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Abstract

Contact binary star systems represent the long-lived penultimate phase of binary evolution. Population statistics of
their physical parameters inform an understanding of binary evolutionary pathways and end products. We use light
curves and new optical spectroscopy to conduct a pilot study of ten (near) contact systems in the long-period
(P > 0.5 days) tail of close binaries in the Kepler field. We use PHOEBE light-curve models to compute Bayesian
probabilities on five principal system parameters. Mass ratios and third-light contributions measured from spectra
agree well with those inferred from the light curves. Pilot study systems have extreme mass ratios g < 0.32. Most
are triples. Analysis of the unbiased sample of 783 0.15d < P < 2 days (near) contact binaries results in 178
probable contact systems, 114 probable detached systems, and 491 ambiguous systems for which we report best-
fitting and 16th-/50th-/84th-percentile parameters. Contact systems are rare at periods P> 0.5 days, as are
systems with g > 0.8. There exists an empirical mass ratio lower limit ¢, ;, (P) ~ 0.05-0.15 below which contact
systems are absent, supporting a new set of theoretical predictions obtained by modeling the evolution of contact
systems under the constraints of mass and angular momentum conservation. Premerger systems should lie at long
periods and near this mass ratio lower limit, which rises from g = 0.044 for P =0.74 days to ¢ =0.15 at P=2.0
days. These findings support a scenario whereby nuclear evolution of the primary (more massive) star drives mass
transfer to the primary, thus moving systems toward extreme g and larger P until the onset of the Darwin instability
at ¢,;, precipitates a merger.

Unified Astronomy Thesaurus concepts: Contact binary stars (297); Close binary stars (254); Markov chain Monte

Carlo (1889); Stellar evolution (1599); Multiple star evolution (2153)
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1. Introduction
1.1. Contact Binary Stars

The evolutionary paths of many stars culminate in a merger
with a close stellar companion. As currently envisioned, these
cataclysmic events occur after the stars undergo long geriatric
episodes, exchanging mass as members of the ubiquitous
population of contact binary systems. V1309 Sco became the
prototype for stellar merger events when this 1.4 days contact
binary exhibited an exponentially decreasing period, brigh-
tened, underwent a rapid evolution in light-curve morphology,
and erupted in a “luminous red nova” (Kulkarni et al. 2007)
event similar to the 2002 V838 Mon eruption (Munari et al.
2002), leaving only a single cool inflated star (Tylenda et al.
2011). Stellar mergers may be as frequent as 0.2 yr ! in the
Milky Way (Kochanek et al. 2014; Howitt et al. 2020). The
number of observed red novae in nearby galaxies is currently
small, but the advent of wide-area deep sky surveys may
precipitate detection of hundreds per year in the local universe.
A comprehensive picture of the evolutionary sequence(s)
yielding contact binaries and subsequent mergers is still
elusive, but rapid advances are possible in this nascent era of
all-sky time-domain data sets.

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

Eggleton (2012) summarized a working theoretical sequence
for the evolution of contact binaries terminating in a merger
(see also Lucy 1976; Webbink 1976; Hilditch 1989; Ste-
pien 1995; Yakut & Eggleton 2005). The sequence commences
with a wide (period P = months—1,000 yr) binary with main-
sequence components orbited by a distant tertiary that induces
Kozai-Lidov cycles (Kozai 1962; Lidov 1962) with a tidal
friction that shrinks the inner orbit to a few days, a point where
magnetic braking can continue to rob the orbit of angular
momentum. When the semimajor axis becomes small enough
that the more massive primary star fills its Roche lobe, mass
transfer to the secondary commences. Conservative mass
transfer to the less massive secondary component drives the
orbit toward smaller separations and heats the secondary, which
fills its Roche lobe, eventually inducing mass transfer in the
other direction. A series of thermal relaxation oscillations
ensues with the mass transfer alternating in direction on a
thermal timescale. This complex interaction makes it impos-
sible to follow the evolution of either star in detail, but it is
presumed that the long-term average transfer is to the primary
star and hence toward small mass ratios (¢ = M,/M,). Once ¢
reaches a critical threshold in the vicinity of 0.15, dictated by
the point at which the tidally locked components’ rotational
angular momentum exceeds one-third of their orbital momen-
tum, the Darwin instability (Darwin 1893; Counselman 1973)
instigates a rapid loss of angular momentum driven by tidal
dissipation and nonconservative mass loss through the second
Lagrange point. The runaway angular momentum loss
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culminates in a phase of dynamic friction in a common
envelope as the primary subsumes the secondary.

