr.
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for the lifetime of eclipsing binaries.
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2.6 Discussion

2.6.1 Different properties between thin-disk, thick-disk and
halo stars?

First, we attempt to determine if our results in Fig. 2.5 can be explained by
the different eclipsing binary fractions in the thin-disk, thick-disk, and halo
stars, without explicit consideration of stellar ages. Qualitatively, it is difficult
because for V;, < 100km ™!, the sample is dominated by thin-disk stars and
therefore a constant eclipsing binary fraction in thin-disk stars cannot explain
the trend at V; < 100kms™ in Fig. 2.5. For V; > 100km s}, the thick-disk
and halo stars start to dominate the sample so the decreasing eclipsing binary
fraction might be linked to the different eclipsing binary fractions in different

stellar populations.

The left panel of Fig. 2.9 presents the fractions of each stellar populations
in each tangential velocity bins with the same selection in the H-R diagram as
Fig. 5.4, weighted by the sky distribution of the Gaia eclipsing binary sample.
The fractions of each stellar populations are derived from the Gaia Mock DR2
Catalog. The fractions of stellar populations in a tangential velocity bin can
also be derived by considering the location distribution in the H-R diagram
because thin-disk, thick-disk, and halo stars are located differently in the
H-R diagram due to the difference in metallicity (e.g. Fig. 21 and 22 in Gaia
Collaboration et al. 2018b). We use this method to obtain the fractions of
each stellar populations from the Gaia data, with a similar result to that from
the Gaia Mock DR2 Catalog. Fig. 2.9 shows that > 90% of the sample are

thin-disk stars for log(V;) < 1017 kms™, and > 60% are thick-disk stars for
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log(V;) > 101 kms~!. Halo stars become the dominant population (> 50%)
when log(V;) > 10%3 km s, but the fraction of halo stars is reduced to 19% for
log(V;) > 1022 kms1.

The right panel of Fig. 2.9 shows the best-fit model that considers different
eclipsing binary fractions for thin-disk, thick-disk, and halo stars. Because
the halo stars only compose 19% of the sample in the highest velocity bin, its
eclipsing binary fraction is not well constrained and hence we assume that the
thick-disk stars and halo stars have the same eclipsing binary fractions during
the fitting. The best-fit eclipsing binary fraction is 0.111 + 0.003% for thin-disk
stars, and 0.012 + 0.007% for thick-disk and halo stars. Therefore, without the
consideration of ages, the eclipsing binary fraction of thin-disk stars is ~ 10

times larger than the one of thick-disk and halo stars.

The best-fit model in the right panel of Fig. 2.9 is not able to reproduce the
rising eclipsing binary fraction at log(V;) < 10! kms™. It is expected because
thin-disk stars dominate in this velocity range and the model just reflects the
eclipsing binary fraction of the thin-disk stars. Therefore, the eclipsing binary

fraction of thin-disk stars cannot simply be a constant as a function of age.

The difference in eclipsing binary fractions between thin-disk stars and
thick disk stars (and possibly halo stars) can be due to several factors. Because
thick-disk and halo stars are older than thin-disk stars, the different eclipsing
binary fraction may be the consequence of the eclipsing binary lifetime like
Fig. 2.8. Thick-disk and halo stars are more metal-poor compared to thin-disk
stars, and the effect of metallicity is discussed in the next section. Halo stars

may be accreted from infalling satellite galaxies instead of forming in the
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Milky Way, and therefore their formation environment can be different. The
different eclipsing binary fractions might also result from the difference in
physical properties between populations. For example, at fixed colors, metal-
poor stars are smaller in size than metal-rich stars. Because the probability
of being an eclipsing system is proportional to R/a, where R is the size of
the star and a is the semi-major axis of the binary, smaller sizes of thick-disk
stars might reduce the eclipsing binary fraction. However, we consider it
unlikely. At the color of our sample, thick-disk stars are ~ 0.3 mag fainter than
thin-disk stars, or a factor of ~ 0.87 smaller in the stellar radius. To reduce
the eclipsing binary fraction by a factor of 10, thick-disk stars need to have
a separation distribution 9 times wider than thin-disk stars. It is unlikely
because that would make the period distribution of thick-disk stars ~30 longer

than thin-disk stars.

The difference in the eclipsing binary fractions between the thin and thick
disk is best demonstrated by the dependence of binary fraction on the Galac-
tic height in Fig. 2.10. We slightly modify the sample selection here so that
the sample remains complete to distances of ~ 1kpc with sufficient statis-
tical sample sizes. In this plot, the main-sequence sample is selected by
0.5 <BP-RP< 1.1, |[4G| < 1.5, and parallax > 0.8 mas, and the eclipsing bi-
naries are selected using log(f2) > —2. The Galactic height is computed by
d x| sin(b)|, where d (inverse of parallaxes) is the distance of the star from
the Sun and b is the Galactic latitude. Since we are interested in the change
of eclipsing binary fractions on scales of > 100 pc, we do not correct for the

height of the Sun above the Galactic plane, which is ~ 15 pc (Binney, Gerhard,
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and Spergel, 1997; Widmark and Monari, 2019). We also show comparison
with a 7o = 1Gyr and #; = 10 Gyr model, where we have modified the model

in agreement with the selection used in Fig. 2.10.

Fig. 2.10 demonstrates that the eclipsing binary fraction decreases when
the Galactic height > 300 pc, where the thick-disk stars become increasingly
dominant. This strengthens our conclusion that the thick disk has much lower
eclipsing binary fraction than the thin disk. The increasing eclipsing binary
fraction with increasing Galactic height at Galactic heights < 300 pc is the
consequence of the delayed formation of these short-period binaries. These
trends are in excellent agreement with the model constructed independently
based on the kinematic information. The strong dependence of short-period
binary fraction on age, and consequently their kinematics and their Galactic
height, explains the dependence on Galactic latitudes of eclipsing binary
fraction seen in the literature (e.g. Prsa et al. 2011; Slawson et al. 2011; Kirk

etal. 2016).

Latham et al., 2002 find that there is no significant difference in the period
distribution of spectroscopic binaries between disk stars and halo stars. Out of
156 objects with robust orbital solutions in their sample, the shortest period is
1.93 day, and only 7 (4.5%) have periods < 10 days. Therefore, it is likely that
our results are different from theirs because we are probing a much shorter
period population (<1day) in which stronger evolutionary effects may be

expected.

To summarize, while the declining eclipsing binary fraction at log(V;) >

10'° km s~! suggests a much smaller eclipsing binary fraction in thick-disk and
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Figure 2.9: Left: fraction of the population (thin-disk, thick-disk, and halo stars) in
each tangential velocity bin from the Galactic model. Right: eclipsing binary fraction
versus tangential velocity, with a best-fit model (black horizontal bars) that considers
different eclipsing binary fractions in each population. Age is not explicitly taken into
account in the model. The best fit gives that the eclipsing binary fraction is ~ 10 times
smaller in thick-disk (and probably halo) stars than in thin-disk stars. The population
model can reproduce the observational trend on the high velocity end, but not on the
low velocity end.

possibly halo stars, the rising eclipsing binary fraction at log(V;) < 101 km s~}
is best explained by a delay in formation of eclipsing binaries compared to the

formation of their components. We discuss possible causes for the delayed

formation time and for the disappearing time in the following sections.

2.6.2 Metallicity

Recent studies have shown that the close-binary fraction (periods < 10* days;
separation < 10 AU) increases with decreasing stellar metallicity (Grether
and Lineweaver, 2007; Yuan et al., 2015; Badenes et al., 2018; Moe, Kratter,
and Badenes, 2019), consistent with formation of cose binaries due to disk
fragmentation (Tanaka and Omukai, 2014). While our eclipsing binary sample
has periods much shorter than their close binaries, we investigate if our results

can be explained by the metallicity dependence.
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Fig. 2.11 presents the models that take metallicity into account. We adopt
the close binary fraction as a function of stellar metallicity from Moe, Kratter,
and Badenes, 2019, and determine the normalization during the fitting (be-
cause not all close binaries are eclipsing binaries). The red triangles in Fig. 2.11
show the model that only includes metallicity effect but not age. The resulting
binary fraction is inconsistent with the observation in two ways. First, for
radial velocity V; < 10'° kms~!, the metallicity-only model cannot reproduce
the rising binary fraction as steep as the observation. This is because there is
no strong metallicity-age relation for stellar ages < 5 Gyr (Casagrande et al.,
2011; Bensby, Feltzing, and Oey, 2014; Silva Aguirre et al., 2018). Second, the
metallicity-only model does not have the decreasing binary fraction at velocity
V, > 101 km s71. Therefore, taking at face value the metallicity dependence by
Moe, Kratter, and Badenes, 2019, our results cannot be explained by metallicity

alone.

Fig. 2.11 also presents a model which includes both metallicity and age
(orange squares). The adopted lifetime parameters are #p = 1Gyr and #; =
8 Gyr. The metallicity+age model shows a slight improvement in the velocity
bin at V; = 100 kms™'over the age-only model. Since this velocity bin is
dominated by thick-disk stars, the goodness of the fit relies on the model
descriptions, and therefore we do not favor the metallicity+age model because

of its slight improvement.

We conclude that metallicity dependence is not able to explain the obser-
vational trends in eclipsing binary fraction versus kinematics. It is probably

due to our sample focusing on the shortest period end, and mechanisms of
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Figure 2.11: The eclipsing binary fraction versus tangential velocity, with models that
take metallicity into account. The age-only model uses #p = 1 Gyr and #; = 8 Gyr. The
metallicity-only model (red triangles) cannot reproduce the observed trend.

orbital migration may make this sample more sensitive to the stellar ages.
Binaries with longer periods (e.g. spectroscopic binaries) may not experience
all the mechanisms of orbital migration, and therefore the effect of age is not

prominent.

2.6.3 The formation of eclipsing binaries

Our results show that short-period eclipsing binaries form with a delay of
2 0.6 Gyr. Because the size of pre-MS stars is much larger than zero-age MS
stars, the separation between two stars in a binary must be larger than these
eclipsing binaries in the beginning. Therefore, the formation delay is due

to the orbital migration that a binary undergoes to lose the orbital angular
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momentum until the orbital period is < 1day.

Binaries can lose their orbital angular momentum through the energy
dissipation in the pre-MS phase (Bate, 1998; Tohline, 2002; Moe and Kratter,
2018), through the angular momentum exchange with a distant tertiary and
tidal effects (Kiseleva, Eggleton, and Mikkola, 1998; Fabrycky and Tremaine,
2007), and magnetic braking (Stepien, 1995). These mechanisms dominate

different stages of orbital migration over different timescales.

Our estimated formation time of short-period binaries places strong con-
straints on the binary evolution theory. Because the pre-MS phase happens on
a very short timescale (< a few Myr), it does not fulfill the delayed formation
time of ~ 1 Gyr. This means that short-period binaries cannot be produced
only by the interaction in the pre-MS phase. The timescale of the Kozai-Lidov
effect to produce short-period binaries depends on the initial conditions of
the binary, including the initial separations and initial eccentricity of inner
binary, ranging from ~Myr to a few hundred Myr (Fabrycky and Tremaine,
2007; Perets and Fabrycky, 2009). Since the orbits of binaries are circularized
at orbital periods of ~ 10 days (Latham et al., 2002; El-Badry et al., 2018), it is
difficult for the Kozai-Lidov mechanism to further reduce the orbital periods
after that, and therefore other processes such as magnetic braking may be
needed to complete the last step of orbital migration. Magnetic winds can
bring detached binaries from periods of 5 days to contact binaries over a few
Gyr (Stepien, 1995; Yakut, Kalomeni, and Tout, 2008). This timescale seems
to agree with our constraint, but our upper limit of ~ 3 Gyr for the formation

time places a strong constraint on the possible parameter space.
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While the delayed formation of short-period binaries is mostly determined
by the magnetic braking, it does not mean that magnetic braking is the only
process during the orbital evolution. In particular, because effective magnetic
braking requires a small initial separation (< 5 day, Stepien 1995), pre-MS
interaction and the Kozai-Lidov effect may still play an important role to bring

binaries to orbital periods within ~ 5 days at an earlier stage.

Fig. 2.4 shows that the bluer color selection of BP—RP=0.4-0.9 has an eclips-
ing binary fraction peaking at a higher tangential velocity than the redder
sample, indicating a potential mass dependence. While it requires a more
detailed analysis, such mass dependence may be an important clue on the
dominant orbital migration process. For example, magnetic winds require
the presence of subphotospheric convection zones that are only in low-mass
stars (< 1.3Mg). Therefore, if magnetic winds are the main cause for the
delayed formation time in the color range of BP—RP=0.9-1.4, we may expect a
longer delayed formation time for high-mass short-period binaries. The mass
dependence of fragmentation during the proto-stellar phase may also play an

important role (e.g. Kratter and Matzner 2006).

Our constraint of the formation time > 0.6 Gyr is consistent with obser-
vations that no short-period binaries (P < 1day) are found in T Tauri stars
and young clusters (Mathieu, 1994; Melo et al., 2001; Hebb et al., 2010). While
short-period eclipsing binaries are easy to detect if they exist, none is found
with periods < 1day in Hyades and Pleiades (Torres, 2003; David et al., 2015;
David et al., 2016), and only one is found in Praesepe (Rucinski, 1998; Zhang,

Deng, and Lu, 2009). Further investigation is required to determine the true
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eclipsing binary fraction in open clusters for comparison with our results. His-
torically, RS Cha, with an orbital period of 1.67 days, was the shortest-period
pre-MS eclipsing binary (Alecian et al., 2007), but Kepler K2 observations of
Upper Scorpius (age of 5-7 Myr) have recently revealed three shorter period
pre-MS eclipsing binaries EPIC 204506777, 203476597, and 202963882 where
the orbital periods are 1.63, 1.44, and 0.63 days, respectively (David et al.,
2019). The latter system is composed of two low-mass stars with 0.29 Mgand

0.20 Mg, much lighter than our sample.

2.6.4 The disappearance of eclipsing binaries

In Sec. 2.6.1, we show that thick-disk and halo stars dominate the sample for
log(V;) > 101 kms™!, and a factor of ~ 10 smaller eclipsing binary fraction
in thick-disk and halo stars can explain the observed declining eclipsing
binary fraction at the high-velocity end. One possibility is that the eclipsing
binary lifetime is shorter than the MS lifetime of these thick-disk and halo
stars, making the eclipsing binary fraction in these populations much smaller
compared to thin-disk stars. In this scenario, our results suggest that the
disappearing time is between 5-10 Gyr, depending on the formation time.
Although the disappearing time is not well constrained, we discuss some
possible scenarios that limit the lifetime of eclipsing binaries.

Contact binaries may end up as stellar mergers. Tylenda et al., 2011 report
a stellar merger of a contact binary V1309 Scorpii, although its progenitor is
probably at the beginning of the red giant branch and not a MS considered

here. The merging product may eventually become a blue straggler (Robertson
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and Eggleton, 1977). By using binary evolutionary models, Stepien and Kiraga,
2015 show that some contact binaries can merge and become blue stragglers
within the age of globular clusters (< 13 Gyr), and they suggest that this
formation track may constitute a substantial fraction of all blue stragglers in

globular clusters.

Our sample of BP-RP=0.9-1.4 has a MS lifetime longer than 14 Gyr. If the
declining eclipsing binary at log(V;) > 101 kms™! is due to the stellar mergers
of contact binaries, our results imply that the majority of short-period MS
binaries are destroyed before the age of the thick disk (~ 11 Gyr) and before
the end of their own MS lifetime. This scenario can be tested by searching for

high-velocity merging products, for example field blue stragglers.

A few other possibilities may reduce the binary fraction in old stars. One
possibility is that their lower metallicity makes the orbital migration more
inefficient, for example by suppressing the formation of triples, but this inter-
pretation is disfavored by Moe, Kratter, and Badenes, 2019 where they show
that the triple star fraction increases with decreasing metallicity. Alternatively,
these old stars were originally in binaries with more massive stars, which have
evolved into compact objects (white dwarfs, neutron stars, or black holes) and
therefore only the originally less-massive stars are visible now. It is not impos-
sible because O- and B- binaries with periods < 20 days seem to favor modest
mass ratios ( g ~ 0.5; Moe and Di Stefano 2017). If some of the high-velocity
stars in our sample indeed have invisible companions with periods < 20 days,
the radial velocity variation is on orders of ~ 10kms™!, which is detectable by

Gaia’s radial velocity measurements.
y

55



2.6.5 Interpretation of the formation time and disappearing
time

Our results are consistent with the age estimate of contact binaries in literature.
Kinematic studies show that the age of contact binaries is of several Gyr
(Guinan and Bradstreet, 1988; Bilir et al., 2005). Yildiz, 2014 estimate the age
of ~ 4.5 Gyr for W UMa binaries based on the stellar model (Yildiz and Dogan,
2013) and kinematics. These estimates are consistent with our formation time

and disappearing time.

One distinction between this work and the literature is that we constrain
the formation time and the disappearing time, not just the average age of
eclipsing binaries. We emphasize that the formation time and disappearing
time of short-period binaries are constrained in an average sense because of
the use of the simple lifetime model. Our results do not imply that all eclipsing
binaries form and disappear at the same time. In fact, it is very likely that
the formation time itself is a wide distribution because the orbital migration
processes, especially the Kozai-Lidov mechanism, is sensitive to the initial

conditions (e.g. Perets and Fabrycky 2009).

Because the formation time and disappearing time are derived in an aver-
age sense, their difference (#; — 7o) may not directly reflect the lifetime of the
contact phase. Such timescale of the contact phase is rather uncertain, with
some estimates ranging from 0.1 Gyr (Veer, 1979; Eggen and Iben, 1989) to
~ 10 Gyr (Mochnacki, 1981). If the contact phase is short (< 1 Gyr), then t; — 7y
is mainly related to the distribution of the formation time. If the contact phase

can last for > a few Gyr, #; — 1y may be able to constrain the timescale of the
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contact phase.

2.6.6 Alternative explanations?

In this section, we explore other possibilities that might explain the result. First,
our results cannot be explained by different binary properties in different mass
of young clusters because typical 1-D velocity dispersion in young clusters
is < 10kms™! (e.g. Larsen, Brodie, and Hunter 2004) while our result shows

that eclipsing binary fraction peaks at ~ 30kms™.

When binaries evolve to contact binaries, their surface temperatures may
change, and the mass transfer may alter their eclipse depths and light curve
profiles (Yakut and Eggleton, 2005; Stepien and Gazeas, 2012), moving them
into or out of our sample selection. The color evolution from detached to
contact binaries is a long-standing open question, and in some models the
effective temperature of contact binaries oscillates without reaching an equi-
librium (the thermal relaxation oscillation model; Lucy 1968; Flannery 1976;

Webbink 1976; Yakut and Eggleton 2005).

While it is difficult to quantify these effects at the moment, we argue that
our results are not strongly affected by such color evolution. (1) Among
close binaries, there is an excess of nearly equal-mass binaries, so called
twins (Tokovinin, 2000; Pinsonneault and Stanek, 2006; Raghavan et al., 2010).
Among wider binaries with primary masses 0.8-1.2Mg and P = 100>-15
day, the fraction of nearly equal (¢ > 0.95) binaries is ~ 38% (Moe and Di
Stefano, 2017), and it is likely to be even larger at shorter periods. When these

nearly equal-mass binaries evolve to contact binaries, they do not experience
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significant color evolution. (2) Consider an effective observed temperature
Tt of an unresolved, detached binary defined as RIT} + R3T; = (R? + R%)Téff,
where R; and R; are the radii and 77 and T, are the temperatures of the
two component stars, respectively. With the scaling relation of R o« M%8
and T o« M%* for low-mass stars and M is the mass of a star (Lamers and
Levesque, 2017), the minimum observed temperature happens at T,¢ = 0.8T;
when ¢ = 0.6. For a smaller mass secondary star (¢ < 0.6), T increases
toward 77 because the light coming from the secondary becomes negligible.
During the contact phase, one extreme case is that two stars reach the same
temperature Teontact = 71 from Tegf, then it results a maximum color change of
ABP-RP~ 0.5 (from the simulated colors in PARSEC isochrones). In reality,
Teontact < T1 and the color change is smaller (4BP-RP< 0.5). If our kinematic
result is due to the color evolution, it means that the result would depend on
how wide our color selection is. We test our result with a color selection of

BP-RP=0.5-1.5 and the result remains the same, and therefore our result is

not the consequence of such color evolution.

Another selection effect is unresolved tertiary companions. If the unre-
solved tertiary contributes non-negligible fluxes, it may change the apparent
color of the binary and/or reduce the photometric variability, which would
affect our selection. However, if the effect of unresolved tertiary companions
is not a strong function of age (and therefore kinematics), then it only reduces

the completeness of our sample without biasing the results.

There is one interesting scenario where unresolved tertiary companions
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have an age dependence, in the sense that there is an excess of short-lived, un-
resolved tertiary companions around the short-period main-sequence binaries.
In this case, we would only see the short-period binary after the short-lived,
unresolved tertiary companion dies, which would explain the increasing
eclipsing binary fraction at the low-velocity end in Fig. 2.5. From our model,
the lifetime of these short-lived tertiary companions needs to be shorter than
3 Gyr, corresponding to stellar masses > 1.5Mg. This scenario contradicts
previous studies which show that most of the tertiary companions are lighter
than the total mass of the inner binaries (Tokovinin et al., 2006; Borkovits et al.,
2016). This scenario would also imply that nearly all short-period binaries

have close white dwarf companions, which has not been reported.

Another scenario is that the tertiary companion is at a short separation
from the inner binary at the young age and is blended with it, but becomes
more widely separated afterwards. When the Kozai cycle stops, the mutual
inclination between the inner binary and the outer tertiary companion tends
to get stuck at a certain value (Fabrycky and Tremaine, 2007), making the ter-
tiary companion slightly farther compared to random orientation. However,
such difference in projected separations is marginal and cannot explain the
steep increase of eclipsing binary fraction at the low-velocity end. Alterna-
tively, the tertiary companions may migrate outwards due to the gravitational
perturbations from passing stars, e.g., in the natal open cluster environment
(Zakamska and Tremaine, 2004). This may be in line with El-Badry et al., 2019
who suggest such orbital migration to explain the excess of nearly equal-mass

binaries with separations of a few thousand AU. However, it implies that
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nearly all our older short-period binaries should have bright resolved tertiary
companions, while we only find 20% of our sample having resolved comoving
companions with projected separations of 10=> AU. Therefore, this scenario

seems unlikely.

These alternative scenarios try to explain the increasing eclipsing binary
fraction at the low-velocity end. Based the arguments above, they all seem
unlikely, and none of them can explain the decreasing eclipsing binary fraction
at the high-velocity end. Therefore, we consider the lifetime of short-period

binaries to be the best explanation for our results.

2.7 Conclusions

In this paper, we investigate the kinematics of short-period (< 1day) main-
sequence eclipsing binaries. We construct two samples of eclipsing binaries:
one from the time series analysis of WISE light curves, and the other from the
photometric variations in Gaia DR2. These two eclipsing binary samples are
complementary to each other: WISE eclipsing binary sample has nearly no
contamination, while Gaia eclipsing binary sample has a more homogeneous
sky distribution and is not affected by the limitations of period-finding algo-
rithms. We carefully investigate the potential effects from different selection
criteria, and require a volume-limited sample instead of magnitude-limited
since binaries are brighter than singles. With the kinematics from Gaia DR2,

we present the following findings:

1. Our primary result is that the eclipsing binary fraction peaks at tangen-

tial velocity V; = 103-1¢km s~ and decreases towards both low and

60



high velocity ends (Fig. 2.5).