Molnar et al. (2019) and L. A. Molnar (2022, in preparation)
show that a contact binary system with steady mass transfer to
the primary (i.e., without oscillations) is possible for all but the
largest mass ratios. They computed evolutionary models driven
by the nuclear evolution of the primary (i.e., mass-receiving
star) and so derived the lifetimes for a grid of initial mass
values and the evolution of the moment of inertia of the
primary. These showed the mass ratio for the onset of the
Darwin instability depends modestly on the initial mass ratio
and total mass, with the limit being reached for final period
P > 0.75 days at mass ratios increasing from 0.05 to 0.15 with
increasing P. This scenario predicts a paucity of systems with
mass ratios more extreme than 0.10 and entails the requirement
that contact binaries evolve from short-period (0.3-0.5 days)
orbits toward ~1 days orbits prior to coalescence. However,
even if this sequence describes one dominant paradigm for
contact binary evolution, alternate channels (e.g., systems that
first come into contact after significant individual evolution) are
likely to operate as well.

Population studies of contact binaries lend some support to
this “standard” scenario but are also consistent with the
L. A. Molnar (2022, in preparation) scenario. W-type
(Binnendijk 1970) contact binaries (those where the less
massive secondary star appears to be hotter and produces the
deeper minimum when eclipsed) are the most numerous and
preferentially have shorter orbital periods in the 0.3-0.5 days
range. By contrast, A-type contact binaries appear to have
hotter primaries and tend to have longer orbital periods, lower
mass ratios (Yakut & Eggleton 2005), and larger component
radii, indicating a more evolved state (Mochnacki 1981). These
observations are consistent with the grid of evolutionary tracks
computed in Molnar et al. (2019) and refined in L. A. Molnar
(2022, in preparation). Molnar et al. (2019) also identified a
small (N =7) class of long-period P =~ 1 days contact binaries
from among 22,400 close binaries in the 14 year OGLE
photometric survey (Pietrukowicz et al. 2017) that exhibit large
(|dP/dt| > 1.4 x 10™®) negative period derivatives, consistent
with being premerger candidates. Molnar et al. (2020) analyzed
the light curves of 184,000 OGLE contact binaries to
demonstrate an anticorrelation between mass ratio and period,
supporting the evolution from W-type short-period toward
A-type longer-period systems, a trend that we reexamine here
using a sample of 783 short-period binaries having high-
precision Kepler photometric data.

High-quality photometry can provide excellent constraints
on most system parameters in contact binaries and even in
some detached binaries having large ellipsoidal light-curve
modulations. Fundamental parameters include periods, period
derivatives, orbital inclination i, mass ratio ¢, fillout factor f,
and ratio of stellar temperatures 7,/T;. The fillout factor is a
measure of the Roche lobe volume occupied and is defined in
terms of the potential at the poles, €2, and the critical potentials
at the first and second Lagrange points, e.g., (PrSa 2018,
Equation (3).67 and discussion therein).

=€ = QL) /2 — Q). (1)

Fillout factors f< 0 correspond to detached systems while
f>0-1 correspond to contact systems. Figure 1 presents a
graphical depiction of the Roche surfaces for fillout factors
f=10.05, 0.35, 0.65, 0.99] generated with PHOEBE
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(Prsa et al. 2016) for a ¢ =0.25 system with a 1 M, primary
star. It illustrates the transition from nearly detached systems at
f=0.05 (upper left panel) to the highly distorted secondary
(nearly overflowing at the L, point) in the f=0.99 case (lower
right panel).