. Since thick-disk and halo stars dominate at high velocity (V; > 100 kms™1),
our results imply that the eclipsing binary fraction is at least ~ 10 times

smaller in thick-disk and halo stars compared to thin-disk stars (Fig. 2.9).
This is further supported by the decreasing eclipsing binary fraction

when the Galactic latitude > 300 pc (Fig. 2.10).

. The relation between eclipsing binary fraction and kinematics is best
explained by the lifetime of eclipsing binaries (Fig. 2.7 and 2.8). By using
Galactic models, we constrain the formation time (#) of eclipsing binaries
to be between 0.6 and 3 Gyr and the disappearing time (#1) to be between
5 and 10 Gyr, where 1y and #; are related through 7y + 0.4ty ~ 5Gyr. The
lower eclipsing binary fraction in thick-disk and halo stars may be a

consequence of the finite lifetime of eclipsing binaries.

. While the pre-MS interaction and the Kozai-Lidov mechanism may help
to shrink the binary orbits at an earlier stage, the delayed formation time
of 0.6 — 3 Gyr means that short-period binaries cannot form directly from
these two scenarios. The timescale is more consistent with magnetic
braking, but the upper limit of ~ 3 Gyr provides a strict constraint for

the theory.

. The disappearance of eclipsing binaries may be due to their mergers
within the MS lifetime. This scenario may be tested by studying the
kinematics of the merging products, if they can be identified in survey

data.
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2.8 Appendix

2.8.1 Gaia query

Here is the query for selecting eclipsing binaries from Gaia DR2 used in this

paper:

SELECT
gaia.x*,
allwise.wimpro, allwise.w2mpro, allwise.w3mpro, allwise.w4mpro,
allwise.cc_flags, allwise.var_flag

FROM gaiadr2.gaia_source AS gaia
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LEFT JOIN gaiadr2.allwise_best_neighbour AS allwisexmatch
ON gaia.source_id = allwisexmatch.source_id

LEFT JOIN gaiadrl.allwise_original_valid AS allwise
ON allwise.allwise_oid = allwisexmatch.allwise_oid

WHERE
gaia.parallax_over_error > 10 AND
gaia.phot_g_mean_flux_over_error>50 AND
gaia.phot_rp_mean_flux_over_error>20 AND
gaia.phot_bp_mean_flux_over_error>20 AND
gaia.phot_bp_rp_excess_factor <

1.3+0.06*power (gaia.phot_bp_mean_mag-gaia.phot_rp_mean_mag,2) AND
gaia.phot_bp_rp_excess_factor >

1.0+0.015*power (gaia.phot_bp_mean_mag-gaia.phot_rp_mean_mag,2) AND
gaia.visibility_periods_used>8 AND

gaia.parallax >= 2.

2.8.2 Comparison with the Kepler eclipsing binary catalog

In this appendix, we investigate how our eclipsing binary selection, especially
in the Gaia-only sample where we do not have light curves, compares with
the published Kepler eclipsing binaries. We cross-match the Kepler eclipsing
binary catalog (Kirk et al., 2016) with Gaia DR2 with a matching radius of
1arcsec, and exclude objects that have multiple Gaia matches, ending up with

2721 Kepler eclipsing binaries. The cross-match shows that 95% of them have
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parallaxes < 2mas. To compare our MS eclipsing binary selection with the
Kepler catalog, we use the following criteria: (1) 0.9 <BP-RP< 1.4, [4G| < 1.5,

and parallax > 0.5 mas, resulting in 665 sources.

Fig. 2.12 shows the Gaia fractional variability versus the orbital periods
in the Kepler eclipsing binary catalog. We use the light curve morphol-
ogy measurements from Kirk et al., 2016 to roughly classify the variables
into eclipsing binaries (solid circles) where morphology< 0.8 and ellipsoidal
variables (open circles) where morphology> 0.8. Eclipsing binaries (solid
circles) are color-coded by their morphology, and usually morphology< 0.5
are detached binaries, morphology= 0.5-0.7 are semi-detached binaries, and
morphology= 0.7-0.8 are contact binaries. Our Gaia eclipsing binary selection
criterion (log( sz) > —2) is above the orange solid line in the plot. For sources
where the Gaia fractional variability is below the instrumental level (Sec. 2.2.4),
we place them at the bottom of the plot (=5 on the vertical axis). Most of our
Gaia-Kepler eclipsing binaries (85/86) have orbital periods < 0.5day (ap-
parent periods < 0.25day), and most of them are contact binaries where

morphology= 0.7-0.8.

The Kepler eclipsing binary fraction (including ellipsoidal variables) of
orbital periods < 1day and cooler K stars (temperatures between 4000-5000
K, similar to our main sample) is 0.4%, which is ~ 4 times higher than our
Gaia EB sample. The difference is due to several factors. (1) First, our Gaia EB
selection is more sensitive to contact binaries with orbital periods < 0.5 day,
and insensitive to (semi-)detached binaries with orbital periods > 0.5 day; (2)

Second, Kepler is able to recover more low-amplitude ellipsoidal variables at
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Figure 2.12: Comparison between fractional variability from Gaia DR2 and Kepler
orbital periods. The Kepler sample is divided into eclipsing binaries (solid circles)
and ellipsoidal variables (open circles). The solid circles are color-coded by the Kepler
light curve morphology measurements (Kirk et al., 2016), and contact binaries usually
have values between 0.7 and 0.8. Our Gaia eclipsing binary selection mainly selects
contact binaries with orbital periods < 0.5 day.

orbital periods < 0.5 day. Once we account for these differences, we find that

our eclipsing binary fraction is consistent with Kepler.

It is difficult to compare the WISE eclipsing binary selection with the
Kepler eclipsing binary catalog because Kepler eclipsing binaries are more
distant and most of them are below or close to WISE’s single-exposure sensi-
tivity. However, Fig. 2.3 and Fig. 2.4 have shown that the properties of WISE
eclipsing binaries are in general similar to Gaia eclipsing binary selection, so
the conclusions from the comparison between the Kepler eclipsing binaries

and Gaia eclipsing binaries also apply to the WISE eclipsing binary sample.
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Chapter 3

Very wide companion fraction from
Gaia DR2: a weak or no
enhancement for hot jupiter hosts,
and a strong enhancement for
contact binaries

There is an ongoing debate on whether hot jupiter hosts are more likely to be
found in wide binaries with separations of > 100 AU. In this paper, we search
for comoving, very wide companions with separations of 10% — 10* AU for hot
jupiter hosts and main-sequence contact binaries in Gaia DR2, and compare
the very wide companion fractions with their object-by-object-matched field
star samples. We find that 11.9 + 2.5% of hot jupiter hosts and 14.1 + 1.0% of
contact binaries have companions at separations of 10° — 10* AU. While the
very wide companion fraction of hot jupiter hosts is a factor of 1.9 + 0.5 larger
than their matched field star sample, it is consistent, within ~ 1o, with that
of matched field stars if the matching is only with field stars without close

companions (within ~ 50 AU) as is the case for hot jupiter hosts. The very

66



wide companion fraction of contact binaries is a factor of 3.1 + 0.5 larger than
their matched field star sample, suggesting that the formation and evolution
of contact binaries are either tied to or correlated with the presence of wide
companions. In contrast, the weak enhancement of very wide companion
fraction for hot jupiter hosts implies that the formation of hot jupiters is not
as sensitive to those environment properties. Our results also hint that the
occurrence rates of dual hot jupiter hosts and dual contact binaries may be
higher than the expected values from random pairing of field stars, which

may be due to their underlying metallicity and age dependence.

3.1 Introduction

The discovery of the first exoplanet orbiting a sun-like star, 51 Pegasi b,
presents a significant challenge to planet formation theories based on our
Solar System (e.g. Mayor and Queloz 1995; Rasio et al. 1996). While the giant
planets of the Solar System may have somewhat migrated (Morbidelli et al.,
2012), they likely formed in the cooler outer regions of the protoplanetary
disc where the icy material facilitated rapid core growth to accrete massive
gaseous atmospheres before the disk dissipated. In contrast, 51 Pegasi b is the
prototypical ‘hot jupiter’, with a mass roughly half that of jupiter but with
an orbital separation from the host star of about 7 times smaller than that
of Mercury. 25 years after the discovery of 51 Pegasi b, the formation of hot

jupiters remains an open question.

There are three main hot jupiter formation theories: in situ formation, disk

migration, and high-eccentricity tidal migration (Dawson and Johnson, 2018).
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In the in situ formation scenario, hot jupiters form at their current locations.
This scenario was believed to be challenging because both gravitational in-
stability and core accretion are difficult to operate at hot jupiters’ close-in
locations (Rafikov, 2005; Rafikov, 2006), but recent study suggests that in
situ formation is still possible under certain conditions (Bodenheimer, Hu-
bickyj, and Lissauer, 2000; Batygin, Bodenheimer, and Laughlin, 2016; Boley,
Granados Contreras, and Gladman, 2016; Lee and Chiang, 2016). In the disk
migration scenario, hot jupiters form at larger separations and migrate to their
current location under the torque from the protoplanetary disk (Goldreich and
Tremaine, 1980; Lin and Papaloizou, 1986; Lin, Bodenheimer, and Richardson,

1996; Nelson et al., 2000; Ida and Lin, 2008).

In the high eccentricity migration scenario, the hot jupiter forms at a large
separation from the host star, is driven into a high-eccentricity orbit, and un-
dergoes tidal circularization which leaves the planet in its small, circular orbit.
The eccentricity excitation may be caused by planet-planet scattering (Rasio
and Ford, 1996; Weidenschilling and Marzari, 1996; Ford and Rasio, 2006;
Chatterjee et al., 2008; Juri¢ and Tremaine, 2008), or Kozai-Lidov interactions
(Kozai, 1962; Lidov, 1962) with an other planet (Naoz et al., 2011) and/or with
a stellar companion (Wu and Murray, 2003; Fabrycky and Tremaine, 2007;
Naoz, Farr, and Rasio, 2012).

The occurrence of stellar companions around hot jupiter hosts provides a
constraint on the formation of hot jupiters. If Kozai-Lidov interactions with
stellar companions represent a significant channel for hot jupiter formation,

then stellar companions should be common around hot jupiter hosts. At an
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earlier evolutionary stage, the presence of stellar companions can affect the
environment of the protoplanetary disk and the planet formation (Kraus et al.,

2012).

There has been extensive work on measuring the incidence of stellar com-
panions to hosts of hot jupiters (Knutson et al., 2014; Endl et al., 2014; Piskorz
etal., 2015; Bryan et al., 2016; Evans et al., 2016; Belokurov et al., 2020b), but
whether hot jupiter hosts have a higher wide companion fraction is still an
ongoing debate. Ngo et al. (2016) conduct a direct imaging search for com-
panions to hot jupiter systems and find that for companions with separations
between 50 and 2000 AU, hot jupiter hosts have a companion fraction 2.9
times higher than that of the field stars from Raghavan et al., 2010, with a
significance of 4.4 0. They argue that > 80% of these companions are not able
to induce Kozai-Lidov oscillations because the oscillation timescale is too long,
and therefore the enhanced companion occurrence may instead be linked to

the formation environment of the gas giants.

However, Moe and Kratter, 2019 point out that such enhanced companion
fraction of hot jupiter hosts may be a consequence of several selection effects.
First, they argue the field star sample from Raghavan et al., 2010 is not ideal
for the hot jupiter hosts used in Ngo et al., 2016 because these two samples
have slightly different mass and metallicity, and the field star sample is not

complete.

Second, observations have shown that fewer hot jupiter hosts have close
stellar companions at separations < 50 AU compared to the field stars (Wang

etal., 2014b; Wang et al., 2014a; Kraus et al., 2016; Matson et al., 2018; Ziegler
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et al., 2019). This may be the result of the shorter life-time of protoplanetary
disks in binaries compared to those around single stars (Kraus et al., 2012;
Kraus et al., 2016). Specifically, hot jupiter hosts have a very small companion
fraction within 50AU - only 4%f‘21f§2 (Ngo et al., 2016). In contrast, field stars
with a similar mass and metallicity have a companion fraction within 50AU
of 40 + 6% (Moe and Kratter, 2019). In the absence of any other physical
mechanisms, the lower close companion fraction of hot jupiter hosts would
result in a higher wide companion fraction compared to the field stars. After
having accounted for this bias, Moe and Kratter, 2019 argue that hot jupiter
hosts do not have an enhanced wide companion fraction compared to the

field stars.

In this paper, we examine the very wide companion fraction at separations
of 10° — 10* AU around hot jupiter hosts and main-sequence contact binaries
using Gaia data. We search for comoving and colocated companions to hot
jupiter hosts, contact binaries, and to field stars down to Gaia’s spatial reso-
lution limit. By using Gaia, we are able to compare the companion fraction
between different populations based on the same dataset, without dependence

on external data and models.

In this paper, we refer to companions with separations of < 50 AU as
close companions, those of 50 — 2000 AU as wide companions, and those of
10° — 10* AU as very wide companions. This paper is structured as follows.
Section 3.2 describes our sample selection and the search of comoving com-
panions. Section 4.3 presents our main results. We discuss the results in

Section 5.5 and conclude in Section 5.6.
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3.2 Sample selection and method
3.2.1 Selection of hot jupiter hosts

We use the sample of main sequence hot jupiter hosts whose selection is de-
scribed in Hamer and Schlaufman (2019). Briefly, hot jupiters were selected
from the confirmed planets table of the NASA Exoplanet Archive using the
tiducial definition from Wright et al. (2012), planets having P < 10 days and
Msini > 0.1 My,p. Most (~ 90%) of these hot jupiters were discovered by
transiting surveys and further confirmed by follow-up radial-velocity obser-
vations. Therefore, no contamination from false-positive eclipsing binaries is
expected. This is important because an exoplanet sample from radial velocity
surveys may be biased because exoplanet radial velocity surveys may exclude
spectroscopic binaries (Moe and Kratter, 2019). In transiting surveys, the
presence of a close companion may dilute the transit depths and potentially
bias an exoplanet sample, but Moe and Kratter, 2019 show that hot jupiters
are relatively immune to this effect because of their deep and frequent transits.
The Gaia DR2 designations of these hot jupiter hosts were then obtained from
SIMBAD. The sample was limited to hosts having good astrometry using
the quality cuts described in Appendix 1 of Hamer and Schlaufman (2019).
Individual line-of-sight reddening values were calculated for each star by in-
terpolating the three-dimensional reddening map from Capitanio et al. (2017)
and integrating the interpolated grid along the line of sight to calculate a total
E(B - V) reddening. E(B — V) was converted to Gaia reddening E(BP-RP)

and extinction Ag, using the mean extinction coefficients from Casagrande
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and VandenBerg (2018). Evolved hot jupiter hosts were excluded by remov-
ing hosts which fall more than one magnitude above an empirical fit to the
Pleiades in the (BP — RP)-M¢ plane. Among the 338 main-sequence hot jupiter
hosts from Hamer and Schlaufman, 2019, we further limit the sample to paral-
laxes > 2.5 mas (distances < 400 pc) for better companion completeness. As
explained in the later sections, we remove targets where no matched field

stars are found or in a comoving group, ending up with 193 hot jupiter hosts.

3.2.2 Selection of main-sequence contact binaries

Short-period binaries are often compared to hot jupiters because historically
both their formations are speculated to be due to the Kozai-Lidov interactions
(e.g. Fabrycky and Tremaine, 2007). Furthermore, a direct comparison of wide
companion fractions between short-period binaries and hot Jupiters (Moe and
Kratter, 2019) provides a probe of the different formation processes across
the mass gap of 4 — 9Mj (Schlaufman, 2018). Therefore, in this paper we
compare the companion fraction between main-sequence hot jupiter hosts,

main-sequence contact binaries and field stars.

We use the sample of contact binaries whose selection is detailed in Hwang
and Zakamska, 2020. They used the fractional variability from Gaia Data Re-
lease 2 (DR2; Gaia Collaboration et al. 2016; Gaia Collaboration et al. 2018a)
to select high-amplitude (> 10%) variables, which are dominated by contact
binaries on the main sequence. They selected main-sequence objects using

|4G| < 1.5mag, where 4G is defined as the offset of absolute G magnitudes
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between the stars and Pleiades at the same BP—RP colors (Hamer and Schlauf-
man, 2019). Other photometric and astrometric quality criteria employed
in this work are the same as those used in Hwang and Zakamska, 2020. By
comparing with the Kepler eclipsing binary catalog (Kirk et al., 2016), Hwang
and Zakamska, 2020 show that this method efficiently selects main-sequence
contact binaries with orbital periods < 0.5 day. In this paper, we use a color cut
of BP-RP=0.5-1.5 mag to avoid blue pulsating stars and red M-dwarf flaring

stars (Gaia Collaboration et al., 2019).

With all selections discussed above, we further limit the main-sequence
contact binary sample to parallaxes > 2.5mas (i.e. within 400 pc), remove
targets if we cannot identify a matched field star, and remove targets in
comoving groups explained in the later sections. We end up with 1333 main-

sequence contact binaries.

3.2.3 Control field star sample

For each target sample (hot jupiter host sample or main-sequence contact
binary sample), we select a field star sample that matches object-by-object
in several properties. Specifically, for each target star (hot jupiter host or a
contact binary), we search a field star such that: (1) it is > 10 pc away from the
target star (assuming the pair has the same parallax as the target star), and it is
< 20 deg from the target star; (2) the BP—RP color difference is < 0.05mag; (3)
the parallax difference with the target star is < 10%; (4) the tangential velocity
difference with the target star is < 10 kms~!; (5) the field star satisfies the Gaia

selections explained in Sec. 3.2.2. The tangential velocity used here has been
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corrected for the solar motion (Schonrich, Binney, and Dehnen, 2010) and
the Galactic differential rotation using the Oort’s constants reported by Bovy,
2017. To improve statistics, for each hot jupiter host, we find four matched
tield stars, where the mutual separations of four matched field stars are all
> 10 pc (assuming the same parallax as the target star). We exclude hot jupiter
hosts from the sample if four matched field stars are not found. Because the
contact binary sample is sufficiently large, only one field star is matched to

one contact binary. Every control field star is matched to exactly one target.

By matching the properties described above, we ensure that the sample of
the target stars (hot jupiter hosts or contact binaries) and the corresponding
matched field star sample have similar distributions of masses, sky distri-
butions, Galactic latitudes, and kinematics. Since the stellar age is strongly
correlated with the kinematics (Dehnen and Binney, 1998; Nordstrom et al.,
2004; Reid et al., 2009; Sharma et al., 2014), we expect that the kinematic ages
of the target sample and the matched field star sample are also similar. This
is important because the occurrence of both hot jupiters and contact binaries
has strong stellar age dependence (Hamer and Schlaufman, 2019; Hwang
and Zakamska, 2020). Matching the Galactic latitudes is crucial because the
contact binary fraction is much lower in the thick disk than in the thin disk

(Hwang and Zakamska, 2020).

The hot jupiter occurrence rate is correlated with stellar metallicity (Gon-
zalez, 1997; Santos, Israelian, and Mayor, 2004; Fischer and Valenti, 2005).
Therefore, ideally, we may also want to match metallicity for the control field

stars. Although we match the masses, Galactic latitudes, and kinematics,
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which are all correlated with metallicity, there is no guarantee that the metal-
licity is exactly the same as the hot jupiter host sample. However, in this
paper we focus on the very wide companions (10° — 10* AU), and it is has been
shown that the solar-type binary fraction beyond > 200 AU is independent of
metallicity (El-Badry and Rix, 2019; Moe, Kratter, and Badenes, 2019). There-
fore, metallicity plays a relatively minor role in our investigation of very wide

companions.

3.24 Comoving companion search

We search for very wide comoving companions with projected separations
up to 10° AU (4.8 pc). We start with a selection of nearby stars, from which
we further select the comoving companions. For each target star (hot jupiter
host, contact binary, or field star), we select its nearby stars where (1) either
the parallax difference < 0.2mas or the difference of line-of-sight distance
(inverse of parallax) is < 20pc; (2) projected physical separations < 20 pc
assuming all nearby stars have the same parallaxes as the target star. Fur-
thermore, we require that the candidate comoving companion meet all cri-
teria in Sec. 3.2.2, except that we do not apply criteria on Gaia DR2 pa-
rameters phot_rp_mean_flux_over_error, phot_bp_mean_flux_over_error,
phot_bp_rp_excess_factor, BP—RP, and 4G since these criteria may exclude
faint companions (like M dwarfs) and we are interested in identifying comov-

ing companions of all stellar types.

For the nearby stars selected following this procedure, we then compute

the projected relative velocity between two stars using their proper motion
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Figure 3.1: Search of comoving companions around hot jupiter hosts (left) and their
matched field stars (right). The x-axis is the physical separations projected on the
sky assuming the mean of the two parallaxes, and the y-axis is the projected relative
velocity. The upper-right distribution corresponds to the physically unrelated nearby
stars, while the lower-left is the comoving companions. The solid line is the empirical
demarcation line to isolate the comoving companions. Although 4 matched field stars
are used for each hot jupiter host, here we only show the same number of field stars
and hot jupiter hosts for better comparison.

difference and their mean parallax. The projected physical separations are
recomputed but now using the mean parallax of two stars. We use projected

physical separations instead of 3-D physical separations because the 3-D

physical separations are dominated by the parallax uncertainty.

We remove targets (hot jupiter hosts, contact binaries, and their matched
field stars) that are in clusters or comoving groups, because they may contam-
inate the comoving companion search. Specifically, we remove target stars
that have > 100 nearby stars within the separations of 10°~° AU and relative
velocities of < 10km s~!. This only removes < 1% of the samples and therefore

does not affect the main results.
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Figure 3.2: Similar to Fig. 3.1, but here for main-sequence contact binaries (left) and
their matched field stars (right). Every contact binary has one matched field star.
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Figure 3.3: Contamination tests for hot jupiter hosts (left) and their matched field
stars (right) by inverting their Galactic latitudes. The axes are the same as Fig. 3.2.
Although 4 matched field stars are used for each hot jupiter host, here we only show
the same number of field stars and hot jupiter hosts for better comparison.
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Figure 3.4: Contamination tests for main-sequence contact binaries (left) and their
matched field stars (right) by inverting their Galactic latitudes.
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Figure 3.5: The distributions of projected separations for the comoving companions
around hot jupiter hosts, main-sequence contact binaries, and their matched field
stars. For separations < 10° AU, the sample starts to suffer from incompleteness due
to Gaia photometry. The separations of 10° — 10* AU is secure for the investigation of
wide comoving companions.
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3.2.5 Selection of very wide comoving companions

Fig. 3.1 and Fig. 3.2 show the distributions of relative velocity versus projected
physical separation of nearby sources for hot jupiter hosts and contact binaries,
respectively. In these plots, the over-density at the upper-right corner is the
chance projection stars, and the over-density at the lower-left corner is the
comoving companions of the target stars. The triangular shape of the chance
projections is because in the log-log space of relative velocity and physical
separation, the number of chance projections increases as a power of 2 with
respect to separation. The number of chance projections increases as a power
of 2 with respect to the velocity in the low velocity limit of the Maxwellian-like
velocity distribution (the velocity difference in Fig. 3.1 and Fig. 3.2 contains
two dimensions of velocity). At the high velocity limit of the Maxwellian-
like distribution, the number of chance projections decreases exponentially.
Therefore, the constant number of chance projection follows a slope of -1 at

low velocities.

The orange solid line in Fig. 3.1 and Fig. 3.2 is an empirical demarcation
line that isolates the comoving companions from the chance projection stars.
Specifically, this demarcation line has a relative velocity of 10'>kms™ at a
projected separation of 10°> AU and a slope of —1 in the log-log space, and
removes objects beyond 10° AU. The slope of the demarcation line ensures
that it is parallel to the chance projection stars so that the contamination level

is not a strong function of the separation.