Figure 2 shows a grid of model contact binary light curves
produced using PHOEBE for inclination angles i = [90°, 60°,
30°, 10°] in rows top to bottom, fillout factors f=[0.99, 0.70,
0.40, 0.20] in columns left to right, and mass ratios ¢ = [0.95,
0.70, 0.35, 0.10] coded by color as indicated in the legend.
Here we adopt equal-temperature stars, 7,=175,, because contact
binaries have atmospheres in thermal contact, but the actual
systems can exhibit slightly unequal component temperatures
(Hilditch et al. 1988; Yakut & Eggleton 2005), sometimes as a
consequence of spots (Barnes et al. 2004; Nelson et al. 2014).
Phase ¢ = 0 is defined, for purposes of this plot, when the more
massive star is at superior conjunction. At large inclinations
(top row, i=90°), the distinctive v-shaped or flat minima
provide information on the inclination and mass ratio, while the
overall amplitude of modulation, which decreases from left to
right, provides constraints on f. Secondary minima are flatter
and less deep as mass ratios becomes more extreme from
g =0.95 toward g = 0.10. At intermediate inclinations (second
row, i =60°), the light curves become quasi-sinusoidal and
more uniform, with the overall amplitude of modulation
decreasing with decreasing g and f. At this inclination, the
more massive component still produces a deeper eclipse at
¢ =0. At still lower inclinations (third row, i=30°), the
secondary minima (phase ¢ = 0.5 when the less massive star is
at superior conjunction) become deeper than the one at ¢ =0,
more dramatically so as g becomes more extreme. The full
amplitude of modulation is now <10%. At the lowest
inclinations (bottom row), the minima at ¢ =0.5 become
much deeper and wider than those at ¢ =0.0, most
dramatically so at extreme g. The amplitude of modulation is
also very small, on the order of 1%. One consequence of this
reversal in timing of the deeper minimum with decreasing
inclination is that the standard observational practice of
locating the deeper minimum at ¢ =0 results in mass ratios
M,/M, = g < 1 being observed at i 2 50° and g > 1 for i < 50°
—i.e., an eclipse of the more massive star always produces the
deeper minimum (for equal temperatures).

A fourth fundamental parameter, /3, the fraction of light
from an unresolved third stellar component (either physically
related or projected along the line of sight; not illustrated in
Figure 2), serves to dilute the light-curve modulation at all
phases and alter the ratios of minima to maxima in a way that is
partially degenerate with other parameters, including the
temperature ratio, T;/7T,. Figure 3 shows model light curves
for contact binaries having i =60° and f= 0.5 for two mass
ratios (¢ =1[0.10, 0.25]) and three third-light fractions
(13 =10.0, 0.30, 0.90]), as coded by color and line style in
the legend. Third-light contributions dilute the amplitude of
modulation such that modest mass ratios with substantial third
light become almost indistinguishable from more extreme mass
ratios having small third light. For example, the g =0.10,
13 = 0.00 model (dashed black curve) is nearly (but not exactly)
identical to the ¢ =0.25, I3 =0.30 model (solid cyan curve).
Failing to diagnose third light correctly can lead to an
erroneous mass ratio. The degeneracy is less severe at high
inclinations and large fillout factors where light-curve shapes
are less ambiguous. With high-quality light curves, such as
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Figure 1. Depiction of the Roche surfaces for four ¢ = 0.25 systems having fillout factors f= [0.05, 0.35, 0.65, 0.99].