Given the Gaia DR2 sensitivity down to ~ 20 mag in G-band, our search for

comoving companions is complete down to an absolute G-band magnitude
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of 12 mag within 400 pc. When selecting comoving companions, we adopt a
conservative cut that the comoving companions have G-band absolute magni-
tudes brighter than 11.5 mag. Therefore, we should detect most of the stellar
objects, except for late M dwarfs and old white dwarfs. Since the hot jupiter
hosts in wide binaries and wide solar-type binaries have statistically consistent
stellar mass-ratio distributions (Moe and Kratter, 2019), the incompleteness at

the faintest end does not affect our result.

In Fig. 3.3 and Fig. 3.4, we test the level of contamination from the random
background stars by flipping the sign of the Galactic latitudes of the targets
(Shaya and Olling, 2011; Jiménez-Esteban, Solano, and Rodrigo, 2019). In
addition, we flip the sign of the proper motion in the direction of galactic
latitudes after removing the solar motion and the differential rotation from
the Galactic disk. The tests show that 0, 1, 0, 1 chance projection stars fall into
our selection (below the orange demarcation line and a separation between
10° — 10* AU) for hot jupiter hosts, the field stars matched for hot jupiter
hosts, contact binaries, and the field stars matched for the contact binaries,
respectively. The contamination from the chance projection stars is mainly
due to the targets at low Galactic latitudes. This level of contamination does

not significantly affect our main results.

Fig. 3.5 shows the separation distribution of the comoving companions
selected using the demarcation line. The comoving companion fraction on
the vertical axis is computed from the number of comoving companions in
each separation bin divided by the total number of the sample. We remove

targets (field stars) and their corresponding field stars (targets) if more than
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one comoving companions are found. Specifically, none of hot jupiter hosts
and the field star samples has 2 resolved comoving stars. In contrast, a
significantly higher fraction (7/1333) of contact binaries have 2 comoving
stars, providing further constraints on the formation of contact binaries and
their wide companions (Hwang et al. in preparation). Overall, multiple

comoving systems are rare so removing them does not affect the results.

We find one known dual hot jupiter host, WASP-94 A and B (Neveu-
Vanmalle et al., 2014; Teske, Khanal, and Ramirez, 2016), and one known dual
contact binary, BV Dra and BW Dra (Batten and Hardie, 1965), and one newly
discovered dual binary. In our procedure, we count the separations of these
dual systems twice, but it does not change the main result if we exclude them

or count their separations once.

We provide two machine-readable tables, one for the hot jupiter hosts and
the other one for the contact binaries, with their corresponding wide compan-
ions that are used in Fig. 3.5. The tables contain (1) the Gaia DR2 source_id
of hot jupiter hosts and contact binaries; (2) the Gaia DR2 source_id of their
companions; (3) their physical separations in AU. Dual systems appear two

times in the table.

Since we require reliable BP—RP colors for the targets (not for the compan-
ions), our spatial resolution is limited by Gaia’s BP- and RP-band photometry
because Gaia DR2 uses a window of 3.5 x 2.1 arcsec? to measure the total flux
in BP- and RP-bands, i.e. applies no deblending. For pairs with separations
< 2arcsec, their BP and RP fluxes may be affected by the companion and

may be excluded by the phot_bp_rp_excess_factor criteria. Therefore, our
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Table 3.1: Very wide companion fraction (10° — 10* AU) for hot jupiter hosts and
contact binaries.

Hot jupiter hosts Contact binaries
Very wide companion fraction (10° — 10* AU) 11.9+2.5% (23/193) 14.1+1.0% (188/1333)
Field star values 6.3+0.9% (49/772)  4.5+0.6% (60/1333)
Enhancement compared to the field values 1.9+0.5 3.1+£0.5
Enhancement expected from the lack of close companions 14+0.3 1.0

secure spatial resolution is 2 arcsec, and because we limit our sample to be
within 400 pc, we are able to probe the very wide comoving companions with

separations > 800 AU.

The contact binary sample and two field star samples all show a steady de-
cline of the companion fractions toward larger separations, but the hot jupiter
sample has an enhanced comoving companion fraction at ~ 10*> AU. While it
may be due to the contamination from chance projection, the contamination
test (Fig. 3.3) shows that < 1 contamination is expected at this separation.
However, there are only three sources in the bin at ~ 10*5 AU, and therefore
it suffers from small-number statistics and its significance requires a larger

sample to confirm.

We conclude that separations of 10° — 10* AU is the secure separation range
to investigate in Gaia DR2, and we define the very wide companion fraction
as the fraction of a sample that have comoving companions at separations
of 10° — 10* AU. In the next section, we investigate the very wide comoving

fraction in hot jupiter hosts and contact binaries.
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3.3 Results

In this section, we start with the presentation of the observed very wide
companion fractions in Sec. 3.3.1. We then compute how the lack of close
companions may affect the very wide companion fractions in Sec. 3.3.2. We
compare the observed quantities with the enhancement due to the lack of

close companions in Sec. 3.3.3.

3.3.1 Observed very wide companion fractions

Table 3.1 presents the very wide comoving companion fractions for hot jupiter
hosts, contact binaries, and their matched field stars. Specifically, 11.9+2.5%
(23/193) of hot jupiter hosts and 6.3+0.9% (49/772) of their matched field stars
have companions at separations of 10> — 10* AU. For main-sequence contact
binaries and their matched field stars, 14.1+1.0% (188/1333) and 4.5+0.6%
(60/1333) have very wide comoving companions. The ratios of the observed
comoving fraction to the field value is 1.9+0.5 and 3.1+0.5 for the hot jupiter

hosts and main-sequence contact binaries, respectively.

3.3.2 Expected enhancement of very wide companion fraction
due to the lack of close companions

Moe and Kratter, 2019 point out that the seemingly enhanced wide companion
fraction of hot jupiter hosts compared to the field stars may be the consequence
of the lack of close companions (< 50 AU) to the hot jupiter hosts. As an ex-
treme example, if all the stars were in stellar binary systems with a wide range

of separations and hot jupiters could not form in binaries with separations
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< 1000 AU, then we would find that all hot jupiter hosts have wide stellar
companions at separations > 1000 AU, i.e. an enhanced very wide companion
fraction compared to the field stars. Therefore, an ideal comparison sample of
the field stars for the hot jupiter hosts would be those field stars that do not
have close companions within ~ 50 AU. Unfortunately, it is not possible to
select such a sample at the present time: such stellar pairs are too close to be
spatially resolved, photometric selection on the color-magnitude diagram is
rarely precise enough to distinguish a single from a binary with a high mass
ratio, and the use of high-precision radial velocity surveys strongly reduce the
sample size. Therefore, there is no way to evaluate the fraction that have a

companion within ~ 50 AU in our field star samples.

As we are unable to find comparison objects without close companions,
we test the hypothesis that the hot jupiter hosts are a random sampling of the
tield stars except that hot jupiter hosts avoid systems with close companions.
If there were no triple systems, this statement is equivalent to having the same
the companion separation distribution for hot jupiter hosts and for the field
stars at separations > 50 AU. If there are triples, the companion separation
distributions of hot jupiter hosts and field stars are not the same, because
avoiding systems with close separations also affects the companions at large

separations.

Under such hypothesis, we compute the expected enhancement of com-

panion fraction at separations between sy and s; due to the lack of close
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companions, denoted as EH(so, 51):

EW(so, 51) =

F(so, s1)  BW(s0, s1) + T (s0, 1) 1)

Flield(sy, s1)  Bfield(sg, s1) + Tl (g, 51)"

where FH(s), s1) is the companion fraction of hot jupiter hosts at separa-
tions between so and s1; Bf/(sg, s1) is the fraction of hot jupiter hosts that
are in binary systems with separations between s and s;; and TH (50, s1) is
the companion fraction with separations between s9 and s; contributed by
triple systems. For field stars, similar definitions are used for F field(g)  51),

Bfield(sy, 51), and T (5, s7).

We first calculate the expected enhancement of companion fraction (8:2 trivle)
ple
in the case with no triples, i.e. TH = 7f€ld = 0. We use close to denote the
separations smaller than 50 AU, wide to denote the separations between 50
and 2000 AU, and very wide to denote the separations between 10° and 10* AU.
From Equation 3.1, we have Sg triple(wia’e) = B (wide)/Bf®'d (wide). We fur-
ther define a function SH/(sq, s1) = B (s¢, 51)/(1 — B (close)) and similarly
for Sfield(5y, 51). Then under the hypothesis that the shapes of the compan-
ion separation distributions of hot jupiter hosts and field stars are the same
beyond 50 AU, we have S (wide) = Sfield(yide). Therefore, 8?3 wiple(wide) =
ple
BW(wide)/ B9 (wide) = [ST(wide)(1 - B (close))]/[STeld (wide)(1 - Bfie¥(close))] =
(1 - B (close))/(1 - Bfield(close)). With F(close) = BT (close) = 0.04 (Ngo
etal., 2016) and Ffield(close) = B (close) = 0.40 (Moe and Kratter, 2019), the

expected enhancement for very wide companion fractions is & J - (wide) =
no triple
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(1-0.04)/(1 -0.40) = 1.6. Thus in the case of no triples, there is an ap-
parent enhancement of companion fraction which is independent of the

chosen separation range once it is > 50 AU, and therefore 8?01 triple(wide) =

HJ

o triple(Very wide). This is an example that the (very) wide companion frac-

tion of hot jupiter hosts may be enhanced compared to that of the field star
sample due to the lack of close companions in hot jupiter hosts which are

common in the comparison sample of field stars.

The contribution of companion fraction from triples can be written as

TH](SOI Sl) =

(3.2)

H H

H
’I'lnIIO(SO’ Sl) + 7—'11'1,:[1 (SO’ sl) + Tou]t/]_ (SOI Sl)/

where Tili{)(so, s1) is the fraction of hot jupiter hosts that are in the inner binary
of triples with inner separations between sp and s1; Tiﬂ(so, s51) is the fraction
of hot jupiter hosts that are in the inner binary of triples with outer separations
between sy and s1; and Tcijtll(so, s1) is the fraction of hot jupiter hosts that
are in the outer tertiary of triples with outer separations between sp and s;.
Similar definitions apply to Tifril%d(so, 51), Tifriﬁd(so, s1),and T éilftli(so, s1) for field
stars.

Triples tend to make the enhancement of companion fraction () smaller
than the case without triples. For example, if there is a triple with inner sepa-
ration < 50 AU and an outer separation of 5000 AU, then this system would
contribute a very wide companion to field stars through Tifriﬁd(very wide), but

not to hot jupiter hosts through T;Hl(very wide) because its small inner separa-

tion prevents the formation of a hot jupiter. An accurate estimate of Tt (sg, s1)
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is challenging because it requires a good understanding of the distributions of

inner and outer separations and their correlation.

By taking the contribution of triples into account, Moe and Kratter, 2019
estimate the expected enhancement of companion fraction due to the lack
of close companions to be EM(wide) = 1.32 + 0.25 (0.37 + 0.07/0.28 + 0.05)
for wide binaries. For very wide companions investigated in this paper,
E(very wide) may not be exactly the same as &(wide), depending on
difference of the triple contribution in these two separation ranges. However,
with current limited understanding of the correlation between inner and outer

separations, we estimate that st (very wide) ~ EH(wide) to leading order.

The unresolved inner binaries of triples may also enhance the (very) wide
companion fractions. Unresolved binaries have two times higher probability
of having a hot jupiter than single stars, simply because there are two stars
in an unresolved binary. If there exists a significant number of triples with
unresolved inner separations (< 1000 AU in our case) and resolved outer
separations (> 1000 AU in our case), then hot jupiter hosts may have an en-
hanced wide companion fraction because they are more likely to be found
in the inner binaries of triples. With some realistic binary fraction and triple
fraction, we estimate that this effect would result in an enhancement of com-
panion fraction of 10 — 20%, and may be smaller if hot jupiter hosts tend to
have fewer close companions. Combined with the effect of the lack of close
companions, the expected enhancement of very wide companion fraction is
EW(very wide) = 1.4 + 0.3 for hot jupiter hosts, and we tabulate this number

in the bottom row of Table 3.1.
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Unlike hot jupiter hosts where a lack of close companions is observed
within ~50 AU, close binaries only show a lack of companions within ~ 1 AU
(Tokovinin et al., 2006; Gies et al., 2012; Tokovinin, 2014b). Therefore, while
the lack of close companions enhances the wide companion fraction for hot
jupiter hosts, such effect is negligible for contact binaries (Moe and Kratter,
2019), and we tabulate SCB(very wide) = 1.0 in the bottom row of Table 3.1

for the contact binaries.

3.3.3 A weak or no enhancement for hot jupiters, and a sig-
nificant enhancement for contact binaries

Compared to EH(very wide) = 1.4 + 0.3, our measured enhancement factor of
1.9 + 0.5 for hot jupiter hosts suggests that there is no or a weak enhancement
at ~ 1o significance. Therefore, the enhanced very wide companion fraction
from hot jupiter hosts is consistent, within ~ 1o, with the fact that they lack
close companions. Confirming the weak enhancement requires a larger hot

jupiter host sample in the future.

Compared to ECB(very wide) = 1.0, our measured enhancement factor of
3.1 +£ 0.5 for main-sequence contact binaries shows that there is a significant
enhancement at a 40 significance. This enhancement cannot be explained by
the lack of close companions, and therefore some other physical mechanisms
are needed to explain the connection between contact binaries and their very

wide companions.
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3.4 Discussion

3.4.1 Very wide companions play a minor role in the orbital
migration

Close binary fraction increases with decreasing metallicity, but (very) wide
binary fraction with separations > 200 AU is weakly dependent on the metal-
licity (Moe, Kratter, and Badenes, 2019; El-Badry and Rix, 2019). Therefore,
the enhanced very wide companion fraction around contact binaries is not

due to their metallicity.

The very wide companions investigated in this paper are not able to induce
significant orbital migration in the proto-contact binaries and proto-hot jupiter
systems through the classical Kozai-Lidov mechanism. For a companions at
a separation of 10® AU, it can induce the Kozai-Lidov oscillation only when
the inner binaries have a separation 2 5 AU, which is set by the requirement
that the oscillation timescale needs to be shorter than the timescale of the
relativistic pericenter precession (Fabrycky and Tremaine, 2007). Therefore,
these very wide companions are not able to bring the inner proto-hot jupiter

system and proto-contact binaries to their current separations (< 0.1 AU).

When the outer orbit is eccentric, it can trigger a higher-order octuple
effect, called the eccentric Kozai-Lidov effect (Naoz et al., 2013b; Naoz, 2016).
The eccentric Kozai-Lidov effect typically enhances the efficiency of forming
hot jupiters (Naoz, Farr, and Rasio, 2012) and close binaries (Naoz and Fab-
rycky, 2014). Although the octuple timescale is not well quantified due to
the chaotic nature of the eccentric Kozai-Lidov effect, it is typically longer

than the classical Kozai-Lidov effect (Naoz, 2016). Therefore, the very wide
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companions are not able to contribute much to the orbital migration through

the eccentric Kozai-Lidov effect either.

Another possibility is that the very wide companions were initially located
at a smaller separation where they can induce strong Kozai-Lidov oscillations,
and they migrated outward at a later time. This scenario is also suggested by
El-Badry et al., 2019 where they find an excess of equal-mass stellar binaries
out to separations of ~ 103 AU. Because equal-mass binaries are mainly formed
from disk fragmentation at close separations (< 100 AU), they argue that
the observed equal-mass wide binaries are formed with close separations
and further widened by dynamical interactions in their birth environments.
However, such excess of equal-mass binaries at ~ 10° AU is only ~ 5% in the
field. It is not yet clear if this outward migration is a dominant path for the
very wide companions around contact binaries. Further investigation on the
mass ratios between the contact binaries and their very wide companions may

be able to constrain this scenario.

If the Kozai-Lidov mechanism is a dominant formation channel for contact
binaries, we would expect them to have companions with smaller separations
to trigger the Kozai-Lidov oscillations. Then following the same argument
as Section 3.3.2, we would expect a lower very wide companion fraction for
contact binaries because of their enhanced close companion fraction. Instead,
our result shows that contact binaries have an enhanced very wide companion
fraction, suggesting that either the Kozai-Lidov mechanism is not a dominant
formation channel for contact binaries, or there is another mechanism produc-

ing a significant number of very wide companions around contact binaries
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that compensate for the effect of the enhanced close companion fraction.

To sum up, these very wide companions play a minor role in the orbital
migration of the inner systems unless they have undergone a significant
outward orbital migration. Therefore, the very wide companions are more

likely to be indicative of their formation environment.

3.4.2 Formation environment of very wide companions, hot
jupiter hosts, and contact binaries

Because the binding energy of very wide binaries is small, they are sensitive to
the environment of their birth place. Several mechanisms have been proposed
for the formation of wide binaries. Turbulent core fragmentation may be
able to form binaries with separations from a few hundred to a few thousand
AU (Oftner et al., 2010; Lee et al., 2017). Binaries with separations of 103-
10° AU can form through the dissolution of star clusters (Kouwenhoven et
al., 2010; Moeckel and Clarke, 2011), the disintegration of unstable compact
triples (Reipurth and Mikkola, 2012), and pairing of adjacent pre-stellar cores
(Tokovinin, 2017). In terms of timescales, turbulent core fragmentation and the
paring of adjacent cores take place at an age of < 1 Myr during the pre-stellar
phase. It takes a longer time (from 10 to a few hundred Myr) for a cluster to

dissolve and for a compact triple to unfold.

Wide binaries may be disrupted over time through the gravitational in-
teraction with closely passing stars, molecular clouds, invisible objects, and
the Galactic tides (Heggie, 1975; Bahcall, Hut, and Tremaine, 1985; Wein-

berg, Shapiro, and Wasserman, 1987; Chaname and Gould, 2004; Jiang and
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Tremaine, 2010). Such disruption takes place on timescales of several Gyr,
and most binaries with separations < 10* AU are not disrupted within the age
of the Milky Way (Weinberg, Shapiro, and Wasserman, 1987; Andrews et al.,
2012). Even if the wide binaries are disrupted, two stars can still stay in an un-
bound comoving pair at separations of ~ 100 pc for several Gyr because of the
small relative velocity (Jiang and Tremaine, 2010; Oh et al., 2017). Therefore,
most of the very wide companions investigated here are stable over the age of

the Milky Way and the disruption events play a relatively minor role.

The enhanced very wide companion fraction around contact binaries sug-
gests that (proto-)contact binaries are more likely to form in the environments
that produce wide systems. For the scenario where wide companions are
formed from the dissolution of star clusters, it means that the formation of
contact binaries is sensitive to the cluster properties (Kouwenhoven et al.,
2010). If wide companions are formed from the disintegration of compact
triples, then it implies that (proto-)contact binaries may be the product of
such formation. If the very wide companions are formed from the enhanced
turbulent core fragmentation due to certain environmental properties (which
may also tend to produce compact multiples), then it suggests contact binaries

are also more likely to form in such environment.

In contrast, the weak or no enhancement of very wide companion fraction
around hot jupiter hosts suggests that hot jupiter formation has different
dependence on the formation environment as the contact binaries. Moe and
Kratter, 2019 use the different wide companion enhancements between hot

jupiter hosts and close binaries to support the idea that hot jupiters are formed
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from core accretion and (sub-)stellar objects are formed from gravitational
instability, coinciding with the mass gap of 4-9 Mj found by Schlaufman, 2018.
The very wide companions investigated here are more sensitive to the birth
environment, and the weak or no enhancement of very wide companion
fraction around hot jupiter hosts indicates that hot jupiter host formation may
be insensitive to larger-scale properties of the birth environment, including

the cluster properties and the efficiency of turbulent core fragmentation.

3.4.3 The frequency of dual hot jupiter hosts and double con-
tact binaries

The probability of finding a hot jupiter host (contact binary) in the companion
of a hot jupiter host (contact binary) seems to be higher than the occurrence
rate of hot jupiters (contact binaries) in the field. Although the sample is small,
we find one dual hot jupiter host (two hot jupiter hosts) among 22 hot jupiter
hosts that have very wide companions. This ~ 9% of hot jupiter occurrence
rate (we double count the dual hot jupiter host because that preserves correct
statistical properties for inference) in the comoving companions of hot jupiter
hosts is much higher than the 0.5 — 1% occurrence rate in the field (Mayor
etal., 2011; Wright et al., 2012; Fressin et al., 2013; Santerne et al., 2016; Zhou
et al., 2019). Similarly, we find 2 double contact binaries out of 188 contact
binaries that have very wide companions. This ~ 2% occurrence in the very
wide companions is also significantly higher than the 0.1% occurrence in the
tield using the same selection method (Hwang and Zakamska, 2020). Our
results hint that the occurrence rate of hot jupiters and contact binaries in the

comoving companions may be about one order-of-magnitude higher than that
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in the field. In other words, the occurrence rates of dual systems are higher
than the expected values from random pairing of field stars. However, the
current sample size of dual systems is still very small so future larger samples

are needed to further confirm these results.

Tokovinin, 2014b also finds an enhanced occurrence rate of 2+2 systems
(quadruples consisting of two close stellar binaries) and suggests that these
systems were formed by some special process. The disintegration of dynami-
cally unstable compact multiples (Reipurth and Mikkola, 2012) may also help
the formation of double contact binaries, but not for dual hot jupiter hosts.
Here we propose another scenario where the enhanced occurrence rate of dual
systems is due to the co-chemical (components have similar metallicities) and
the co-eval (components have similar ages) nature of the components of wide
binaries. Andrews, Chanamé, and Agtieros, 2018 show that the components
of wide binaries with separations < 4 x 10* AU have similar metallicities and
elemental abundances within measurement uncertainties (see Kamdar et al.
2019 for larger separations). Therefore, if we find a wide companion around a
hot jupiter host, then because hot jupiter hosts tend to have higher metallicities
(Gonzalez, 1997; Santos, Israelian, and Mayor, 2004; Fischer and Valenti, 2005)
and the components of wide binaries have similar metallicities (Andrews,
Chanamé, and Agitieros, 2018), we would expect that the wide companion of
a hot jupiter host also has a higher metallicity and therefore a higher chance
of hosting a hot jupiter, resulting in an enhanced occurrence rate of dual hot
jupiter hosts. The close binary fraction is dependent on the metallicity (Moe,

Kratter, and Badenes, 2019), and the contact binary fraction is also a function
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of the stellar age due to their orbital migration and merger (Hwang and Za-
kamska, 2020), and therefore such metallicity and age dependence of contact

binaries can also result in the higher occurrence rate of dual contact binaries.

3.5 Conclusions

In this paper we investigate the very wide comoving fractions with separa-
tions of 10% — 10* AU around hot jupiter hosts and main-sequence contact
binaries using Gaia DR2. We further compute the enhancement of very wide
companion fractions by comparing with their matched field star samples. We

present the following findings:

1. 11.9 £ 2.5% of hot jupiter hosts and 14.1 + 1.0% of contact binaries have
companions at separations of 10> — 10* AU. Compared to the matched
field star samples, the very wide companion fractions are enhanced by a
factor of 1.9 + 0.5 and 3.1 + 0.5 for hot jupiter hosts and contact binaries,

respectively (Table 3.1).

2. The measured fraction of very wide companions for hot jupiter hosts is
consistent, within ~ 1o, with that for matched field stars once we take
into account the observational bias in the comparison sample introduced
by the lack of close companions to hot jupiter hosts. In contrast, the
strong enhancement of very wide companions around contact binaries is
highly statistically significant, and there must be a physical mechanism

connecting the inner short-period binary with its very wide companion.

3. We argue that the very wide companions are indicative of the formation
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environments. The enhanced very wide companion fraction around con-
tact binaries suggests that contact binary formation is sensitive to their
formation environment, e.g. the star cluster properties, the efficiency of
fragmentation, and /or compact multiples. The weak or no enhancement
of very wide companion fraction around hot jupiters implies that the
formation of hot jupiters is more tied to their host-star properties instead

of large-scale formation environments.