those afforded by Kepler, it is often possible to model and
recover several or all of the principal system parameters.
However, Figure 3 serves to illustrate danger in attempting to
recover mass ratios solely from low-quality light curves when
third-light contributions are unconstrained. If the third comp-
onent has a spectral energy distribution substantially different
from the contact binary, multicolor photometry can help break
this degeneracy. However, in this work, we focus on the
constraints afforded by high-quality single-band light curves.
Additional free parameters, such as the ratio of stellar
temperatures, T,/7T; (1 for contact systems), and the
possibility of inhomogeneities (e.g., hot or cool spots on the
stellar surfaces), introduce additional signatures in the light
curve that may be partially degenerate with other parameters
but can nevertheless be modeled statistically, especially if
multicolor light curves are available. Although detailed
modeling of high-quality light curves can constrain system
parameters of close binaries in many cases, the phase-resolved
kinematic measurements from spectroscopic data are required
to measure the individual component masses, total system
masses, and constrain the structure and location of asymmetries
in the systems such as hot or cool spots (e.g., techniques
usually known as Doppler or Roche imaging; Vogt &
Penrod 1983; Rutten & Dhillon 1994). Spectroscopic data also

serve to validate the results obtained from light-curve modeling
or provide mass ratios for detached binaries, which can then be
modeled to recover the remaining parameters on the basis of
light curves.

1.2. Goals of This Investigation

Our goals in this contribution are (1) to critically assess the
prospects for identifying extreme-mass-ratio contact binary
systems from high-quality photometry in conjunction with
state-of-the-art stellar binary model light curves, and (2) to test
the Molnar et al. (2019); L. A. Molnar (2022, in preparation)
hypothesis that extreme-mass-ratio contact binaries are rare at
periods exceeding /0.5 days and nonexistent below a critical g
threshold demarcating the onset of rapid stellar mergers.
Section 2 describes the acquisition and reduction of new optical
spectroscopic data of ten (near) contact binaries obtained near
quadrature phases. The spectra directly provide the mass ratios
and velocity amplitudes, informing light-curve models that
subsequently constrain the individual component masses and
total system mass once the inclination is known. Furthermore,
the spectral line velocity profile of the system serves to validate
the remaining system parameters retrieved from light-curve
analysis alone (f, g, [3). Section 3 describes our application of
the spectroscopic broadening function (BF; Rucinski 1992)
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Figure 2. Grid of model light curves for four selected values of i (rows from top to bottom), f (columns from left to right), and g (colors) as indicated by labels within

the panels. In all cases, the third-light fraction 13 =0 and 7} = T>.
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Figure 3. PHOEBE model light curves for contact binaries with f= 0.5,
i =60°, two different mass ratios (indicated by line style), and three different
third-light fractions (indicated by color). Modest mass ratios with substantial
third light closely resemble more extreme mass ratios with minimal third light.

analysis techniques to determine the velocity profile of each of
the ten contact systems in the pilot spectroscopic study.
Section 3 also introduces our application of PHOEBE light-
curve models in conjunction with emcee (Foreman-Mackey
et al. 2013) Markov-Chain Monte Carlo IMCMC) software to

retrieve the Bayesian (posterior) probability distribution of
system parameters. Section 4 employs Kepler spacecraft light
curves in tandem with our spectroscopic data to measure the
full set of system parameters for ten (near) contact systems. We
demonstrate the power of these combined data sets to vet state-
of-the-art binary models while identifying extreme-mass-ratio
systems possibly in the penultimate phase of evolution. We
also use PHOEBE in conjunction with a MCMC analysis to
sample the posterior probability distributions of system
parameters as constrained by the data and obtain rigorous
uncertainties on each. Section 5 extends use of these PHOEBE
+MCMC retrieval tools to the entire set of >800 close Kepler
binaries to obtain best-fitting and probabilistic system para-
meters in a uniform manner for an unbiased sample of
unprecedented size and photometric precision. We investigate
both contact and detached configurations for each system and
identify the best-fitting configuration, where possible. Section 5
also investigates interesting statistical correlations among
system parameters, providing insight regarding the evolution-
ary paths of close binaries. Section 6 provides a synopsis of the
Molnar et al. (2019) and L. A. Molnar (2022, in preparation)
evolutionary scenario for contact binaries and tests key
predictions against the distribution of ¢ and P derived from
the Kepler sample. Section 7 provides a summary of substantial
successes of the joint PHOEBE+MCMC approach and reviews
the insights gleaned from the pilot study and the large-scale
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Period (d)