4. The probability of finding a hot jupiter host (contact binary) in the
companion of a hot jupiter host (contact binary) seems to be about an
order of magnitude larger than the occurrence rate of hot jupiters (contact
binaries) in the field, which may be due to the underlying metallicity
and age dependence of hot jupiters and contact binaries. Larger samples

are needed to better quantify such occurrence rates.
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Chapter 4

The non-monotonic, strong
metallicity dependence of the
wide-binary fraction

The metallicity dependence of the wide-binary fraction in stellar populations
plays a critical role in resolving the open question of wide binary formation.
In this paper, we investigate the metallicity ([Fe/H]) and age dependence
of the wide-binary fraction (binary separations between 10° and 10* AU) for
field F and G dwarfs within 500 pc by combining their metallicity and radial
velocity measurements from LAMOST DR5 with the astrometric information
from Gaia DR2. We show that the wide-binary fraction strongly depends
on the metallicity: as metallicity increases, the wide-binary fraction first in-
creases, peaks at [Fe/H]= 0, and then decreases at the high metallicity end.
The wide-binary fraction at [Fe/H]= 0 is about two times larger than that at
[Fe/H]= -1 and [Fe/H]= +0.5. This metallicity dependence is dominated
by the thin-disk stars. Using stellar kinematics as a proxy of stellar age, we

show that younger stars have a higher wide-binary fraction at fixed metallicity
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close to solar. We propose that multiple formation channels are responsible
for the metallicity and age dependence. In particular, the positive metallicity
correlation at [Fe/H]< 0 and the age dependence may be due to the denser
formation environments and higher-mass clusters at earlier times. The neg-
ative metallicity correlation at [Fe/H]> 0 can be inherited from the similar
metallicity dependence of close binaries, and radial migration may play a role

in enhancing the wide-binary fraction around the solar metallicity.

41 Introduction

Wide binaries are weakly bound, as such they are sensitive to the gravitational
perturbations in the Milky Way and have been used to investigate the visible
and invisible Galactic structures (Heggie, 1975; Bahcall and Soneira, 1981;
Bahcall, Hut, and Tremaine, 1985; Weinberg, Shapiro, and Wasserman, 1987;
Chaname and Gould, 2004; Yoo, Chaname, and Gould, 2004; Quinn et al., 2009;
Jiang and Tremaine, 2010). Wide binaries may also be able to probe the dark
matter substructure in dwarf galaxies (Pefiarrubia et al., 2016). Furthermore,
a significant fraction of stars are in binaries and multiple systems (Abt and
Levy, 1976; Duquennoy and Mayor, 1991; Fischer and Marcy, 1992; Duchéne
and Kraus, 2013), and about half of wide binaries (separations a > 1000 AU)
are the outer binaries of high-order hierarchical systems (Raghavan et al.,
2010; Tokovinin, 2014a; Tokovinin, 2014b; Moe and Di Stefano, 2017), so
understanding the formation of wide binaries is crucial for the formation of
hierarchical systems and the implications for both large-scale and small-scale

Galactic structures.
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The formation of wide binaries is still not well understood. They are
unlikely to form by capture of random field stars, due to the low stellar
density in the field (e.g. Goodman and Hut 1993). This is further supported
by the similarity of the chemical compositions of the wide binary components
with separations < 1 pc~ 2 x 10° AU (Andrews, Chanamé, and Agiieros, 2018;
Andrews et al., 2019; Hawkins et al., 2020), indicating that the components of
wide binaries are born together, and several mechanisms have been proposed
for their formation. For example, turbulent core fragmentation can form
binaries with separations from ~ 100 AU to ~ 1000 AU (Padoan and Nordlund,
2002; Fisher, 2004; Offner et al., 2010). Binaries with separations of 10° - 10°> AU
can be formed through the dynamical unfolding of compact triples (Reipurth
and Mikkola, 2012), the dissolution of star clusters (Kouwenhoven et al., 2010;
Moeckel and Clarke, 2011), or by the random pairing of adjacent pre-stellar

cores (Tokovinin, 2017).

Many observational efforts have been directed at constraining the forma-
tion of wide binaries. Several young (< a few Myr) wide binaries have been
found (e.g. Kraus et al. 2011; Pineda et al. 2015; Tobin et al. 2016b; Lee et al.
2017), supporting the proposal that wide binaries can be formed during the
pre-main sequence phase, through turbulent core fragmentation and/or the
pairing of pre-stellar cores. However, it is known that the wide-binary fraction
is higher in pre-main sequence stars compared to that of field stars (Ghez,
Neugebauer, and Matthews, 1993; Kohler et al., 2000). Furthermore, the sep-
aration distribution of binaries in low-density star-forming regions (Simon,

1997; Kraus and Hillenbrand, 2009; Tobin et al., 2016a; Joncour, Duchéne, and
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Moraux, 2017) is found to be flatter than that of main-sequence field binaries
(Tokovinin and Lépine, 2012; El-Badry and Rix, 2018). It has been argued
that these differences may arise from the different formation environments
and/or ages in the current young star-forming regions compared to those
of the field stars (Kroupa, 1995; Kraus and Hillenbrand, 2009). Therefore, it
remains challenging to directly infer the formation of field wide binaries from

the multiplicity in young star-forming regions alone.

Theory has suggested that wide binaries can form from the dissolution of
clusters (Kouwenhoven et al., 2010; Moeckel and Clarke, 2011), which similar
to the turbulent core fragmentation and the random pairing of pre-stellar
cores, is also environment-dependent. In this scenario, wide binaries are
formed by the pairing of initially unbound stars when the cluster rapidly
expands after gas expulsion. The formation timescale of wide binaries in this
case correlates with how fast the gas is dispersed, which is of the order of ~10
Myr (Lada and Lada, 2003; Bastian et al., 2005; Fall, Chandar, and Whitmore,
2005; Mengel et al., 2005). Kouwenhoven et al., 2010 show that the dissolution
of lower-mass clusters results in a higher wide-binary fraction because the
lower velocity dispersion increases the pairing probability in the phase space.
Observational studies find a lower wide-binary fraction in open clusters than
that of the low-density star-forming regions and the field (Bouvier, Rigaut,
and Nadeau, 1997; Deacon and Kraus, 2020). Since the surviving open clusters
are usually at the massive end of the cluster mass function, these results are
most likely due to that the high-density environments reduce the wide binary

formation within the clusters. Therefore, the wide-binary fraction resulting
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directly from the cluster dissolution remains not well constrained.

Besides forming from the dissolution of clusters, wide binaries can also
form through the dynamical unfolding of compact triples. Three stars are
initially formed in a compact, unstable configuration, and the subsequent
dynamical evolution can bring one component closer and push the other
component further away, and if it is not ejected entirely, the object appears
as a wide binary (Reipurth and Mikkola, 2012). This scenario is supported
by that these wide systems are frequently members of higher-order multiples
(Law et al., 2010; Allen et al., 2012; Elliott and Bayo, 2016), and that main-
sequence contact binaries have a factor of 3 higher wide companion fraction
at separations > 1000 AU than that of the field stars (Hwang et al., 2020b).
However, the importance of the dynamical unfolding to form wide binaries is
still debated. In particular, this scenario should lead to outer companions with
eccentric orbits, but Tokovinin, 2020 shows that the eccentricity distribution of
wide binaries is close to thermal, inconsistent with the dynamical unfolding

explanation.

With the multiple interconnected formation channels, the exact explanation
remains elusive despite decades of research. This situation is drastically
changing with the advent of recent large spectroscopic surveys. In particular,
metallicity dependence of binary fraction measured from these surveys is
proving useful in disentangling binary formation. In terms of close binaries,
recent studies have shown that the close-binary fraction is anti-correlated
with metallicity (Grether and Lineweaver, 2007; Raghavan et al., 2010; Yuan
et al., 2015; Badenes et al., 2018; Moe, Kratter, and Badenes, 2019; El-Badry
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and Rix, 2019; Mazzola et al., 2020). This finding supports the scenario that
close binaries are formed via disk fragmentation and the lower-metallicity
disks are more prone to fragmentation (Kratter and Matzner, 2006; Tanaka
and Omukai, 2014; Moe, Kratter, and Badenes, 2019; Tokovinin and Moe,
2020). Alternatively, radiation hydrodynamical simulations from Bate, 2019
suggest that the anti-correlation between close-binary fraction and metallicity
could also be explained by the fact that lower metallicities facilitate all kinds
of small-scale fragmentation (disk, filament, and core fragmentation), not just
disk fragmentation. Regardless of their exact physical explanations, it has
been proposed that such metallicity dependence of the close-binary fraction
may ultimately be passed on to their final products — blue stragglers (Wyse,
Moe, and Kratter, 2020).

While the studies of close binaries have reached more consensus, the
metallicity dependence of the wide-binary fraction is less conclusive, with
competing conclusions from various studies (Zapatero Osorio and Martin,
2004; Zinnecker, Kohler, and Jahreifs, 2004; Rastegaev et al., 2008; Jao et al.,
2009; Lodieu, Osorio, and Martin, 2009; Zhang et al., 2013; Ziegler et al., 2015).
In a recent study, El-Badry and Rix, 2019 investigate the binary fraction as
a function of separation and metallicity. They use Gaia DR2 to establish the
comoving pair sample within 200 pc (El-Badry and Rix, 2018), and combine it
with wide-field spectroscopic surveys, including LAMOST, RAVE, APOGEE,
GALAH, and Hypatia. They find an emergence of an anti-correlation between
the binary fraction and metallicity at separations a < 200 AU, while the binary

fraction at a > 200 AU remains relatively constant with respect to metallicity.
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The authors conclude that a significant fraction of binaries with a < 200 AU
are formed by disk fragmentation while binaries with a > 200 AU may be
formed from turbulent core fragmentation which has a weaker dependence

on metallicity.

In this paper, we revisit the metallicity dependence of field wide binaries
(a = 10° — 10* AU) using the LAMOST and Gaia DR2 datasets. Our sample
consists of stars out to 500 pc, important for inclusion of sufficient numbers
of the thick-disk and halo stars. By doubling the sample size compared to
El-Badry and Rix, 2019 and, more importantly, dissecting the kinematics of
these stars as age proxy which is left unexamined in El-Badry and Rix, 2019,
we are able to investigate metallicity and age effects and better constrain both

the formation and evolution scenarios for wide binaries.

Through out the paper, we refer to wide binaries as those with separations
between 10° to 10* AU. While we adopt the notation ‘binary’ for our multiple
systems, we caution that some of them might be actually unresolved higher-
order multiples. The paper is organized as follows. Section 4.2 describes
the LAMOST and Gaia datasets and the method of searching for comoving
companions. Section 4.3 presents our main result that the wide-binary fraction
is strongly dependent on the metallicity. We discuss the implications for the

wide binary formation in Section 5.5 and conclude in Section 5.6.
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4.2 Sample selection and method

4.2.1 LAMOST and metallicity measurements

Our sample is selected from The Large Sky Area Multi-Object Fiber Spectro-
scopic Telescope (LAMOST; Deng et al. 2012; Zhao et al. 2012). In its final
data release of the LAMOST Phase I (2011-2017) survey, LAMOST DRS5 has
released optical (3700 — 9000A) low-resolution spectra (R ~ 1800) for about 10

million stars, providing a rich dataset for Galactic archaeology.

We use the A/F/G/K stars catalog from LAMOST DR5 (v3). Its metallicity
([Fe/H]) is derived from the LAMOST Stellar Parameter pipeline (LASP; Wu
etal. 2011b; Wu et al. 2011a) and the data-driven Payne pipeline (DD-Payne;
Xiang et al. 2019). LASP fits the observed spectrum using a full spectrum
titting package ULySS (Université de Lyon Spectroscopic analysis Software;
Koleva et al. 2009). Specifically, each observed spectrum is fit to a grid of
model spectra based on the ELODIE library (Prugniel and Soubiran, 2001;
Prugniel et al., 2007) to derive T, log g, and [Fe/H].

The Payne is designed to measure multiple elemental abundances where
the model spectra are emulated with neutral networks (Ting et al., 2019).
When combined with data-driven models with theoretical prior, the Payne can
be applied to low-resolution spectra (R ~ 1000) to derive reliable elemental
abundances, a method that has been dubbed the name Data-Driven Payne, or
DD-Payne (Ting et al. 2017b; Ting et al. 20174, see also Ness et al. 2015; O’Briain

et al. 2020). Based on this, Xiang et al., 2019 train the spectral model using the
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LAMOST stars where the stellar labels have been derived from other high-
resolution surveys like GALAH (De Silva et al., 2015) and APOGEE (Majewski
etal., 2017). DD-Payne provides a final product with stellar parameters (T,

log g, Vinic) and 16 elemental abundances.

By comparing the metallicity measured by LASP and DD-Payne, we find
that LASP metallicities are systematically higher than DD-Payne metallicities
by 0.07 dex, with a standard deviation of 0.07 dex. The 0.07 dex offset between
LASP and DD-Payne does not strongly correlate with metallicity. Since LASP
metallicities are calibrated to the ELODIE spectral library and DD-Payne
ties the metallicity to APOGEE, this systematic offset might be due to the
different abundance scale used by ELODIE and APOGEE (M. Xiang, private
communication). Otherwise, the small scatter of 0.07 dex shows that the
metallicities of LASP and DD-Payne are in good agreement. Since we focus
on the relative trend of the wide-binary fraction with respect to metallicity,

the accuracy of the absolute values of metallicities is not the main concern.

4.2.2 Gaia and the comoving companion search

We use Gaia Data Release 2 (DR2) to search for the comoving companions
around the LAMOST stars. Gaia DR2 provides broad-filter G-band magni-
tudes, blue-band BP magnitudes, red-band RP magnitudes, sky positions,
parallaxes, and proper motions for 1.33 billion objects and radial velocities
for 7 million stars (Gaia Collaboration et al., 2016; Gaia Collaboration et al.,
2018a), resulting in an unprecedented dataset for the phase-space information

of the Milky Way.
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We cross-match the LAMOST catalog with Gaia DR2 using a matching
radius of 2 arcsec. When an object has multiple visits by LAMOST, we only
keep the one with the highest signal-to-noise ratio (SNR) in SDSS g-band. For
LAMOST stars where multiple Gaia sources are matched, we keep the one
with the smallest separation. If one Gaia source_id is matched to multiple
LAMOST designations, which most of the time is due to the repeated LAMOST

designation naming, we keep the one with the highest SNR in SDSS g-band.

The comoving companion searching method is detailed in Hwang et al.,
2020b. Briefly, for each target star, we select a nearby star sample where
the stars have similar parallaxes (either parallax difference < 0.2 mas, Gaia
DR2’s typical parallax errors, or the line-of-sight distance difference < 20 pc)
as the target star. Then between the target star and each nearby star, we
compute the two-dimensional relative velocity (proper motion difference
divided by the mean parallax of the two stars) on the sky and the projected
separation. We do not consider the component along the line of sight because
that involves the parallax difference of two stars, which is dominated by
the parallax measurement errors. The physical projected distance remains
accurate because it does not involve the parallax difference of the two stars. In
the remaining paper, the relative velocity and separation refer to the projected
quantities (except for the total velocity v;,, explained in Sec. 4.2.6 that uses the
radial velocity component). The comoving companions are well separated
from the chance projection stars in the relative velocity-separation space, and
we use an empirical demarcation line introduced in Hwang et al., 2020b to

select comoving companions.
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To exclude contamination from open clusters or comoving groups, we
exclude stars that belong to aggregates with more than 50 stars within separa-
tion 10° — 10° AU and relative velocity < 10 km s~!. This only excludes 0.4% of
the targets and does not have a strong impact on our result. For the ease of
interpretation and counting, we further exclude targets that have more than

one comoving companion, which affects only 0.1% of the sample.

4.2.3 Selection criteria for the main sample

To ensure that the LAMOST pipeline metallicity (LASP) are reliable for our
targets, we require that their spectral SNR per pixel be >50 in the SDSS g-band.
For DD-Payne metallicity, we require that their spectral SNR per pixel > 50
in the SDSS g-band and the fitting quality flag QFLAG_CHI2==good. We limit
our sample to the effective temperature between 5000 and 7000 K and surface
gravity logg > 3.7. For DD-Payne, we require that TEFF_FLAG==good and
LOGG_FLAG==good. Based on the spectral type classified by LASP, 94% of the

selected sample are F and G dwarfs.

After cross-matching with Gaia DR2, we limit our sample to parallaxes
> 2mas (distances within 500 pc). We further exclude unreliable photometric
and astrometric measurements following the criteria in the Appendix B in
Gaia Collaboration et al., 2018b, except that we relax the criteria on BP and RP
fluxes. These criteria require that the S/N of Gaia G band larger than 50, the
parallax over error > 10, the visibility periods > 8, and an astrometric quality
criteria introduced in the Appendix C of Lindegren et al., 2018. We do not

apply any criteria for BP and RP fluxes because BP and RP photometry has a
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worse spatial resolution than G band (Evans et al., 2018), and also BP and RP
have inferior sensitivity than G-band, which may affect the detection of faint
companions. We use the same criteria for the nearby star sample where the

comoving companion is searched.

With these selections and the removal of sources in comoving groups, we
end up with 257,560 stars with LASP metallicity, and 247,669 with DD-Payne
metallicity. They share 243,823 stars in common. LASP and DD-Payne are es-
sentially the same sample of stars with two alternative [Fe/H] determinations.
Tables of these wide binaries are available electronically, and their information

is detailed in Appendix 4.6.2.

424 Computing the wide-binary fraction

In this study, we adopt a conservative angular resolution of 2 arcsec, corre-
sponding to 1000 AU at 500 pc, i.e., we consider only wide binaries with sepa-
rations of two stars to be at least 1000 AU. This choice is motivated by several
factors. Gaia G-band uses PSF-fitting photometry, and its spatial resolution is
~ 0.5 arcsec in DR2 (Arenou et al., 2018). Furthermore, we find that the number
of comoving pairs decreases at angular separations < 1.5 arcsec, which may
be due to the worse quality of astrometric measurements in the presence of a
nearby source. Also, the diameter of LAMOST fibers is 3.3 arcsec (Zhao et al.,
2012). Therefore, two stars with an angular separations < 3.3/2 arcsec would

be located in a single fiber, which may affect metallicity measurements.

We define the wide-binary fraction (WBF) to be

WBF = N companion / NLAMOST, (4- 1)
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where N amost is the number of LAMOST stars, and Ncompanion is the number

of LAMOST stars that have one comoving companion in Gaia at 10° to 10* AU.

In most cases, LAMOST does not observe both stars due to its random
subsampling. The random subsampling does not affect our definition of wide
binaries since we only require one of two stars to have LAMOST observations
(and both stars have Gaia phase space information). Nonetheless, the metal-
licity of the two stars, individually, might not be accessible. Here we assume
that both stars have the same metallicity and adopt the metallicity from the
stellar component with LAMOST measurements. We argue that this assump-
tion is justified because previous studies have shown that wide binaries with
separations < 10* AU have nearly identical elemental abundances (Andrews,
Chanamé, and Agiieros, 2018; Andrews et al., 2019; Hawkins et al., 2020), and
simulations have suggested that most pairs with separations < 10° AU and
small relative velocities (< 2 km/s) are conatal (Kamdar et al., 2020). Due to
turbulent mixing, conatal stars from the same gas cloud are expected to be

homogeneous in metallicity (Feng and Krumholz, 2014).

One possible bias is the higher detection rate of fainter companions for less
distant targets. Therefore, when computing Necompanion, we only consider com-
panions that have absolute G-band magnitudes < 10, where our companion
search is complete across the entire distance range of the sample. This criterion
removes most of white dwarf companions, which may induce an age depen-
dence of Ncompanion if young, bright white dwarfs are detected but old, faint
white dwarfs are not. This is not a strong effect because white dwarf-main

sequence pairs are more than ten times less frequent than main sequence-main
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sequence pairs (El-Badry and Rix, 2018). The absolute magnitude criterion
also excludes faint M dwarf companions, but because the lifetime of M dwarfs

is longer than the age of Universe, this does not induce age dependence.

We select a sub-sample within 100 pc to test the completeness. In this
sub-sample, without the absolute magnitude constraint for the companions,
the wide-binary fraction is 7.12 + 0.70%. This is consistent with Raghavan
et al., 2010 where they measure that 7 + 1% of solar-like stars within 25 pc
have companions at separations between 10° to 10* AU. With an additional
cut on absolute G-band magnitudes < 10 mag, the wide-binary fraction of
our 100-pc sample is reduced to 3.73 + 0.51%, where 84% of the excluded
companions are faint M dwarfs and 16% are white dwarfs. The wide-binary
fraction (with the absolute magnitude cut on the companions) of our full 500-
pc sampleis 2.98 +0.03, in good agreement with the 100-pc sample (1.5 o). This
illustrates that the companions with absolute G-band magnitudes < 10 mag
are well detected within 500 pc. The 1.50 difference may arise from the
different metallicity regime probed at larger distances and the slightly reduced
completeness of Gaia sources at angular separations close to 2 arcsec (Arenou
et al.,, 2018). In the Appendix, we test with larger binary separations and
show that our results are robust against the possible incompleteness at small

angular separations.

Values of N amost and Neompanion may weakly depend on the distance
because of the spatial resolution. For example, in the case of triple stars,
the counting of N amost and Neompanion 18 different depending on whether

the inner binary of a hierarchical triple is resolved or not. Specifically, if
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the inner binary is unresolved, then this triple system would be considered
as a binary during the counting; if the inner binary is resolved, the system
would be considered as one having multiple comoving companions and hence
are excluded in our counting. Nonetheless, the contribution of marginally
resolved hierarchical triples (those only resolved at small distances) is expected

to be small and should not affect our conclusions.

With the absolute magnitude criterion for the companions, we end up with
7,671 (7,266) comoving pairs with separations of 10°-10* AU for the LASP
(DD-Payne) sample. Among them, there are 330 pairs (660 LAMOST stars)
where both stars in the pair were observed by LAMOST. Some of these pairs
have been studied to show that the components of wide binaries have similar
metallicity and elemental abundances (Andrews, Chanamé, and Agtieros,
2018; Andrews et al., 2019). Since the definition of our wide-binary fraction is
essentially the probability that a randomly selected star is in a wide binary
system, the proper statistics requires that we account for both LAMOST stars
in NpamosTt and Neompanion €ven if they belong to the same pair. LAMOST
targeting does not depend on the binarity of stars (Carlin et al., 2012), and

therefore no direct systematics is inherited from the targeting.

4.2.5 Contamination test

We test the contamination of our comoving search by flipping the sign of the
Galactic latitude and the proper motion in the direction of Galactic latitude
of the LAMOST stars. The comoving search for a given LAMOST star only

considers the Gaia sources nearby its flipped location and does not include
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Figure 4.1: The comoving companion search (left) and the contamination test (right)
for 4000 randomly selected LAMOST stars, where 2000 of them have [Fe/H]< -0.75
and the other 2000 have [Fe/H]> 0. The contamination test flips the sign of the
Galactic latitude and the proper motion in the direction of Galactic latitude; therefore,
all pairs in the right panel are chance projection. The orange solid line is the empir-
ical selection for comoving companions. The level of contamination from chance
projection plays a negligible role in our results.

other flipped LAMOST stars. Thus, the flipped LAMOST stars have similar
surrounding stellar densities as their original locations, but now all nearby
stars are chance projection. We randomly select 2000 LAMOST stars with
[Fe/H]< —0.75 and 2000 with [Fe/H]> 0 to investigate if the contamination
level depends on the metallicity. We ensure that the sky regions of the flipped
LAMOST stars are covered by Gaia DR2 with visibility periods > 8. The solar
motion and the Galactic disk differential rotation contribute different proper
motions depending on the sky location, which need to be taken into account
in the contamination test. We remove their contributions to proper motions
using the local shear approximation (Olling and Dehnen, 2003) with the solar
motion from Schonrich, Binney, and Dehnen, 2010 and the Oort constants
from Bovy, 2017. Therefore, the solar motion and the disk differential rotation

do not contribute the relative velocity in the contamination test.
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Fig. 4.1 shows the comoving search result of the 4000 LAMOST stars (left)
and their contamination test (right). The orange line is the empirical demar-
cation line designed to have a similar slope as the chance projection (Hwang
et al., 2020b), and we only consider wide binaries at separations between 10°
and 10* AU in this paper. Among these 4000 LAMOST stars, 105 of them
have wide companions in the left panel (with the absolute magnitude cut on
the companions), and only one chance projection in the right panel (there
are other two chance-projection pairs below the demarcation line, but their
separations are not between 10° and 10* AU). Therefore, the contamination
level is about two order-of-magnitude smaller than the wide-binary fraction
regardless of the metallicity. This contamination is lower than in Hwang et al.,
2020b (which is purely based on Gaia) because most of the LAMOST stars are
located in lines-of-sight towards the outer disc (Zhao et al., 2012). In short, the
level of contamination from chance alignments plays a negligible role in our

results.