Figure 4. Distribution of orbital period, effective temperature, light-curve shape morphology parameter, and primary eclipse depth for binary stars in the Kepler field

(Kirk et al. 2016; black points) and our ten targets (red stars).

analysis of Kepler binaries that inform evolutionary scenarios
for contact systems.

Our intention throughout is to be pedagogical regarding
some aspects of contact binary light-curve analysis where we
feel the modern literature is lacking and to be prescriptive in
ways that help pave a path for large-scale analyses of binary
systems in the age of vast time-domain data sets. We adopt the
classical observational definition for eclipsing binaries that the
primary star (mass M, radius R, effective temperature 77) is
the component that is eclipsed at the time of superior
conjunction (#y), producing the deeper eclipse. By this
definition, the primary star is not necessarily the most massive
or largest or hottest. This may lead to reported mass ratios,
qg=M,/M,, either greater than unity (corresponding to the
W-type class of contact binaries in which the less massive
component appears to be hotter) or g less than unity
(corresponding to the A-type class of contact binaries in which
the more massive component appears to be hotter). In some
cases, the primary minimum (orbital phase ¢ =0.0) and
secondary minimum (orbital phase ¢ =0.50) have essentially
the same depth, so the distinction between primary and
secondary becomes ambiguous and arbitrary. During the
analyses, we are often interested only in the magnitude of the
mass ratio without regard to which component is more massive.
In such cases, we invert the mass ratios >1 to obtain what can
be regarded as an absolute mass ratio, g, = [0-1].

2. Photometric and Spectroscopic Data
2.1. Target Selection

A small sample of 10 long-period (P =0.55-1.38 days)
contact binary stars were selected from the compilation of 2878
Kepler binary stars (Kirk et al. 2016) for spectroscopic
observation. The targets were selected for having light curves
consistent with contact or near-contact systems and longer-

than-average periods. Figure 4 shows the distribution of period
(P) in days, effective temperature (T.¢), primary eclipse depth
(Ddepth)> and light-curve morphology parameter (morph)® for all
Kirk et al. (2016) binaries with periods between 0.2 and 4 days
(black points) and our targets (red star symbols). Kirk et al.
(2016) note that morphology parameters between 0.5 and 0.7
correspond to semidetached systems while 0.70 and higher
belong to contact systems and ellipsoidal variables (i.e., tidally
deformed detached systems). The dense locus of points in the
lower left panel forming a linear trend of an increasing
temperature with the period marks the population of close
binaries with main-sequence components. The correlation
reflects the relation between temperature and radius for main-
sequence stars. This trend becomes less pronounced above
about 7000 K, reflecting the small number of high-mass
(M =2 M) hot stars observed by Kepler, a consequence of
both the stellar initial mass function and possible selection
biases imposed by the Kepler Input Catalog (KIC; Brown et al.
2011; Batalha et al. 2010). These hotter stars preferentially
have morphology parameters greater than about 0.75 (appro-
priate to contact and ellipsoidal variables) and primary eclipse
depths reflecting the full range of values, as expected from a
random distribution of inclination angles. At periods longer
than about 0.5 days, the distribution of morphologies for
Kepler binaries bifurcates into a lower branch reflecting
detached morphologies and an upper branch indicating contact
and ellipsoidal variables. Another narrow locus of points in the
upper left panel near pgepm =~ 0 stretching from short toward
long periods reflects the population of statistically numerous
grazing-eclipse systems. Our target sample (red star symbols)
has morphology parameters ranging from 0.74 to 0.95,