The astrometric measurements may be affected by the presence of subsys-
tems. For example, the orbital motion (Belokurov et al., 2020b) and the photo-
metric variability (Hwang et al., 2020a) of the unresolved systems may induce
astrometric noise. The presence of a marginally resolved source (angular sepa-
rations of a few x0.1 arcsec) also downgrades the astrometric measurement
quality because of the non-point-spread-function light profile (Hwang et al.,
2020a). The blending of unresolved spectra may result in unreliable or flagged
metallicity. These possibilities would reduce the completeness of the wide

binaries that have subsystems; however, they are unlikely to affect our results
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significantly. First, the parameter space for (marginally) unresolved systems
to have corrupted astrometric measurements due to the orbital motions or
photometric variability is narrow, especially that the angular separation of
such system needs to be large and the orbital or photometric timescale needs
to be comparable or shorter than Gaia’s temporal baseline. Second, these
possibilities affect parallaxes more than the proper motions because most of
our sample have parallaxes close to 2 mas, while their median total proper
motions is about 20 mas yr~!. This is the reason we use a more relaxed par-
allax criterion in the comoving companion search (either parallax difference
< 0.2mas or the line-of-sight distance difference < 20pc). A more relaxed
parallax criterion may result in a higher contamination, but Fig. 4.1 shows that
the contamination level remains negligible. Third, if our results are due to
the presence of subsystems, then we would expect our results to change for a
sample at different distances and for wide binaries with different separations.
In the Appendix 4.6.1, we show that our conclusions remain unchanged when

different selection criteria are used.

4.2.6 Distinguishing thin disk, thick disk, and halo stars

We consider two methods to distinguish the thin disk, thick disk, and halo
stars: (1) the maximum Galactic height of the Galactic orbits (maximum ver-
tical excursion, z,,4y); and (2) total 3-dimensional velocity (v;,;), computed
from the projected velocity from Gaia and the radial velocity from LAM-
OST LASP, with respect to the local standard of rest (Schonrich, Binney, and

Dehnen, 2010). We use galpy' (Bovy, 2015) to derive the z,,, of the Galactic

http:/ / github.com/jobovy/galpy
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Figure 4.2: The LASP metallicity distribution for the thin-disk, thick-disk, and halo
stars, selected using total velocity (top) and the maximum Galactic height (bottom).
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orbits. Specifically, we use the fast estimation of orbit parameters via the
Stdckel approximation, and the estimation for z,,,, is precise to a level better
than ~ 1% (Mackereth and Bovy, 2018). We use the Milky Way potential
MWPotential2014 from Bovy, 2015 and a solar motion with respect to the local

standard of rest from Schonrich, Binney, and Dehnen, 2010.

We use the Gaia DR2 mock catalogue (Rybizki et al., 2018) to test our selec-
tion for thin-disk, thick-disk, and halo stars. The Gaia DR2 mock catalogue
is generated using Galaxia (Sharma et al., 2011) that samples stars from the
Besangon Galactic model (Robin et al., 2003). To match the properties of our
LAMOST F- and G dwarfs, we select main-sequence mock stars with 0.6 <BP-
RP< 1.1 and parallax > 2mas. Following Hwang and Zakamska, 2020, we
assign weights to the mock stars so that they have a similar sky distribution
as our LAMOST sample. Then we use galpy to derive the z,,,, for the mock

stars.

Using Gaia DR2 mock catalogue, we find that 91% of v;,; < 120km s1
stars belong to the thin disk, 87% of 120 < v;,, < 250 km s~1 stars belong to the
thick disk, and 88% of v;,; > 250 km s~ stars belong to the halo. For the z,4x
selection, 92% of z,,,x < 1kpc stars are thin disk, 80% of 1 < zqx < 5kpc are
thick disk, and 35% of z,,4x > 5 kpc are halo stars. Therefore, we consider v;,; as
a better selection for the halo sample than z,,,,. Their metallicity distributions
are shown in Fig. 4.2. The low-metallicity tail at [Fe/H]< -1 in the thin-disk
stars may be partially contributed by the contamination from the thick-disk
stars. By using the v;ys (zmax) selection, we have 7602 (7335), 67 (334), and 2 (2)

wide binaries in the thin disk, thick disk, and halo respectively. We caution
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readers for the results for the halo in this study due to its small sample, and
one of the z,,,c-selected halo wide binaries has [Fe/H]=-0.46 and is likely a

thick disk contaminant.

4.3 The metallicity and age dependence of the wide-
binary fraction

Fig. 4.3 shows the wide-binary fraction as a function of stellar metallicity. The
black points use the LASP metallicity, and the blue points use the metallicity
derived by DD-Payne. The metallicity bins span from [Fe/H]= -2 to +0.5 and
are indicated by the ticked line at the bottom of Fig. 4.3, with the markers
located at the center of each metallicity bin. The bin sizes and the numerical
values are available in Appendix 4.6.3. The black and the blue points are
slightly offset horizontally for clarity. Error bars of the wide-binary fractions

are Poisson uncertainties.

The overall metallicity dependence is similar for LASP metallicity and
DD-Payne metallicity: the wide-binary fraction first increases with increasing
metallicity, peaks at [Fe/H]=~ 0, and then decreases at the high metallicity
end. The metallicity where the wide-binary fraction peaks is slightly different
between LASP and DD-Payne, which is likely due to the systematic metallicity
offset of 0.07 dex between LASP and DD-Payne (Sec. 4.2.1). Otherwise, our
result is robust over different metallicity pipelines. We focus on the results
using LASP metallicity for the rest of the figures, and we do not find significant

difference from those using DD-Payne metallicity.

We perform the Kolmogorov-Smirnov test to quantify the significance of
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Figure 4.3: The metallicity dependence of the wide-binary fraction (10°-10* AU). The
black points use the [Fe/H] derived from LAMOST Stellar Parameter pipeline (LASP),
and the blue points use the LAMOST [Fe/H] measured by DD-Payne. The black and
the blue points are slightly offset along the horizontal axis for clarity. The ticks at the
bottom show the bin size, and the markers are located at the center of the bin. Both
results show that, as [Fe/H] increases, the wide-binary fraction first increases at low
[Fe/H], peaks at [Fe/H]~ 0, and then decreases at high [Fe/H].
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Figure 4.4: The metallicity dependence of the wide-binary fraction in the thin disk,
thick disk, and halo. The LASP metallicity is adopted here, and results from DD-
Payne are similar. For comparison, the black points show the same result from Fig. 4.3.
The bin size of the thin-disk sample is the same as Fig. 4.3, and that of the thick-disk
and halo samples is shown as the ticked orange line at the bottom. The left panel
uses the total velocity to select different populations, and the right panel uses the
maximum Galactic height of the orbits. The results of these two selections are in good
agreement with each other. The metallicity dependence of wide binaries is dominated
by the thin-disk stars. The wide-binary fraction of the thick disk follows a similar
trend as the thin disk at low [Fe/H], and then become flat with increasing metallicity
at [Fe/H]> —0.5. The wide-binary fraction in the halo is not well constrained due to
small number statistics.
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The wide-binary fraction of the low-velocity (young) stars has a stronger metallicity
dependence.
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121



the difference in the metallicity distributions between the stars with wide com-
panions and the entire main sample (with criteria described in Sec. 4.2.3). The
p-value, the probability that two metallicity distributions are sampled from the
same parent distribution, is 2 x 10710, Therefore, the difference is statistically
significant, suggesting that wide binaries show robust metallicity dependence

and are not a randomly drawn subsample of the parent distribution.

Since different populations may dominate at different metallicities, we
turther divide the sample into thin-disk, thick-disk, and halo stars using the
total velocity (left panel) and the z,4x (right panel) in Fig. 4.4. For comparison,
the black points are the LASP points from Fig. 4.3. For the thin-disk samples,
we adopt the same metallicity bins as for the full sample (black points), and we
use larger metallicity bins (the ticked orange line at the bottom of Fig. 4.4) for
the thick-disk and halo samples to reduce the Poisson uncertainties. Overall,
the velocity-selected samples are in agreement with the z,,,.-selected samples.
The thin-disk sample shows a similar trend as in Fig. 4.3, meaning that the
global metallicity dependence is dominated by the thin disk stars, which
constitutes a large fraction of the LAMOST sample. The thick-disk sample
follows the metallicity relation of the thin-disk stars at [Fe/H]< -0.4. At
[Fe/H]> —0.4, the wide-binary fraction of the thick-disk sample is much lower
than that of the thin disk. The halo sample has a wide-binary fraction of
< 1.5% in the metallicity bin of -2 <[Fe/H]< —1. While it is consistent with
the wide-binary fractions in the thin-disk and thick-disk stars at the same
metallicity, the wide-binary fraction in the halo is not well constrained given

that there are only two wide binaries in the halo sample.
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Directly age-dating main-sequence stars is difficult, and in most cases,
impossible. However, kinematics of main-sequence stars nonetheless gives a
statistical estimate of the ages, especially for the thin-disk stars because their
dynamical evolution is mostly secular (Dehnen and Binney, 1995; Nordstrom
et al., 2004; Reid et al., 2009; Sharma et al., 2014; Ting and Rix, 2019). Hence,
in Fig. 4.5, we use total velocities to investigate the stellar age dependence
of the wide-binary fraction in the thin disk as a function of metallicity. Here
we select thin-disk stars by z,,, < 1kpc and bin the sample into the low-
velocity (vior < 30km s71), the middle-velocity (30 < v;,; < 60 km s71), and the

high-velocity (60 < v;,; < 120kms~!) sample.

Fig. 4.5 shows that wide-binary fractions of all velocity sub-samples have
a similar metallicity trend, but such metallicity dependence is strongest in the
low-velocity, young sample. In the metal-poor regime ([Fe/H]< —0.5), the
wide-binary fractions of stars are about the same, irrespective of their velocity.
In contrast, the lowest-velocity sample has a higher wide-binary fraction at
[Fe/H]~ 0 than that of the higher-velocity samples. This result also means
that the metallicity dependence of the wide-binary fraction in the thin disk is
not due to the varying levels of contamination from the thick-disk stars with
respect to metallicity, in which case we would expect a weaker metallicity
dependence in the low-velocity thin-disk sample where the contamination is

the lowest.

Fig. 4.5 demonstrates that younger stars have a higher wide-binary fraction,
especially at [Fe/H]~ 0. However, we caution that Fig. 4.5 does not necessarily

mean that there is a metallicity-dependent age evolution for wide binaries,
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because each metallicity bin may have different age distributions. It is possible
that the lack of age evolution in the metal-poor regime ([Fe/H]< -0.5) is
simply because these metallicity bins lack young stars (e.g. Casagrande et al.

2011; Lin et al. 2020).

To explore the stellar age dependence further, in Fig. 4.6 we investigate
the wide-binary fraction as a function of total velocity. We also present the
wide-binary fraction for separations between 10%° and 10° AU, where we
apply a parallax cut > 6.3 mas for the sample so that 10>®> AU corresponds to
the angular resolution of 2 arcsec. Furthermore, we adopt an absolute G-band
magnitude criterion of 12.5 mag for the 10>°-10% AU case. The result is similar
but noisier if we use the original criterion of 10 mag. Here we only consider
metallicity between —0.2 and 0.5 because they cover a wider age distribution
compared to the metal-poor stars. In case that massive companions may
induce additional age dependence, we test the selection by requiring that the
companions be fainter than the LAMOST stars, and the result remains nearly

the same.

Fig. 4.6 shows that stars having v,,; < 50 kms~! have a higher wide-binary
fraction with separations down to 10> AU. Based on the Gaia DR2 mock
catalogue (Rybizki et al., 2018) which sample mock stars from the Besangon
Galactic model (Robin et al., 2003), the total velocity of ~ 50 km s~! corresponds
to a mean stellar age of ~ 5 Gyr. Therefore, the wide-binary fraction seems to

be higher in younger stars with ages < a few Gyr.
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4.4 Discussion

We have found that in the thin disk, the wide-binary fraction increases with
metallicity at [Fe/H]< 0, and then decreases with metallicity in the super-solar
regime. Furthermore, based on the kinematics, the enhanced wide-binary
fraction at [Fe/H]~ 0 is age dependent, with a higher wide-binary fraction in
younger stars. In the following sections, we compare these results to those
from past studies, and seek an interpretation that would simultaneously

explain the metallicity and age dependence of the wide-binary fraction.

441 Comparison with previous work

In the pre-Gaia era, some studies concluded that the wide-binary fraction
was relatively independent of metallicity (Zapatero Osorio and Martin, 2004;
Zinnecker, Kohler, and Jahreifs, 2004), while some found a lower wide-binary
fraction for metal-poor stars (Rastegaev et al., 2008; Jao et al., 2009; Lodieu,
Osorio, and Martin, 2009; Zhang et al., 2013; Ziegler et al., 2015). Moe, Kratter,
and Badenes, 2019 argued that a lower wide-binary fraction of the metal-
poor stars from high-resolution imaging studies may be a selection effect,
because photometric selection of metal-poor stars may exclude unresolved
metal-poor binaries since they are brighter than the metal-poor single stars
and may be considered as metal-rich single stars. Our results do not involve
any photometric estimates of metallicity and are free from such selection

effect.

In the Gaia era, with proper motions and parallaxes available for billions

of stars, a large sample of comoving pairs has been made possible (Oh et al.,
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2017; El-Badry and Rix, 2018; Jiménez-Esteban, Solano, and Rodrigo, 2019). In
particular, El-Badry and Rix, 2019 study the metallicity dependence of wide
binaries with separations from 50 to 50,000 AU by combining the comoving
pair sample from Gaia DR2 and wide-field spectroscopic surveys. For binaries
with separations > 250 AU, they conclude that the binary fraction remains

constant with respect to metallicity.

Our sample bears some similarities to the one from El-Badry and Rix, 2019,
but here we complement the study by expanding the sample to 500 pc. Their
sample is restricted within 200 pc. Therefore, we have a larger sample at larger
distances, which strongly improves the constraints on the thick-disk and halo
stars at the low-metallicity end. Our sample enables us to further dissect the
wide-binary fraction as a function of metallicity and age, while El-Badry and

Rix, 2019 do not take the kinematics and ages into account.

While our findings of the strong metallicity dependence for the wide-
binary fraction seem at odds with their conclusion, El-Badry and Rix, 2019 do
comment that there is a slight excess of wide binaries at [Fe/H]=~ 0, consistent
with our results. They suspect that such excess may be due to the age effect
such that old wide binaries are disrupted by gravitational perturbations from
other stars and molecular clouds. In the following section, we investigate
this possibility in detail, and will argue that gravitational perturbations are

unlikely to play a dominant role.
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4.4.2 Wide binary disruption

When time passes, wide binaries may be disrupted by passing stars, molecular
clouds, and Galactic tidal fields (Bahcall, Hut, and Tremaine, 1985; Weinberg,
Shapiro, and Wasserman, 1967; Chaname and Gould, 2004; Yoo, Chaname, and
Gould, 2004; Quinn and Smith, 2009; Jiang and Tremaine, 2010). Binaries with
wider separations are easier to be disrupted due to the weaker binding energy.
In particular, given the stellar density in the solar neighborhood, theoretical
estimates show that binaries with separations > 0.1 pc (2 x 10* AU) would be
disrupted within 10 Gyr (Weinberg, Shapiro, and Wasserman, 1987). Therefore,
fewer binaries with separations > 10* AU are expected in the old disk stars
(Bahcall and Soneira, 1981; Retterer and King, 1982; Weinberg, Shapiro, and
Wasserman, 1987). Tian et al., 2020 may detect this effect in their ‘halo sample’
selected by the high tangential velocities (> 85 km s~!), and the authors argue
that their results cannot be explained by the binary disruption due to the
low density in the halo. While this hints that there might be other effects
beyond gravitational perturbations which shape the wide-binary fraction, we
note that their results might not be conclusive, as a tangential velocity cut at
> 85 kms! likely results in predominantly old thin-disk stars and thick-disk

stars, instead of halo stars.

While the disruption of binaries by the gravitational perturbations (passing
stars, molecular clouds, and Galactic tidal fields) may be able to make the
wide-binary fraction lower in the metal-poor stars because they are on average
older, this explanation alone is at odds with some results presented in this

study. First, theoretical arguments have shown that the disruption lifetime of
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103 AU binaries is ~ 100 Gyr, much longer than the age of Universe (Weinberg,
Shapiro, and Wasserman, 1987). Furthermore, if binary disruption were to
play an important role, we expect wider binaries should be preferentially
disrupted. However, our data do not show a significant difference in the age
evolution between 10?2730 AU and 10°>~* AU binaries (Fig. 4.6). Also, binary
disruption is not able to explain the anti-correlation between wide-binary
fraction and metallicity at [Fe/H]> 0. Therefore, we conclude that the age and
metallicity dependence of the wide-binary fraction cannot solely be explained

by binary disruption.

4.4.3 Wide binary formation and evolution

Since wide binary disruption cannot be the whole story, here we investigate
whether the metallicity and age dependence arise from wide binary forma-
tion. Wide binaries with separations of 10%-10* AU can be formed through
multiple channels, including the turbulent core fragmentation (Padoan and
Nordlund, 2002; Fisher, 2004; Offner et al., 2010), dynamical unfolding of
unstable compact triples (Reipurth and Mikkola, 2012; Elliott and Bayo, 2016),
the dissolution of star clusters (Kouwenhoven et al., 2010; Moeckel and Clarke,
2011), and the pairing of adjacent pre-stellar cores (Tokovinin, 2017). How-
ever, not all of these channels can provide the observed metallicity and age

dependence of the wide-binary fraction.
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4.4.3.1 The negative metallicity dependence

We first tackle the decrease of the wide-binary fraction with metallicity at
[Fe/H]> 0. The dynamical unfolding of compact triples may be able ex-
plain such metallicity dependence. In this scenario, triple stars are born in
compact, unstable configurations, and then they evolve to a hierarchical archi-
tecture with one companion scattered into a wide orbit (Reipurth and Mikkola,
2012). As a result, the formation of wide binaries is influenced by the occur-
rence of close binaries, so the metallicity dependence of the wide binaries
is inherited from the formation of compact systems through disk and other
small-scale fragmentation. If wide companions were preferentially formed via
this scenario, then the wide-binary fraction would follow a similar metallicity
dependence as close binaries. Indeed, close binaries also show a declining
occurrence rate as a function of metallicity (Grether and Lineweaver, 2007;
Raghavan et al., 2010; Yuan et al., 2015; Badenes et al., 2018; Moe, Kratter, and
Badenes, 2019; El-Badry and Rix, 2019; Mazzola et al., 2020), as is observed for
the super-solar metallicity sample in this study. This may be in line with the
excess of equal-mass binaries (‘twin’ binaries) at separations > 1000 AU, which
also suggests that these wide binary twins are formed at close separations
initially (@ < 100 AU) and then their orbits are widened by the dynamical
interaction with the birth environments (El-Badry et al., 2019).

The connection between wide companions and close binaries is supported
by other observational studies. For instance, 96% of close binaries with or-
bital periods < 3 days have tertiary companions (Pribulla and Rucinski, 2006;

Tokovinin et al., 2006). Hwang et al., 2020b find that the occurrence rate of
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the wide companions at 103-10* AU around main-sequence contact binaries
is a factor of 3 higher compared to that of the field stars. Conversely, about
half of wide pairs with separations of 103-10* AU are hierarchical multiples

(Raghavan et al., 2010; Moe and Di Stefano, 2017; Moe and Kratter, 2019).

The enhanced occurrence rate of tertiary companions around close binaries
possibly suggests that tertiary companions play a critical role in the orbital
migration of the inner binary through the Kozai-Lidov mechanism, where
the outer tertiary companion excites the high eccentricity of the inner binary
(Kozai, 1962; Lidov, 1962; Kiseleva, Eggleton, and Mikkola, 1998; Eggleton and
Kiseleva-Eggleton, 2001; Eggleton and Kisseleva-Eggleton, 2006; Fabrycky
and Tremaine, 2007; Naoz et al., 2013b; Borkovits et al., 2016). Nonetheless,
noting that the Kozai-Lidov mechanism is only effective under certain inner-
to-outer separation ratios and mutual inclinations, it remains unclear whether
this mechanism can be responsible for the majority of those triple systems
consisting of close binaries (Moe and Kratter, 2018; Hwang and Zakamska,
2020; Hwang et al., 2020b). Alternatively, the enhanced occurrence rate of
tertiary companions may be a result of compact multiple stars forming from
disk fragmentation (Tokovinin and Moe, 2020), then the occurrence of these
wide companions would follow the similar anti-correlation with metallicity as
the close binaries, in line with the scenario of dynamical unfolding of compact

triples.

To sum up, we argue that the negative metallicity dependence of the wide-
binary fraction is inherited from that of the close-binary fraction through the

dynamical unfolding of triple stars. Nonetheless, the metallicity dependence
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of the wide-binary fraction is clearly non-monotonic. It raises a question why
this anti-correlation is only present at [Fe/H]> 0, while that of the close-binary
fraction spans from [Fe/H]= -3 to +0.5. This implies that there is another
limiting factor dominating the wide binary formation at the metal-poor regime,

which we investigate in detail in the next section.
4.4.3.2 The positive metallicity dependence

During the pre-main sequence phase (ages < a few Myr), wide binaries can
form through the turbulent core fragmentation and the random pairing of
adjacent pre-stellar cores. While the wide-binary fractions from these two
mechanisms are not explicitly dependent on metallicity, as is shown in the
hydrodynamical simulations (Bate, 2005; Bate, 2014; Bate, 2019), wide binaries
themselves are sensitive to the formation environments. In particular, most if
not all stars form in clustered environments (Lada and Lada, 2003), and about
20-30% of stars originate from bound clusters (Bressert et al., 2010; Kruijssen,
2012; Chandar et al., 2017). Environments with a higher stellar density have
small stellar separations, making wide binaries more difficult to survive.
Furthermore, the higher velocity dispersion accompanied by the higher stellar
density makes the random pairing less likely. Indeed, observational studies
have found that wide-binary fractions are higher in the low-density star-
formation regions compared to the higher-density clustered environment
(Simon, 1997; Kraus and Hillenbrand, 2009; Tobin et al., 2016a; Elliott and
Bayo, 2016; Joncour, Duchéne, and Moraux, 2017; Deacon and Kraus, 2020).
Therefore, density of the formation environment plays a critical role in the

wide binary formation (e.g. Marks, Kroupa, and Oh 2011; Marks and Kroupa
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2011; Marks and Kroupa 2012).

When the gas is removed after ~ 10 Myr (Bastian et al., 2005; Fall, Chandar,
and Whitmore, 2005; Mengel et al., 2005), the cluster expands in response to
the change in the gravitational potential (Goodwin and Bastian, 2006; Good-
win, 2009). At this cluster dissolution phase, two unbound stars that are
originally close in the phase space may pair together and become a wide
binary (Kouwenhoven et al., 2010; Moeckel and Clarke, 2011). Using Monte
Carlo and N-body simulations, Kouwenhoven et al., 2010 further find that the
wide-binary fraction decreases strongly with increasing cluster mass, where
the main driving factor may be associated with the increasing velocity disper-

sion that makes two stars less likely to pair in the phase space.

In the earlier Universe, star formation environments tend to have a higher
pressure and density than the present day, and high-mass clusters are preferen-
tially formed in such environments (Harris and Pudritz, 1994; Elmegreen and
Efremov, 1997; Kravtsov and Gnedin, 2005; Kruijssen, 2014; Ma et al., 2020). A
higher-density environment reduces the wide binary formation from the tur-
bulent core fragmentation and the random pairing of adjacent pre-stellar cores,
and also fewer wide binaries can form from the dissolution of higher-mass
clusters. As a result, the wide-binary fraction would be lower in the older
stars, which explains the age dependence in Fig. 4.5 and Fig. 4.6. Furthermore,
because metal-poor stars are on average older stars, this naturally explains

the positive correlation between the wide-binary fraction and metallicity.
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Figure 4.7: Schematic illustration of the metallicity dependence of various proposed
wide binary formation channels in this study. The observed metallicity dependence
(black points) is likely the consequence of multiple formation channels of wide bina-
ries. The dashed lines show the metallicity trend of the proposed mechanisms, and
their values and slopes are only for schematic illustration. The dynamical unfolding of
compact triples (blue line) follows the metallicity anti-correlation of the close-binary
fraction. The trend at [Fe/H]< 0 can be due to that the density of the formation
environments and the cluster mass are higher at earlier times (pink line). The environ-
mental effect ceases to play a role at the high metallicity because the formation time is
similar at [Fe/H]> 0, and therefore the anti-correlation from the dynamical unfolding
of triple stars manifests itself at high metallicities. Radial migration may also play a
role in enhancing the wide-binary fraction around the solar metallicity (red line).
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4.4.4 A holistic view and future outlook

So far we have discussed various wide binary formation channels and how
they may or may not induce metallicity and age dependence in the observed
wide-binary fraction. In reality, these mechanisms must all play a role in
varying degrees. It is unlikely that our result can be explained by only one
mechanism. In particular, no one formation mechanism can explain the non-

monotonic relation between metallicity and the wide-binary fraction.

Fig. 4.7 summarizes the metallicity dependence of the wide binary forma-
tion channels, and we propose that the observed metallicity and age depen-
dence are caused by the combination these formation mechanisms. Briefly,
the higher stellar density in the star formation environments and the dissolu-
tion of higher-mass clusters at an earlier time result in the lower wide-binary
fraction in the older stars and the positive metallicity correlation at [Fe/H]< 0.
The metallicity dependence of dynamical unfolding of compact triples follows
the anti-correlation between metallicity and the close-binary fraction, which
may explain the declining wide-binary fraction at the super-solar metallicity
regime. The values and slopes of the lines in Fig. 4.7 are only for schematic

illustration.

The reason that the positive metallicity correlation of wide-binary fraction
ceases at [Fe/H]= 0 may be that the mean stellar age is similar at [Fe/H]= 0
and = 0.5 (Casagrande et al., 2011; Bensby, Feltzing, and Oey, 2014; Silva
Aguirre et al., 2018). Since their formation times are similar, there is no much
difference in their formation environments. As the environmental effect ceases

to play a dominant role, the anti-correlation with metallicity inherited from the
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close-binary fraction manifests itself at the regime of super-solar metallicity.

If the negative correlation with metallicity is due to the dynamical un-
folding of compact triples, it is not directly obvious why it only applies to
[Fe/H]> 0 and does not extend to [Fe/H]< 0. One possibility is that at
[Fe/H]< 0, dense environments disrupt the wide binaries or prohibit their
formation in the first place. Another challenge for the dynamical unfolding
of compact triples to explain the metallicity dependence at [Fe/H]> 0 is that
both the wide-binary fraction and the close-binary fraction (Moe, Kratter, and
Badenes, 2019) decreases by a factor of 2 from [Fe/H]= 0 to [Fe/H]= 0.5. If
the metallicity dependence of the wide-binary fraction is inherited from the
close-binary fraction, it implies that nearly all wide binaries at [Fe/H]> 0 are
associated with the close binary formation. Therefore, it is possible that there
are other mechanisms, like radial migration explained below, that also shape

the metallicity dependence at [Fe/H]> 0.

Given that the wide-binary fraction conspicuously peaks around the solar
metallicity, close to the current metallicity of the interstellar medium in the
solar neighborhood, it is natural to speculate if the metallicity trend in the
wide-binary fraction is due to the radial migration of stars in the Milky Way.
Stars that do not have solar metallicities were preferentially formed elsewhere
and then radially migrated to the solar neighborhood (e.g. Wojno et al. 2016;
Minchev et al. 2018; Han et al. 2020). If the radial migration process can disrupt
wide binaries, it would result in a lower wide-binary fraction at low and high
[Fe/H]. For example, if a wide binary is trapped at the corotation resonance of

a spiral arm, there could be a close destructive interaction between the wide
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binary and a high-density clump. The migration timescales across the disk are
several Gyr (e.g. Frankel et al. 2018; Frankel et al. 2020), which may explain
the inferred age dependence of the wide-binary fraction in Fig. 4.6. However,
as discussed in Sec. 4.4.2, the disruption timescale of a 1000-AU wide binary
is longer than the age of the Universe, so we consider the disruption by radial

migration processes unlikely to explain the metallicity dependence.

Even if radial migration processes do not directly disrupt wide binaries,
radial migration may still play a role in shaping the metallicity dependence of
the wide-binary fraction. For stars with super-solar metallicities in the solar
neighborhood, they were formed in the inner Milky Way and then migrated
to their current location (Kordopatis et al., 2015; Wojno et al., 2016; Han
et al., 2020). The higher stellar density at the inner Milky Way lowers the
wide-binary fraction, and therefore we would expect a lower wide-binary
fraction for stars with higher super-solar metallicities. Similarly, stars with
sub-solar metallicities may have a wide-binary fraction different from that of
solar-metallicity stars due to radial migration. If there is a higher probability
of radial migration for stars with more circular orbits (i.e. populations with
cooler kinematics), as proposed by Daniel and Wyse, 2018, then the derived
age estimates for this population of radial migrators will be biased low. We
include radial migration in Fig. 4.7, and future work is needed to determine

the relative importance of the scenarios listed in Fig. 4.7.

Finally, for the entire population (irrespective of metallicity), the wide-
binary fraction of the thick-disk stars is lower than that of the thin-disk stars,

and that of the halo stars is marginally lower than the thick-disk stars (Fig. 4.4).
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However, the age distribution of the thin-disk stars is different from the thick-
disk and halo stars. Silva Aguirre et al., 2018 show that the age distribution of
the low-a-element disk (thin disk) peaks at 2 Gyr, while the high-a-element
disk (thick disk) peaks at 11 Gyr. Halo stars in the solar neighborhood are also
11 Gyr old (e.g. Jofre and Weiss 2011; Kalirai 2012). Therefore, the lower wide-
binary fraction in the thick-disk and halo stars may be due to that they are
older than the thin-disk stars. This suggests that their wide-binary fractions
are likely driven by the same effect as the thin-disk stars, which is mostly

determined by the formation environments at the different time.

In this study, we propose that multiple formation mechanisms are responsi-
ble for the metallicity and age dependence of the wide-binary fraction. Several
lines of future work may be able to further constrain their individual contri-
butions. First, different formation mechanisms predict different mass-ratio
distributions. For example, the mass ratio distribution from cluster dissolution
is consistent with random pairing (Kouwenhoven et al., 2010), while that of the
dynamical unfolding of compact triples is not (Reipurth and Mikkola, 2012).
Therefore, an investigation in the mass ratios of wide binaries as a function of
metallicity may shed light on the underlying formation mechanisms. Second,
a statistical study of wide binary eccentricity (e.g. Tokovinin and Kiyaeva
2016) as a function of metallicity may be helpful, because dynamical unfolding
of compact triples leads to more eccentric outer orbits. However, the interpre-
tation may be complicated, because multiple mechanisms may be at work at
the same time, and these wide companions from dynamical unfolding may

interact with their formation environments, altering their eccentricity. Also,
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spectroscopic age estimates for giants via C/N-related features in spectra (e.g.
Martig et al. 2016; Ting and Rix 2019) can further constrain the age evolution

of wide binaries.

4,5 Conclusions

In this paper, we investigate the metallicity and age dependence of the wide-
binary (a = 103-10* AU) fraction. Specifically, we use the metallicity and radial
velocity from LAMOST DR5 combined with the astrometric information from
Gaia DR2 to measure the wide-binary fraction of field F and G dwarfs. Our

findings include:

1. Wide-binary fraction strongly depends on the metallicity (Fig. 4.3).
As metallicity increases, wide-binary fraction first increases, peaks at
[Fe/H]=~ 0, and then decreases at the high metallicity end. The wide-
binary fraction at [Fe/H]= 0 is about two times larger than that at
[Fe/H]= -1 and [Fe/H]= +0.5. Such metallicity dependence is domi-
nated by the thin-disk stars (Fig. 4.4).

2. The wide-binary fraction is further dependent on the stellar age, with

younger stars having a higher wide-binary fraction (Fig. 4.5, Fig. 4.6).

3. Our results suggest that multiple formation channels may be responsible
for the formation of wide binaries, resulting in the metallicity and age
dependence of the wide-binary fraction (Fig. 4.7). Binaries of 103-10* AU
are unlikely to be disrupted by the gravitational perturbations on the

relevant timescale. The positive correlation between the wide-binary
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fraction and metallicity at [Fe/H]< 0 may be due to that the density
of formation environments and the cluster masses are higher at earlier
times, lowering the wide-binary fraction at the low-metallicity end.
This also explains the age dependence that younger stars have a higher
wide-binary fraction. The anti-correlation between metallicity and the
wide-binary fraction at [Fe/H]> 0 can be inherited from the similar anti-
correlation of the close-binary fraction through the dynamical unfolding
of compact triples. Radial migration may also enhance the wide-binary

fraction around the solar metallicity in the solar neighborhood.
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4.6 Appendix
4.6.1 Tests of different selection criteria

In Fig. 4.8, we investigate how our results depend on the selection criteria.
Based on the selection described in Sec. 4.2.3, we change a certain criterion and
check how it affects the resulting metallicity dependence of the wide-binary
fraction. The LASP metallicity is used. The black points are the main LASP
result in Fig. 4.3. For better visual comparison, we present the wide-binary
fraction scaled to 1 at [Fe/H]= 0 for the vertical axis in Fig. 4.6. Different
tests are slightly offset along the horizontal axis for clarity. The metallicity
bins are the same as in Fig. 4.3. We change the following criteria for each
test. (1) We select sample with parallax > 5mas (blue), i.e. distances within
200 pc. (2) Instead of wide binary separations between 10° to 10* AU, we
only consider those with separations between 3000 AU and 10* AU (orange).
These wide binaries have angular separations > 6arcsec. (3) Since (wide)
binary properties depend on the primary mass, we require that the LAMOST
stars be the primary of the wide binaries, i.e. the G-band magnitude of the
LAMOST star is brighter than that of the companion star (Go < G4, green). (4)
A narrower temperature range of 5000-6000 K is used (red) to investigate the

mass dependence across the entire metallicity range.

All the tests in Fig. 4.8 have a similar metallicity trend as in Fig. 4.3, sup-

porting that our conclusions are robust against the selection details and other
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potential systematics. Test (1) shows that a similar metallicity trend can al-
ready be seen with a sample within 200 pc, with much larger errors. This
result emphasizes the need for a larger sample out to 500 pc. The binary
angular separations in test (2) are > 6 arcsec, implying that our conclusion is
not affected by the reduced source completeness at small separations. Test (3)
shows that the metallicity dependence is nearly the same when we require
that the LAMOST stars are the primaries of the wide binaries. The result of
test (4) remains similar when a narrower temperature (and therefore mass)
range is used, meaning that the metallicity dependence of the wide-binary

fraction is not due to the different mass distribution across the metallicity.

4.6.2 Catalogs of wide binaries

We provide two catalogs electronically for wide binaries with LASP and DD-
Payne metallicities, respectively. These wide binaries are the sample used in
Fig. 4.3, and they follow the selection criteria detailed in Sec. 4.2.3. Table 5.2
tabulates the descriptions for the catalogs. Fields starting with the prefix ‘0_’
are the information for the LAMOST stars, and those starting with the prefix
“1_" are for the wide companions. Pairs where both stars were observed by

LAMOST have two entries in the catalogs.

4.6.3 Tables of numerical data

We tabulate the numerical data used in Fig. 4.3, 4.4, and 4.5 in Table 4.2, 4.3,

4.4,and 4.5.
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Figure 4.8: The test of different selection criteria. The black points show the original
result from Fig. 4.3, and other colors show the results when one certain selection
criterion is changed. The points are offset horizontally for clarity. These tests agree
well with our main result, supporting that our conclusions are robust against different
selection details.
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Table 4.1: Descriptions for the wide binary catalogs.

Field Description

@_source_id Gaia DR2 source_id of the LAMOST star

0_ra Right ascension of the LAMOST star from Gaia DR2 (J2015.5; deg)

0_dec Declination of the LAMOST star from Gaia DR2 (J2015.5; deg)

0_parallax Parallax of the LAMOST star from Gaia DR2 (mas)

0_parallax_error Uncertainty in @_parallax from Gaia DR2 (mas)

0_pmra Proper motion in right ascension direction of the LAMOST star from Gaia DR2 (mas yr~!)
0_pmra_error Uncertainty in 0_pmra (mas yr~!) from Gaia DR2

0_pmdec Proper motion in declination direction of the LAMOST star from Gaia DR2 (mas yr~!)
0_pmdec_error Uncertainty in 0_pmdec (mas yr~!) from Gaia DR2

0_g Apparent G-band magnitude of the LAMOST star from Gaia DR2 (mag)
0_designation? LAMOST designation from the LASP catalog

o_starid’ Star ID from the DD-Payne catalog

0_feh Iron abundance of the LAMOST star measured by LASP or DD-Payne (dex)

0_teff Effective temperature of the LAMOST star measured by LASP or DD-Payne (K)

0_logg Surface gravity of the LAMOST star measured by LASP or DD-Payne (log cgs)

0_vtot Total velocity (v;o;) with respect to the local standard of rest (km s71)

0_zmax The maximum Galactic height of the Galactic orbits, z,qx (kpc)

1_source_id Gaia DR2 source_id of the companion star

1_ra Right ascension of the companion star from Gaia DR2 (J2015.5; deg)

1_dec Declination of the companion star from Gaia DR2 (J2015.5; deg)

1_parallax Parallax of the companion star from Gaia DR2 (mas)

1_parallax_error Uncertainty in 1_parallax from Gaia DR2 (mas)

1_pmra Proper motion in right ascension direction of the companion star from Gaia DR2 (mas yr)
1_pmra_error Uncertainty in 1_pmra (mas yr~!) from Gaia DR2

1_pmdec Proper motion in declination direction of the companion star from Gaia DR2 (mas yr™!)
1_pmdec_error Uncertainty in 1_pmdec (mas yr~!) from Gaia DR2

1_g Apparent G-band magnitude of the companion star from Gaia DR2 (mag)

separation Physical separation of the wide binary (AU)

rel_vel Relative velocity of the wide binary projected on the sky (kms™)

“ This field is only in the LASP wide binary catalog. ® This field is only in the DD-Payne
wide binary catalog.

Table 4.2: Numerical data for Fig. 4.3

[Fe/HIbin  (-2.0,-1.0) (-1.0,-06)  (-0.6,-04)  (-04,-02) (-0.2,-0.1) (-0.1,0.0)

LASP  0.85:0.38%  2.11#0.20% 2.47+0.12%  2.75+0.08%  2.84x0.09%  3.16+0.08%
(5/590) (113/5364)  (434/17599) (1174/42705) (1015/35699) (1418/44847)

DD-Payne 1.28+043%  238+0.16% 2.63+0.10% 281+0.07%  3.12+0.08%  3.10+0.08%
(9/704) (209/8765)  (653/24872) (1595/56745) (1388/44481) (1440/46499)

[Fe/H]bin _ (0.0,0.1) (0.1,0.2) (0.2,0.3) (0.3,0.4) (04,05)

LASP 327+0.08%  3.19+0.10% 3.29+0.14% 2.74+0.17%  1.90+0.27%
(1535/46935) (1079/33854) (593/17998)  (246/8968)  (50/2626)

DD-Payne  3.26+0.10%  2.92+0.13%  2.64+0.17%  2.30+0.25%  0.90+0.45%
(1104/33853) (527/18056)  (255/9659) (82/3561) (4/442)
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Table 4.3: Numerical data for Fig. 4.4, left

[Fe/H] bin (20,-1.0) _ (-1.0,-0.6)  (-0.6,-04)  (-04,-02) (02 -0.1) (0.1, 0.0)
Vot < 120kms T 0.98+0.69%  2.15+0.23%  2.50+0.12%  2.76+0.08%  2.85+0.09%  3.17+0.08%
(2/204) (87/4038)  (414/16562) (1161/42136) (1011/35534) (1418/44723)
[Fe/H] bin (0.0,0.1) 0.1,02) 0.2,0.3) (0.3,0.4) (04, 0.5)

Vot < 120kms T 3.27+0.08%  3.19+0.10% 3.30+0.14%  2.75+0.18%  1.91+0.27%
(1533/46838) (1078/33785) (593/17966)  (246/8950)  (50/2622)

[Fe/H] bin (20,-10) _ (-1.0,-06)  (0.6,-03) _ (-0.3,00) (0.0, 0.5)
120-250kms | 0.70+0.49%  1.94x0.39%  1.99+0.38%  1.91=0.60%  1.38+0.79%
(2/287) (25/1290)  (27/1359) (10/524) (3/218)
>250kms 1 1.01+1.01%  2.78+2.78%
(1/99) (1/36)

Table 4.4: Numerical data for Fig. 4.4, right

[Fe/H|bin  (-2.0,-1.0) (-10,-06)  (-0.6,-04) (-04,-02) (02,-0.)  (-0.1,0.0)

Zmax < 1kpc  0.80£0.56%  2.13+0.25%  2.44+0.13%  2.72+0.08%  2.86+0.09%  3.20+0.09%
(2/251) (72/3383)  (347/14206) (1065/39130) (982/34315) (1399/43765)

[Fe/H]bin _ (0.0,0.1) (0.1,0.2) 02,03 (0.3,0.4) (0.4,0.5)

Zmax < 1kpc  3.28+0.08%  3.20+0.10%  3.32+0.14%  2.78+0.18%  1.94+0.27%
(1510/46041) (1067/33339) (587/17707)  (245/8824) (50/2578)

[Fe/H] bin (-2.0,-1.0) (-1.0,-0.6) (-0.6,-0.3) (-0.3,0.0) (0.0,0.5)

1-5kpc 1.11+0.64%  2.07+0.33%  2.76+0.23%  2.45+0.24%  2.33+0.35%

(3/270) (40/1931)  (144/5211)  (103/4196)  (44/1889)
Zmax > 5kpe < 1.44% 2.00+2.00%
(0/69) (1/50)

Table 4.5: Numerical data for Fig. 4.5

[Fe/H]bin  (2.0,-1.0) (-1.0,-0.6) (-0.6,-04) (-04,-02) (-02,-0.1) (-0.1,0.0)

Vot < 30kms! < 11% 1.59+0.79% 2.28+0.32% 2.83+0.17%  3.22+0.17%  3.33+0.14%

(0/9) (4/252)  (51/2238) (263/9308) (375/11633) (595/17888)
30-60kms | 3.23+323% 2.52+0.50% 2.53+0.19% 2.85+0.12% 2.73+0.13% 3.25+0.13%
(1/31) (25/994)  (172/6786) (550/19287) (435/15944) (613/18863)

60-120kms ! <1.15%  1.89+0.34% 2.48+0.23% 241:0.15% 2.56+0.20% 2.760.20%
(0/87) (31/1636)  (117/4724) (246/10218) (170/6635)  (191/6928)

[Fe/H] bin (0.0,0.1) (0.1,0.2) (0.2,0.3) (0.3,0.4) (0.4, 0.5)

Vot < 30kms T 3.59+0.13% 3.62+0.16% 4.06+024% 2.81£0.30% 2.64+0.59%
(736/20481) (525/14509) (291/7174)  (85/3027)  (20/757)

30-60kms ! 3.15+0.13% 2.89+0.14% 2.86+0.19% 3.00£0.27% 1.52+0.35%
(599/18991) (405/14022) (220/7680) (121/4040)  (19/1246)

60-120kms ! 2.66+0.20% 2.86+0.25% 2.68+0.31% 2.23+0.36% 1.92+0.58%
(173/6499)  (136/4753)  (76/2831)  (39/1745)  (11/572)

144



Chapter 5

Wide binaries in the Galactic halo
from the H3 survey

Halo wide binaries play a key role in understanding of wide binary formation
and the nature of dark matter. By using Gaia EDR3, we search for resolved
wide binary companions in the H3 survey, a large spectroscopic survey that
targets for ~ 200, 000 stars and ~ 20% of them are halo stars. We identify 968
high-confidence wide binary candidates. Based on their Galactic kinematics,
about 50 of them are halo wide binaries and many of them are likely associated
with the accreted Gaia-Sausage-Enceladus dwarf galaxy. We show that the
wide binary fraction in the disk decreases toward the low metallicity end.
Once the metallicity is controlled, the halo wide binary fraction is consistent
with that of the disk stars. Furthermore, no dependence of the wide binary
fraction on & abundance is found. These results suggest that the metallicity
is the main driver of the wide binary fraction, and our leading explanation
is that lower-metallicity formation environments tend to have higher stellar
densities that disrupt wide binaries. Our results further imply that disrupted

globular clusters do not contribute to a significant fraction of the halo.
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5.1 Introduction

Because wide binaries are weakly bound, they can be disrupted by the grav-
itational interaction with other structures in the Milky Way. In particular,
halo wide binaries can constrain the nature of dark matter (Chaname and
Gould, 2004; Quinn et al., 2009). Orbital velocities of distant wide binaries can
place independent constraints on the modified gravity theory (Hernandez,
Jiménez, and Allen, 2012). Furthermore, with many disrupted accreted galax-
ies revealed by the Gaia mission (Belokurov et al., 2018; Helmi et al., 2018;
Belokurov et al., 2020a; Helmi, 2020) and large spectroscopic surveys (Conroy
et al., 2019b; Naidu et al., 2020), halo wide binaries provide a different view of
the formation environments of these progenitor dwarf galaxies in the early

Universe.

Halo wide binaries are vital to understanding wide binary evolution. Wide
binaries in the disk may be disrupted by molecular clouds, passing stars, and
Galactic tides (Retterer and King, 1982; Bahcall, Hut, and Tremaine, 1985;
Weinberg, Shapiro, and Wasserman, 1987; Jiang and Tremaine, 2010). In
contrast, halo wide binaries are less likely to be disrupted by molecular clouds
and passing stars because they spend most of their lifetime outside the disk.
Even when the halo wide binary passes through the disk, its high spatial
velocity makes the passage time short, and so it is less likely to be disrupted
(Weinberg, Shapiro, and Wasserman, 1987). Therefore, a detailed comparison
between the properties of disk and halo wide binaries is able to reveal the

gravitational interactions in the Milky Way.

Recent studies have shown that the majority of wide binaries at around
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solar metallicities have similar chemical abundances within measurement
uncertainties (Andrews, Chanamé, and Agtieros, 2018; Andrews et al., 2019;
Hawkins et al., 2020; Nelson et al., 2021). The chemical homogeneity among
these wide binaries suggests that these wide binaries are co-natal (Kamdar et
al., 2020), resulting from a well-mixed interstellar medium in their formation
environments (Feng and Krumholz, 2014). The level of chemical homogeneity
among these wide binaries is one key test for chemical tagging (Andrews,
Chanamé, and Agiieros, 2018; Andrews et al., 2019; Hawkins et al., 2020), a
promising technique to reconstruct the formation history of the Milky Way us-
ing chemical abundances (Freeman and Bland-Hawthorn, 2002; Ting, Conroy,
and Goodman, 2015). However, this assumption has not been tested at low
metallicities ([Fe/H]< —1), which is of particular importance for old disk stars
and the halo. Therefore, assembling a sample of low-metallicity wide binaries

is critical for testing chemical tagging in this metallicity regime.

The metallicity dependence of the wide binary fraction is crucial for un-
derstanding wide binary formation. Our recent study shows that the wide
binary fraction in the disk peaks at the solar metallicity and decreases both
the low- and high-metallicity ends (Hwang et al., 2021). We propose sev-
eral hypotheses that may explain the metallicity dependence, including the
different stellar density in the formation environments at different Universe
ages, the dynamical unfolding of compact triples, and the radial migration
of Galactic orbits. Since halo wide binaries are probing a different part of the
parameter space, their metallicity dependence is helpful to constrain these

possible scenarios.
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Despite of the wide applications, halo wide binaries have been challenging
to identify in the past. First, the density of halo stars is low compared to that of
the disk in the solar neighborhood, less than 0.2 per cent of local stars (Helmi,
2008). Therefore, assembling a large halo star sample is not straightforward in
the first place. Second, identifying a resolved companion as the wide binary
companion is challenge before the Gaia era. Even the Gaia mission provides
the proper motions and parallaxes for billions of stars (Gaia Collaboration
et al., 2016), most of the wide binary samples are still limited within 1 kpc
(El-Badry and Rix, 2018; Hartman and Lépine, 2020; El-Badry, Rix, and Heintz,
2021), where the number of halo stars is insufficient to place a useful constraint

on the halo wide binary fraction (Hwang et al., 2021).

In this paper, we overcome these difficulties by having a customized wide
binary search for halo stars in the H3 survey. H3 survey is a large spectroscopic
survey targeting specifically for the halo stars (Conroy et al., 2019a). It is
expected to have ~200,000 stars at the end of the survey, and about 40,000 of
them are kinematic halo stars. Since most of the H3 stars are more than 1 kpc
away, we optimize the wide binary method for the H3 stars to maximize the

resulting information.

The paper is structured as follows. Section 5.2 describes the H3 and Gaia
dataset and the general criteria for the sample. Section 5.3 details the methods
of wide binary search and presents their results. Section 5.4 explores the prop-
erties of the selected wide binary candidates and investigates the metallicity
dependence of the wide binary fraction. We then discuss the implications in

Section 5.5 and conclude in Section 5.6. Throughout the paper, we use ‘wide
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binaries” and ‘wide binary candidates’ interchangeably when we refer to the
selected wide binaries, because there is always some non-zero probability
that our wide binaries are not genuine. We also use ‘metallicity” and ‘iron
abundance’ ([Fe/H]) interchangeably. We use the notation ‘binary” even if
some of them may have unresolved companions and therefore are in fact

triples or higher-order multiples.

5.2 Sample selection
5.2.1 H3 survey

The H3 (‘Hectochelle in the Halo at High Resolution’) survey is a high-
resolution spectroscopic (R = 23,000) survey targeting for halo stars (Conroy
et al.,, 20192). The survey is conducted by the 6.5-m MMT with a wavelength
coverage of 5150-5300A. The survey has been collecting data since 2017. The
main selection of H3 is composed of the following criteria: (1) 15 < r < 18
where r is the r—band magnitude from Pan-STARRS (Chambers et al., 2016;
Flewelling et al., 2016); (2) 7 — 20, < 0.5mas where 7 and o, are parallaxes
and parallax uncertainties from Gaia Data Release 2 (Gaia Collaboration et al.,
2018a); (3) |b| > 30° to avoid disk stars; (4) declination > —20° to be observ-
able from MMT. The H3 survey has secondary selections targeting for stellar
streams, K giants, blue horizontal branch stars, and RR Lyrae. This simple
selection of magnitudes and parallaxes provides an unbiased view of the

distant Milky Way.

The stellar parameters are measured from the H3 spectra using MINESweeper

(Cargile et al., 2020). MINESweeper is a Bayesian framework that incorporates
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the information from H3 spectra, broadband photometry, and priors like Gaia
parallaxes to fit a model based on model based on the MIST (v2.0) stellar
isochrones (Dotter, 2016; Choi et al., 2016). Cargile et al., 2020 show that the
stellar parameters of benchmark stars and clusters measured by MINESweeper
are in good agreement with literature values. In this paper, we use the radial
velocities, distances, iron abundances ([Fe/H]), alpha-element abundances

([a/Fe]), extinction (Ay) measured from MINESweeper.

In this paper, we use the H3 data from rcat_V3.0.2.d20201005_MSG.fits.
We require flag==0 and signal-to-noise (5/N) ratios > 3 to avoid unreliable
stellar parameter measurements. Targets from the Sagittarius stream selection
(Sgr_FLAG==1 and those from the stream tiles (tileID starting with ‘tb’) are
excluded. Most of the targets were observed by H3 one time. For stars that
were observed by H3 multiple times, we use the entries with highest signal-
to-noise ratios. These selections result in a parent sample of 101,667 unique

H3 stars for wide binary search.

5.2.2 Gaia survey

Gaia is an all-sky survey that provides optical broad-band photometry and
high-precision astrometric measurements (Gaia Collaboration et al., 2016).
Gaia Early Data Release 3 (EDR3) (Gaia Collaboration et al., 2020) was released
in December 2020, with parallaxes and proper motions available for 1.5 billion
sources down to Gaia G-band magnitudes of ~ 21 mag. Gaia also measures the
radial velocities for bright stars (G < 15), but most halo stars are fainter than

this magnitude limit. This is one of the H3 survey’s motivations to observe a
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large number of halo stars below 15 mag.

We use Gaia EDRS3 to search for the comoving companions around the H3
stars. Because H3 target selection uses Gaia’s parallaxes and because Gaia
obtains astrometric solutions using parallaxes and proper motions at the same

time, all H3 targets have proper motions from Gaia.

The goal of this paper is to search for H3 stars” wide companions that have
nearly identical Gaia proper motions as the H3 targets. We query a field star
sample from Gaia EDR3 to conduct the wide binary search. For this field
star sample, we only require that their proper motions be available in Gaia
EDR3 (astrometric_params_solved== 31 or 95). We do not apply any criteria
on magnitudes and astrometric quality indicators (e.g. ruwe) to maximize
the chance finding the companions. Our wide binary selection compares
the proper motions for each pair, which implicitly requires good astrometric
quality. It is inevitable that we may miss some genuine wide binaries because
some of their stars have worse astrometric quality, but chances are extremely
low for a chance-alignment pair to be selected as a wide binary because of

their bad astrometric quality.

Gaia EDR3'’s ability to resolve pairs starts dropping significantly at 0.7”,
and at 0.5”separations about 50% of pairs can be spatially resolved (Fabri-
cius et al., 2020). We do not use Gaia’s BP-RP colors for our wide binary
selection, but we do use them to understand the properties of the selected
wide binaries. When BP-RP colors are used in the analysis, we require their
bp_flux_over_error and rp_flux_over_error to be larger than 10. Unlike

G-band photometry, BP and RP fluxes do not have de-blending treatment and
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therefore their fluxes can be affected by nearby sources within about 2”(Riello
etal., 2020). To ensure that BP-RP colors are not strongly affected by the nearby
sources, we apply an additional criterion of phot_bp_rp_excess_factor< 1.4

when BP-RP colors are used in the analysis.

5.2.3 Orbital parameter calculations

We measure the parameters for Galactic orbits, especially the total energy (Eiot)
and the angular momentum along the Galactic z-direction (L;), using Gala
v1.1 (Price-Whelan et al., 2020). During the calculations, we use the Galac-
tocentric frame from Astropy (Robitaille et al., 2013; Astropy Collaboration
et al., 2018): Sun’s Galactocentric radius Ry = 8.122 kpc (Gravity Collabora-
tion et al., 2019), solar motion with respect to the local standard of rest [V o,
Vo, Vz,0l=[-12.9, 245.6, 7.78] km s~} (Drimmel and Poggio, 2018), and Sun’s
current Galactic height Z; = 20.8 pc (Bennett and Bovy, 2019). The Milky
Way potential MilkyWayPotential (Bovy, 2015) is adopted. Using different
Milky Way potential models does not change the results significantly (Naidu
et al., 2020). A right-handed coordinate is used, and thus a star on a prograde

(retrograde) orbit has a negative (positive) L,.

The observational inputs for orbital parameter calculations are the radial
velocities and distances measured from H3 spectra using MINESweeper, and
celestial coordinates and proper motions measured from Gaia EDR3. Follow-
ing Naidu et al., 2020, to obtain robust orbital parameters, when we use Eot
and L. in the analysis, we require that (i) |Eiot|/0E,, > 3 and |L;|/o, > 3; or

(i) ok < 0.1x10°km?s™2 and oy, < 0.5 % 10° kpckms™!. The first condition
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is a normal 3-0- uncertainty cut, and the second condition is to ensure that we
keep halo stars with small L, in the sample. Out of 101,667 H3 stars, 99,564

(97.9 per cent) of them satisfy these kinematic criteria.

5.3 Wide binary search

For a solar-mass wide binary with a semi-major axis of > 1000 AU, its orbital
Keplerian velocity is < 0.7 kms™!. Therefore, for a genuine wide binary, we
expect its member stars to have nearly identical proper motions and, if they
do not have unresolved close companions, similar radial velocities. Our wide
binary search method depends on whether the radial velocities from H3 are
available for both paired stars. Because of the fiber allocation limit, H3 stars
are at least 20 arcsec away from other H3 targets. In Sec. 5.3.1, we search for
wide binaries among the H3 stars where radial velocities are available for
both paired stars, and in Sec. 5.3.2 we search for wide binaries without radial

velocity information.

One key measurement for the wide binary search is the proper motion

difference, 6PM, of a pair. This is computed by

SPM = \/(pmral — pmrag)? + (pmdec; — pmdecy)?, (5.1)

where pmra; and pmdec; are the Gaia EDR3 proper motions in right ascension
direction (u, cos §) and in declination direction (us) for star i (= 0 or 1), re-
spectively. With Gaia’s proper motion precision at the relevant magnitudes,
the typical uncertainties of §PM is ~ 0.1 masyr~!, depending on the exact

errors of the proper motions. The relative velocity difference projected in the
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plane of sky is 6V = 4.7 x 6PM x d, where 6V is in units of km s™1 6PM isin
mas yr~!, and d is the heliocentric distance of the pair in kpc. Therefore, for a
wide binary at 1 to 10 kpc, Gaia can measure their projected orbital velocity ¢V
with uncertainties of 0.5 — 5 km s~!. This precision is sufficient to distinguish
the genuine wide binaries where the orbital velocities are < 1kms™ from
random chance-alignment pairs where the typical velocity differences are

several hundred kms™! for the thick-disk and halo stars.

5.3.1 Selection A: when both stars were observed by H3

If there is a wide binary population among the H3 pairs (where both stars
were observed by H3), we would expect an enhanced population with radial
velocity difference at zero. Fig. 5.1 shows the radial velocity difference for the
H3 pairs with different angular separations. To reduce the number of chance-
alignment pairs, we only consider pairs where the parallax differences are
within 3 o. For pairs with PM < 0.5 masyr~! and separations < 90 arcsec
(blue line), there is an enhanced clustering with radial velocity differences
< 2kms™}(vertical dashed line), suggesting the presence of wide binaries
among these pairs. The distribution of radial velocity differences for pairs
with separations between 90 and 180 arcsec (orange) does not have significant
enhancement at zero, and is similar to that of the chance alignment pairs
(selected by sPM > 5 masyr~!, green histogram). Therefore, even with low
proper motion differences, pairs with separations > 90 arcsec are dominated

by chance alignments.

We experiment with a few other selections and see if such wide binary
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signal remains. We find that the enhancement at zero RV difference is still
present, although weaker, for pairs with §PM < 0.5 masyr~! and separations
between 60 and 90 arcsec. Therefore, there are wide binaries extending beyond
1 arcmin in the sample. We experiment with a selection of §PM between 0.5
and 1 mas yr~?, but no significant wide binary signal at RV difference at zero

is found.

Based on Fig. 5.1, we select wide binary candidates by (1) proper motion
differences < 0.5 mas yr~!; (2) angular separations < 90 arcsec; and (3) radial
velocity differences < 2km s™!. With the SNR cut larger than 3 for both stars
in a pair, these selections result in 7 wide binary candidates. 6 more wide
binaries are included if the SNR cut is relaxed to 2. By comparing with the
distribution of radial velocity difference for chance alignment in Fig. 5.1, we
estimate that at most one of them might be a chance-alignment pair. We refer
to this selection as Selection A, and the relevant numbers are summarized in

Table 5.1.

All these wide binary candidates have angular separations between 20
and 90 arcsec, where the lower limit is caused by the H3's fiber allocation and
the upper limit is due to our selection. Based on the distance measurements
from MINESweeper, they have binary separations of 10%°~>> AU. This result
demonstrates the existence of wide binaries with separations up to ~ 10° AU

in the H3 data.

Our selection only uses a rather relaxed criterion for parallaxes by requiring
the parallax differences within 3o7. It turns out that 6 of the 7 wide binaries

have parallax differences within 0.70,, and the remaining one has a 1.20,
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difference, far below the 307, criterion. The small differences in the parallaxes
of the selected candidates strongly suggest that most of these wide binaries

are genuine.

Fig. 5.2 compares the iron abundances of member stars in the 7 wide
binaries. Only 3 of them have iron abundances within 1o of each other, and
the other four all have iron abundance differences more than 2o-. Although
the conclusion is still limited by its small number statistics, the inconsistent
iron abundances may be due to surface abundance evolution (Dotter et al.,

2017) or different evolution stages.

5.3.2 Selection B: when one star was observed by H3

For every H3 target, we search for their resolved wide companion in Gaia
within 60 arcsec. In most of the cases, only the H3 target has radial velocity
available, so we cannot compute radial velocity difference among the pair to
help the selection. Most H3 targets are distant (> 1 kpc) and therefore we do
not have precise distances inferred from the Gaia parallaxes for H3 targets. The
distance precision measured from MINESweeper is not sufficient to distinctly
separate the wide binary population from the random chance-alignment pairs
in the relative velocity-physical separation space. Without distances, proper
motion differences and angular separations cannot be converted to velocity
difference and physical separations. Compared to the comoving companion
search using relative velocities and physical separations, using proper motion
difference and angular separation would have a higher level of contamination,

and its searching sensitivity depends more on the distance of the targets.
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Figure 5.1: The radial velocity differences among the pairs where both stars were
observed by H3. The orange, green, and red histograms show the results for the low-
proper-motion-difference sample at different angular separations. The blue histogram
shows the radial velocity differences of the chance-alignment pairs selected by high
proper motion differences (JPM > 5masyr~!). The low-proper-motion-difference
sample at small angular separations shows a significant enhancement at zero radial
velocity difference, indicative of the existence of wide binary population. The vertical
dashed line marks 2km s, the criterion used in our selection.
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Figure 5.2: The difference in the iron abundance ([Fe/H]) of both components of the
wide binary from Selection A.

Fig. 5.3 (left panel) shows the proper motion differences and angular
separations of all the pairs consisting of H3 stars. To reduce the contamination,
we require that the parallax difference of the pair is consistent within 3o7.
An enhanced population with separations < 10arcsec and proper motion

differences < 1 masyr~'can be seen, indicative of the resolved wide binary

populations. The rest of the pairs are chance projection.

To better quantify the contamination from the chance-alignment pairs,
we conduct a test by offsetting the H3 targets” Galactic latitudes by 1 degree
(and the coordinates of field stars remain the same) and redo the wide binary
search. Pairs consisting of two H3 targets are excluded. Therefore, all the
pairs from this test are chance-alignment pairs. The result is shown in Fig. 5.3,

middle panel. This contamination test well reproduces the chance-alignment
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pairs in the left panel, except that the left panel has an additional wide binary

population at small angular separations and small proper motion differences.

In the right panel of Fig. 5.3, we compute the chance alignment probability
(CAP) in each two-dimensional bin. Specifically, CAP in every bin is calculated
by the number of pairs in the middle panel divided by the number of pairs in
the left panel. The right panel of Fig. 5.3 shows that the wide binaries can be
selected by small proper motion differences with CAP less than 10% out to
30 arcsec. There still seems to have CAP less than 20% at low proper motion
differences and separations larger than 30 arcsec, but it may be due to the shot

noise caused by the low number counts so we do not focus on them.

We adopt an empirical straight line (the dashed lines in Fig. 5.3) in the
log(proper motion difference)-separation space to select the high-confidence
wide binaries. Specifically, This straight line starts from PMD = 1.6 mas yr!
at 0 separation to PMD= 0.1 at 30 arcsec. This selection results in 961 wide
binary candidates, and the contamination test in the middle panel of Fig. 5.3

suggests that ~ 24 (3 per cent) of them may be chance-alignment pairs.

5.4 Properties of wide binaries

54.1 H-R diagram

Fig. 5.4 shows the H-R diagram of the wide binaries, where the absolute G-
band magnitudes are computed using the distances measured from MINESweeper.
Most of the wide binaries identified here are main-sequence stars, and some
are located on the giant branch. The companions scatter more around the main

sequence track because they are fainter and more likely to have unreliable
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Figure 5.3: The wide binary search in the proper motion difference-angular separation
space. Left: the distribution for all the pairs consisting of an H3 star. In addition to
the chance-alignment pairs dominating at the upper-right part, there is an enhanced
wide binary population with small proper motion differences and small angular
separations. Middle: the contamination test where the H3 stars” Galactic latitudes are
offset by 1 arcmin. Therefore, all the pairs in this panel are chance-alighment pairs.
Right: the chance-alignment probability computed from the left and middle panel.
Based on the chance-alignment probability, we use an empirical selection (the dashed
lines in the three panels) to select high-confidence wide binaries.

colors.

For a genuine wide binary, we would expect both component stars to be
located on the same isochrone with the same metallicity. To investigate this,
we use the [Fe/H] and [« /Fe] measured from the H3 stars and see whether
the companion stars are located close to the corresponding MIST isochrone in

the H-R diagram. We define color deviation 4(BP-RP) by:

A(BP — RP); = (BP — RP); — (BP — RP)is0,i, (5.2)

where (BP — RP); is the observed Gaia BP-RP color for star i, and (BP — RP);y,
is the expected BP-RP color from the MIST isochrone for the star. Specifically,
we compute the MIST isochrone using brutus ! given the measured [Fe/H],
[a/Fe], and Ay of the H3 star, assuming a stellar age of 10 Gyr. Then for the

star of interest (H3 star or its companion), (BP — RP);s,, is computed from

Ihttps://github.com/joshspeagle/brutus
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the isochrone given the absolute G-band magnitude of the star. The last step
requires that an absolute magnitude only maps to a single BP-RP value, which
is satisfied for the main-sequence phase and part of the giant phase. Because
the isochrone has included the extinction Ay, the resulting A4(BP — RP); is

extinction corrected.

Fig. 5.5 shows the distribution of A(BP — RP) for the H3 stars, companion
stars, and the chance-alignment stars. The H3 stars are concentrated at A(BP —
RP)y3 = 0, which is expected because this is how MINESweeper uses broadband
photometry and MIST isochrone to derive relevant quantities like distances.
The A(BP — RP)companion is also highly clustered around 0, indicating that these
companions are located close to the expected isochrone. The deviation of
A(BP = RP)companion from being exactly at 0 may be due to the uncertainties in
their photometry (especially that most of the companions are fainter than the
H3 stars), the presence of unresolved companions around the H3 stars or the
companions (while isochrones assume that they are single stars), or that they
are not genuine wide companions. For comparison, chance-alignment pairs
selected by proper motion differences > 5mas yr‘1 have A(BP — RP)companion
with a wide range of scatter and does not concentrate around a certain value.
Fig. 5.5 supports that the majority of the wide binary candidates are indeed

genuine wide binaries.
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Figure 5.4: The H-R diagram of the wide binaries. The red points show the H3 targets
in the wide binaries, and the blue points are the companions. Most of the wide
binaries are main-sequence stars.
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Figure 5.5: The distribution of color deviation 4(BP — RP), defined in Eq. 5.2. The
color deviation of the companions are strongly concentrated around 0, meaning
that they are located at the reasonable region in the H-R diagram. In contrast, the
companions from chance-alignment pairs have a wide range of color deviations.
This comparison supports that most of the wide binaries are genuine and are not
chance-projection pairs.
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Figure 5.6: The Galactic orbits of stars in the E;,;-L, space. The H3 giant stars (black
points) illustrate the kinematic substructures in the halo, with texts highlighting the
prominent structures. The wide binaries are shown as red points. Blue wedge is the
empirical demarcation line used to distinguish the disk and halo stars. Most of the
wide binaries are in the disk. There are about 50 halo wide binaries, and many of
them can be associated with the accreted Gaia-Sausage-Enceladus dwarf galaxy.
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5.4.2 Galactic kinematics

Fig. 5.6 shows the H3 giants (black points) and the wide binaries (red points)
in the E;,-L, space. We apply the criteria detailed in Sec. 5.2.3 to have reli-
able kinematic measurements, resulting in 951 wide binaries. The distance
distributions vary in the E;,-L, space. In particular, the (thick) disk stars
are on average closer to the Sun than the halo stars. Therefore, using the
H3 giants alone (selected by log g < 3.5) presents a relatively unbiased view
with respect to the distances of the substructures in the halo out to ~ 50 kpc
(Naidu et al., 2020). Several structures are present in Fig. 5.6, including high-a
disk (thick disk), in-situ halo, and other substructures that can be connected
to previous accretion events like Sagittarius and Gaia-Sausage-Enceladus, as
detailed in Naidu et al. 2020. For the wide binary sample, we do not apply
the log g criterion. As a result, compared to the H3 giants, a larger number
of main-sequence wide binaries are located in the disk locus in Fig. 5.6. It is
particularly interesting that several wide binaries have E,,, and L, associated

with halo substructures, especially Gaia-Sausage-Enceladus, in Fig. 5.6.

We use the E,,-L; plane to separate the halo and thick disk populations.
The blue solid line in Fig. 5.6 is our empirical demarcation line, with thick disk
stars located in the lower-left part and the halo stars for the rest. The disk-star
selection is: (1) E;oy < —0.7x10°km?s72;and (2) L, < 0;and (3) E;; 5 < —1.45 —
0.22L,3, where E;y 5 = E;/(10° km?s72) and L3 = L, /(10> kpc km s™1).With
this selection, we have 1151 (95%) thick-disk wide binaries and 60 (5%) halo
wide binaries from Selection B. All wide binaries from Selection A belong to

the disk.
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5.4.3 The metallicity dependence of the wide binary fraction

To investigate the metallicity dependence of the wide binary fraction, we need
to make sure that the sample properties are similar across the metallicity. In
particular, lower-metallicity stars are more likely to be halo stars and may
be located at larger distances. Therefore, a lower wide binary occurrence
rate at lower metallicities may result from the fact that binaries at larger
distances are more difficult to resolve due to the spatial resolution limit, and
also their companions may be too faint to be detected in Gaia with good
astrometric measurements. Furthermore, different mass range is probed at
different distances because lower-mass main-sequence stars may be too faint
at larger distances. Therefore, to compare the wide binary fraction at different
metallicity, we need to ensure that these property distributions (e.g. distances)

are similar across the metallicity range of interest.

We use the halo sample as the benchmark sample, and use a Monte-Carlo
method to construct several disk samples with different metallicities where
their properties are star-by-star matched to the halo sample. Specifically, we
have one disk sample where the metallicities of the disk stars are star-by-star
matched to the halo sample with A[Fe/H]< 0.2, referred to as ‘metallicity-
matched disk sample’. In addition, we have other 5 disk samples where their
[Fe/H] are in the bins of [-3, -2, -1, -0.5, 0, 0.5]. In this analysis, only wide
binaries from Selection B are used.

These disk star samples are assembled by star-by-star matching to the halo

star sample’s properties. Specifically, for a given halo star, its matched disk
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stars have (1) distance differences < 10% of the halo star’s distance, and (2) BP-
RP color differences < 0.2 mag. The former criterion ensures that the matched
disk star sample has the same distance distribution as the halo sample, and the
latter criterion is to select a disk sample with similar color and therefore mass
distribution. Then, the [Fe/H] criterion is imposed depending on the type of
the disk sample. Then among the disk stars that satisfy these matching criteria,
we randomly assign one of them to that specific halo star. Therefore, for one
halo star, there are 6 matched disk stars with different metallicity criteria. If
any one of the matched disk star is not found, then that specific halo star is

excluded.

The parent halo sample consists of 20912 stars. Because of the poor de-
tectability of wide binaries and the difficulty of finding a matched disk star at
large distances, we require that the halo stars have distances < 5 kpc, reducing
the sample size to 11462. Then we search for the disk stars that matched to
the halo star sample. In the end, 11373 halo stars have successful matched
disk stars. 89 halo stars are excluded because not all matched stars are found,
mostly because their distances are too large (> 4 kpc) or too small (< 1kpc).
Then in every halo and disk sample, we compute its wide binary fraction,
which is the number of wide binaries in the sample divided by the total

number of the sample (i.e. 11373).

While we do not explicitly match the @ abundances, the resulting samples
turn out to have similar mean @ abundances. Except for the disk sample at
[Fe/H]> 0 that has a mean [« /Fe] of 0.122 + 0.001, other disk samples and the

halo sample have mean [a/Fe] between 0.2 and 0.3. Therefore, the dependence
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on « abundance plays a minor role when we investigate the iron abundance
dependence among these samples. The dependence on a abundance will be

investigated further in Sec. 5.4.4.

Fig. 5.7 shows the wide binary fraction as a function of metallicity for
the halo and disk samples. The [Fe/H] values are the mean metallicities
in each sample, and the errors of the wide binary fraction are the Poisson
uncertainties. For comparison, we overplot the results from Hwang et al., 2021
where our 500-pc sample is dominated by the thin-disk stars, with [Fe/H]
values indicating the centers of the bins. The wide binary fraction from
Hwang et al., 2021 is multiplied by an arbitrary factor of 0.2 for better visual
comparison. The wide binary fractions from this work and Hwang et al., 2021
can only be compared in a relative sense (i.e. the overall metallicity trend) but
not in an absolute sense, because they use samples that have different range

of wide binary separations and different detection limit for the companions.

Fig. 5.7 shows that the wide binary fraction in the disk decreases towards
the low-metallicity end. This is similar to the trend from Hwang et al., 2021,
but now this work extends the trend down to [Fe/H]= -3 where the nearby
sample of Hwang et al., 2021 does not have any statistical power. On the other
hand, the H3 sample has a limited number of stars at [Fe/H]> 0 and cannot
investigate the decreasing metallicity trend at the high-metallicity end that
appears in the result from Hwang et al., 2021. Therefore, the results of the H3

survey are highly complementary to the previous studies.

In Hwang et al., 2021, we attempt to differentiate the thick-disk stars and

halo stars using total 3-dimensional velocities and the maximum Galactic
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heights. We find that, as the entire population (regardless of the metallicity
difference), the wide binary fraction of the halo stars is lower than that of the
thick disk. But at a fixed metallicity, the wide binary fraction of the halo seems
consistent with that of the thick disk. However, there are only two possible
halo wide binaries in Hwang et al., 2021, so the conclusion is still limited by

small number statistics.

Here with a better kinematic selection and a larger halo wide binary sample,
we are in a better position to investigate the difference (or not) between the
disk and the halo sample. We find that the wide binary fraction of halo stars is
consistent with that of the disk stars where the metallicities are matched. This
suggests that metallicity is the main driver of the wide binary fraction, and
that the disk and halo stars do not have significantly different wide binary

fraction once the metallicity is controlled.

In Fig. 5.7 , we use the observed surface metallicity, but the surface metal-
licity may change over stellar evolution. Even on the main sequence, surface
metallicity can change as much as 0.5 dex due to atomic diffusion and gravita-
tional settling (Dotter et al., 2017). We investigate this effect by using initial
metallicity computed based on the model from Dotter et al., 2017, and the

results remain similar to Fig. 5.7.

5.4.4 Alpha abundances

We use a star-by-star matching method similar to Sec. 5.4.3 to investigate the
« abundance dependence of the wide binary fraction. To ensure that our

sample covers a wide range of @ abundances, we focus on the disk sample
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Figure 5.7: The wide binary fraction as a function of metallicity. The blue, orange,
and green markers show the results from this study, with [Fe/H] values indicating
the mean metallicity in each sample. The blue point is the wide binary fraction for
the halo stars, and the orange point is that for the disk stars where their metallicities
are star-by-star matched to the halo stars. The green points are the disk stars matched
to halo stars but with different metallicities. The black points show the results from
a thin-disk-dominated local sample (Hwang et al., 2021), where the [Fe/H] values
are the centers of each metallicity bin. This plot shows that the wide binary fraction
decreases towards the low-metallicity end. Also, the wide binary fractions of the halo
and the disk are consistent once their metallicities are controlled.
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with [Fe/H] between —1 and —0.5, using the disk star selection from Sec. 5.4.2.
Then this sample is binned into 5 sub-samples by [a/Fe] from 0 to 0.5 with a
step of 0.1 dex. The sub-sample with [« /Fe] between 0 and 0.1 is used as the
benchmark sample, and we construct the star-by-star matching sample from
other sub-samples. Specifically, for a given star in the benchmark sample, its
matched stars in other sub-samples have (1) distance differences < 10%, (2)
BP-RP color differences < 0.2 mag, and (3) [Fe/H] differences < 0.1. Therefore,
for a star in the benchmark sample (i.e. [a/Fe] between 0 and 0.1), it has 4
matched stars in different @ abundance bins. If any of 4 matched stars is not
found, we discard the star from the benchmark sample. After this procedure,
we end up with 2346 disk stars in each [a/Fe] bin, and all these bins have
similar distance distributions, color distributions, and [Fe/H] distributions.
Then the wide binary fraction is computed in each bin by dividing the number

of wide binaries found in Section B by the total number of stars in each sample.

Fig. 5.6 presents the wide binary fraction in the disk stars as a function of «
abundance. The absolute values of wide binary fractions in this plot should not
be directly compared to those in Fig. 5.7 because they use different benchmark
samples and therefore have different distance distributions. Fig. 5.5 shows
that the wide binary fraction does not significantly depend on a abundances,
with the relative change in the wide binary fraction less than ~ 20% across the

entire range of @ abundances.
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Figure 5.8: The wide binary fraction versus a-element abundance, where the iron
abundances are controlled in each bin. The wide binary fraction is consistent with no
dependence on a-element abundance.
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Table 5.1: Summary of the selected wide binary candidates.

Selection A Selection B

Angular separations 20-60 arcsec < 30 arcsec
Binary separations 1045°9AU  10°° AU
Number of wide binaries 7 961
Chance-alignment probability < 1 pair 4.6+0.7%
Number of halo/disk stars 0/7 50/909

5.4.5 Summary of the wide binary search and catalog

Table 5.1 provides the summary of the selected wide binary candidates. There
are 7 wide binaries candidates from Selection A (Sec. 5.3.1) and 1000 from
Selection B (Sec. 5.3.2). Selection A selects wide binaries with larger angular
separations of 20 — 60 arcsec (and therefore larger binary separations), and
Selection B selects those with angular separations < 30 arcsec. Based on the

kinematics, about 50 wide binaries are halo wide binaries.

We provide an electronic catalog for the wide binaries. Table 5.2 tabulates
the descriptions for the catalog. Fields starting with the prefix ‘0_" are the
information for the H3 stars, and those starting with the prefix ‘1_" are for the

companions.

5.5 Discussions
5.5.1 Comparison with the literature

In the pre-Gaia era where high-precision parallaxes are not available for most
of the stars, the reduced proper motion diagram is used to distinguish high-

velocity halo stars from disk stars and to identify halo wide binaries. The
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Table 5.2: Descriptions for the wide binary catalog.

Field Description

method The wide binary selection method.

@_source_id Gaia EDR3 source_id of the H3 star

o_ra Right ascension of the H3 star from Gaia EDR3 (J2016.0; deg)

0_dec Declination of the H3 star from Gaia EDR3 (J2016.0; deg)

0_parallax Parallax of the H3 star from Gaia EDR3 (mas)

0_parallax_error Uncertainty in @_parallax from Gaia EDR3 (mas)

0_pmra Proper motion in right ascension direction of the H3 star from Gaia EDR3 (mas yr™')
0_pmra_error Uncertainty in @_pmra (mas yr~!) from Gaia EDR3

0_pmdec Proper motion in declination direction of the H3 star from Gaia EDR3 (mas yr™')
0_pmdec_error Uncertainty in 6_pmdec (mas yr~!) from Gaia EDR3

0_g Apparent G-band magnitude of the H3 star from Gaia EDR3 (mag)

@_H3_1D? H3 id for the H3 star

0_FeH Iron abundance of the H3 star measured by H3 (dex)

0_Teff Effective temperature of the H3 star measured by H3 (K)

0_logg Surface gravity of the H3 star measured by H3 (log cgs)

0_Vrad Radial velocity of the H3 star measured by H3 (kms™!)

0_dist_adpt Heliocentric distances of the H3 star measured by H3 (kpc)

0_Etot Total orbital energy of the H3 star (10° km?s72)

0_Etot_err Uncertainty in @_Etot (10° km?s~2)

0_Lz Orbital momentum along the Galactic z-axis of the H3 star (10> kpckms™)
0_Lz_err Uncertainty in 6_Lz (10> kpckms™)

1_source_id Gaia EDR3 source_id of the companion star

1_ra Right ascension of the companion star from Gaia EDR3 (J2016.0; deg)

1_dec Declination of the companion star from Gaia EDR3 (J2016.0; deg)

1_parallax Parallax of the companion star from Gaia EDR3 (mas)

1_parallax_error Uncertainty in 1_parallax from Gaia EDR3 (mas)

1_pmra Proper motion in right ascension direction of the companion star from Gaia EDR3 (mas yr’l)
1_pmra_error Uncertainty in 1_pmra (mas yr~') from Gaia EDR3

1_pmdec Proper motion in declination direction of the companion star from Gaia EDR3 (mas yr!)
1_pmdec_error Uncertainty in 1_pmdec (mas yr~') from Gaia EDR3

1_g Apparent G-band magnitude of the companion star from Gaia EDR3 (mag)
1_H3_1D% H3 id for the companion star

1_FeH? Iron abundance of the companion star measured by H3 (dex)

1_Teff? Effective temperature of the companion star measured by H3 (K)

1_logg? Surface gravity of the companion star measured by H3 (log cgs)

1_Vrad? Radial velocity of the companion star measured by H3 (kms™)

1_dist_adpt? Heliocentric distances of the companion star measured by H3 (kpc)

separation Angular separation of the wide binary (arcsec)

pm_diff Proper motion difference of the wide binary (masyr~!)

“ These fields are only available for selection method==A.
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reduced proper motion diagram uses proper motions as a proxy for distances
because closer stars have larger proper motions, and halo stars are more
separated because of their lower metallicities and higher spatial velocities
(Salim and Gould, 2002). Using this method, previous studies have found
100-200 halo(-like) wide binary candidates (Chaname and Gould, 2004; Quinn
and Smith, 2009; Allen and Monroy-Rodriguez, 2014; Coronado et al., 2018),
and use them to constrain the mass of massive compact halo objects (Yoo,
Chaname, and Gould, 2004; Quinn et al., 2009; Monroy-Rodriguez and Allen,
2014).

Reduced proper motion diagram uses photometry to distinguish halo
and disk stars. However, lower-metallicity stars have higher close binary
fraction (Moe, Kratter, and Badenes, 2019), plus that close binaries are more
likely to have resolved wide companions (Hwang et al., 2020b), halo wide
binaries selected from reduced proper motion diagram may preferentially
exclude systems with unresolved companions. In contrast, since the wide
binary selections used in this work depend only on the astrometry and not on
photometry, our selections are not affected by unresolved companions. Also,
reduced proper motion diagram can confuse halo stars with high-velocity
thick-disk stars.

Gaia provides high-precision astrometry for billions of stars (Gaia Collab-
oration et al., 2016), making the search for a large number of wide binaries
possible (Oh et al., 2017; El-Badry and Rix, 2018; Jiménez-Esteban, Solano, and
Rodrigo, 2019; Hartman and Lépine, 2020). Using Gaia EDR3, El-Badry, Rix,

and Heintz, 2021 have cataloged about a million wide binaries within 1 kpc. By
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cross-matching this catalog the with median-resolution (R ~ 1800) LAMOST
survey DR6 (Deng et al., 2012; Zhao et al., 2012) and using LAMOST’s radial
velocities to compute E;,; and L, , we find that there are 50 halo wide binaries
that satisfy the halo selection from Sec. 5.4.2 and SNR > 10 in g-band from
LAMOST. We repeat the same procedure for the median-resolution (R ~ 2000)
SEGUE DR9 (Yanny et al., 2009), ending up with 16 halo wide binaries with
SNR > 10.

The 50 halo wide binaries and ~900 disk wide binaries found in this paper
feature the largest wide binary sample with high-resolution spectroscopy. In
addition to radial velocities that enable precise kinematic measurements, the
high-resolution spectroscopy further provides reliable chemical abundances

that are critical for the understanding of wide binary formation and evolution.

5.5.2 Origin of the iron-abundance dependence

Wide binary disruption by passing stars and other Galactic structures are un-
likely to play an important role in our results. Most of the wide binaries from
Hwang et al., 2021 have separations of ~ 1000 AU. The disruption timescale
for these wide binaries is ~ 100 Gyr (Weinberg, Shapiro, and Wasserman, 1987).
The wide binaries identified in this paper have longer separations than Hwang
et al., 2021 (a median separation of 7700 AU), but their surrounding stellar
densities are also much lower than Hwang et al., 2021, resulting a similar
disruption timescale. Since their disruption timescales are longer than the age
of Universe, the iron-abundance dependence of the wide binary fraction is

not due to wide binary disruption over their lifetime.
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Hwang et al., 2021 show that the wide binary fraction of thin-disk stars
peaks around [Fe/H]= 0 and decreases towards both low and high metallicity
ends. We propose several possibilities to explain such metallicity dependence.
The positive correlation between the metallicity and the wide binary fraction
at [Fe/H]< 0 may be due to the denser formation environments in the earlier
Universe that tend to disrupt the wide binaries. At [Fe/H]> 0, The anti-
correlation between metallicity and the wide binary fraction may be due to
that some wide binaries are formed from the dynamical unfolding of compact
triples (Reipurth and Mikkola, 2012; Elliott and Bayo, 2016), and thus they
inherit the metallicity dependence from the close binary fraction (Raghavan et
al., 2010; Yuan et al., 2015; Badenes et al., 2018; Moe, Kratter, and Badenes, 2019;
El-Badry and Rix, 2019). The radial migration of Galactic orbits (Sellwood and
Binney, 2002) may also cause such non-monotonic metallicity dependence,
either due to different formation environments at different galactocentric radii
or that the enhanced interaction with high-density gas clumps disrupt the

wide binaries.

Halo wide binaries are particularly useful to decipher the origin of the
metallicity dependence of wide binary fraction. For example, most of the
halo stars do not experience the radial migration. Therefore, if the metallicity
dependence of the wide binary fraction is due to radial migration which
is more important for disk stars, we would expect a different wide binary
fraction in the halo. The sample used in Hwang et al., 2021 is dominated by
kinematic thin-disk stars, and no more than two wide binaries are likely to

be halo. Therefore, we cannot constrain the halo wide binary fraction in the
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previous work.

Now with the H3 data, we can compare the wide binary fraction between
the disk and the halo. Our results suggest that iron abundance is the main
driver for the wide binary fraction (Fig. 5.7), instead of their origin (disk
versus halo) nor @ abundance (Fig. 5.8). This rules out radial migration as the

dominant driver for the metallicity dependence of the wide binary fraction.

After ruling out the radial migration scenario, our leading hypothesis for
the iron abundance dependence of the wide binary fraction is that the forma-
tion environments are denser at lower [Fe/H], which are more disruptive for
wide binaries. This is possible because studies have found that the star for-
mation environments have higher pressures and densities at higher redshifts,
and also higher-mass clusters tend to form in such environments (Harris and
Pudritz, 1994; Elmegreen and Efremov, 1997; Kravtsov and Gnedin, 2005;
Kruijssen, 2014; Ma et al., 2020).

5.5.3 Implications for the halo

There is an ongoing debate on whether disrupted globular clusters play an
important role in the stellar halo. Because wide binaries cannot survive in
globular clusters due to the extremely high stellar density, disrupted globular
clusters would lower the halo wide binary fraction if they contribute to a

significant fraction of the halo.

Our result finds that the wide binary fraction of the halo is consistent with
that of the disk (Fig. 5.7). Assuming that the original halo wide binary fraction

(i.e. halo stars that are not from globular clusters) is the same as the disk and
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the wide binary fraction from disrupted globular clusters is zero, our result
implies that the disrupted globular clusters contribute less than ~ 50% of the
halo. This is consistent with other studies where they find ~ 10% of halo are
related to disrupted globular clusters (Martell and Grebel, 2010; Martell et al.,
2011; Martell et al., 2016; Koch, Grebel, and Martell, 2019).

Our halo sample, selected to be within 5 kpc from the Sun, is dominated
by the accreted Gain-Sausage-Enceladus dwarf galaxy (Naidu et al., 2020), and
many of our halo wide binaries have kinematics associated with it (Fig. 5.6).
With a similar argument, our result suggests that the globular clusters of
Guaia-Sausage-Enceladus do not dominate the total number of accreted stars

from Gaia-Sausage-Enceladus.

5.6 Conclusions

Halo wide binaries play a critical role in constraining the nature of dark matter
and wide binary formation. In this paper, we search for wide binaries in the

H3 survey. Our findings include:

1. Depending on the availability of radial velocities, we use two selection
methods to search for wide binaries (Fig. 5.1, Fig. 5.3). Our search
results in a total of 968 wide binary candidates with binary separations
ranging from 10° to 10° AU. The results are summarized in Table 5.1.
This is the largest wide binary sample with high-resolution (R > 10, 000)

spectroscopy.
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2. Their companions are located at the reasonable locations in the H-R dia-
gram (Fig. 5.5), supporting that most of them are genuine wide binaries

instead of chance-alignment pairs.

3. Based on the Galactic kinematics, we separate the wide binaries into
disk and halo population (Fig. 5.6), resulting in a sample of 50 halo wide
binaries and many of them have kinematics associated with the accreted

Gaia-Sausage-Enceladus dwarf galaxy.

4. By using the Monte-Carlo method to control for the distance and metal-
licity, we show that the wide binary fraction in the halo is consistent
with that in the disk (Fig. 5.7). Also, the wide binary fraction in the
disk decrease toward the low-metallicity end (Fig. 5.7). We do not find
a significant dependence of the wide binary fraction on @ abundance

(Fig. 5.8).

5. Our results imply that radial migration plays a minor role in the metal-
licity dependence of the wide binary fraction. The remaining promising
explanation for such metallicity dependence is that lower-metallicity
formation environments have higher stellar densities that tend to disrupt

wide binaries, thus lowering the wide binary fraction.

6. Since wide binaries are unlikely to survive in globular clusters, the fact
that we find a similar wide binary fraction in the halo as that of the
disk suggests that disrupted globular clusters do not contribute to a

significant fraction of the stellar halo.

180



Chapter 6

Concluding Statement

In this thesis, I make significant progress on improving our understanding of
the birth and the fate of close and wide binary stars. I develop a kinematic-
dating technique to track the lifetime of main-sequence contact binaries. I find
that contact binaries form at the age of ~ 1 Gyr (Hwang and Zakamska, 2020).
The formation time provides a powerful constraint on their formation mecha-
nisms. 1 Gyr formation timescale is too long for pre-main-sequence interaction
and the three-body interaction through the Kozai-Lidov mechanism, and is
more consistent with the timescale of magnetic braking. Therefore, our results
suggest that magnetic braking plays a critical role in the formation of contact
binaries. My results also show that these contact binaries merge within their
main-sequence lifetime, implying an appreciable number of merger remnants
in our Milky Way.

Using the astrometric information from the cutting-edge survey Gaia, 1
develop a comoving-search method to study the role of wide stellar com-
panions in the formation of hot jupiters and contact binaries (Hwang et al.,

2020b). Specifically, I measure the wide companion fractions (the fraction of

181



the sample that has stellar companions at 10° — 10* AU) for the hot jupiter
host sample and contact binary sample, and compare these fractions with the
field star sample. I find that both hot jupiter hosts and contact binaries have
higher wide companion fractions than that of the field stars by a factor of
2 and 3, respectively. The enhanced wide companion fraction of hot jupiter
hosts can be explained by their lack of close stellar companions, and therefore
no obvious connection between the wide stellar companions and formation
of hot jupiters is found. In contrast, the enhanced wide companion fraction
of contact binaries suggests that the formation of these close binaries is as-
sociated with their wide companions through, for example, the dynamical

unfolding of compact triples.

I report the first known relation between the wide binary fraction and
metallicity, providing a critical clue on the formation and evolution of wide
binaries (Hwang et al. 2021, Fig. 4.7). The non-monotonic metallicity depen-
dence may be due to the different formation environments at different times,
the dynamical unfolding of compact triples, radial migration of Galactic or-
bits, or their combinations. To further constrain these hypotheses, I conduct
a systematic search for wide binaries in the Milky Way’s halo. Because halo
stars have very different properties (metallicities, ages, and formation and
evolution environments) than disk stars, they are particularly useful to test
our hypotheses. Using this sample, I present a metallicity dependence from
halo wide binaries that is similar to the disk stars (Fig. 5.7). Since halo stars
do not experience Galactic radial migration, we can conclude that Galactic

radial migration does not play an important role in the metallicity dependence
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of wide binary fraction at the low-metallicity. Therefore, the lower wide bi-
nary fraction at lower metallicities is most likely a consequence of the denser

environments in the earlier Universe.

In the years to come, I will continue to investigate the life of binary stars.
First, I will examine the mass dependence of the lifetime of contact binaries,
which will prove if magnetic braking is the dominant formation channel.
Second, I will search for contact binaries about to merge based on their rapid
period changes. Then I will search for the remnant of contact binary mergers,
especially using their unusually blue colors and rapid stellar rotations. For
wide binaries, I am currently developing a new technique to measure one of
binary star’s fundamental parameter, eccentricity. The eccentricity will inform
us of wide binary formation and the subsequent evolution. All I mention here
is a subset of binary search, and there are more binary stars coming outside of
the Milky Way through their gravitational waves and mergers. Therefore, I

am sincerely looking forward to the bright future lighten by binary stars.
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