3 This morphology parameter represents an attempt to represent the

menagerie of binary light curves using a higher-order manifold down-projected
onto 1D, introduced by Matijevi¢ et al. (2012) and described further in
Prsa (2018).
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Table 1
Pilot Study Systems with Spectroscopic Data
Name K Ter morph P to
(mag)  (K) (C)) (BID)
@ (@) ©)) (C) ® ©)
KIC04853067 13.1 5838 0.88 1.3409129  2454954.8641
KIC04999357 12.0 6662 0.84 0.9901294  2454954.8807
KIC06844489 14.1 6077 0.84 1.0797607  2454954.5790
KIC08913061 12.6 5414 0.76 1.0199709  2454954.1088
KIC09164694 14.2 6213 0.75 1.1113642  2454954.1862
KIC09345838 124 6761 0.75 1.0458734  2454954.5341
KIC09840412 12.8 6507 0.79 0.8784699  2454954.5568
KIC09953894 11.1 7295 0.74 1.3825997  2454954.5352
KIC10292413 15.1 6200 0.95 0.5591594  2454954.2022
KIC11097678 132 6493 0.90 0.9997155  2454954.8597

Note. (1) Kepler Input Catalog identifier, (2) mean Kepler band magnitude, (3)
stellar effective temperature from the Kepler Input Catalog, (4) light-curve
morphology parameter from Kirk et al. (2016), (5) orbital period determined as
described in this work, (6) reference time of superior conjunction, as
determined in this work.

relatively large primary eclipse depths, and periods =1 day,
placing them on the long-period tail of the distribution.

Table 1 lists the ten objects in the pilot study by KIC
identifier (column (1)), mean Kepler band magnitude (column
(2)), stellar effective temperature from the KIC (column (3)),
light-curve morphology parameter (column (4)), orbital period
(column (5)), and reference time (#;) of superior conjunction
from Kirk et al. (2016) with updates in this work (column (6)).

2.2. Photometric Data

We assembled calibrated Kepler photometry on the targets
available from the public MAST archive as cleaned and
detrended by Kirk et al. (2016). Data were generally available
from a majority of the Kepler operational quarters, from as few
as seven to as many as 17, yielding tens of thousands of
measurements in the broad Kepler bandpass spanning four
years, from 2009 May through 2013 May. We determined
mean periods for each system, using a Lomb—Scargle period-
ogram analysis,® which were found to be in good agreement
with those tabulated by Kirk et al. (2016). These periods were
then used to fold the light curve and calculate a time of superior
conjunction, fy—the reference time centered on the deeper
minimum in the light curve. In the manner of Molnar et al.
(2017), we fit the full light curve using a sum of three—six
Fourier components to define an analytic function characteriz-
ing the mean light curve. This function was then used to fit
subsets of the light curve, one-Kepler-quarter at a time, to
measure time-dependent phase shifts that indicate variations in
the times of minima or maxima. Such variations, termed eclipse
timing variations, may indicate a changing orbital period or a
light travel time delay that results from an orbit about a third
body. In a few cases where suitable data were available and
helpful, we added recent 2018-2019 photometric measure-
ments from the Zwicky Transient Factory (ZTF; Smith et al.
2014) as a way of extending the time baseline.

4
5

Mukulski Archive for Space Telescopes; https://archive.stsci.edu/.

Light-curve data were obtained 2021 August from http://keplerebs.
villanova.edu//.

6 As implemented in Python 2.7, astropy.stats.
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2.3. Spectroscopic Data

We obtained optical spectra on the targets near each of the
two quadrature orbital phases (¢ = [0.25,0.75]) with the long-
slit spectrographs at the Wyoming Infrared Observatory
(WIRO) 2.3 meter telescope and/or the Apache Point
Observatory (APO) 3.5 meter telescope. At APO we used the
Double Irnaging Spectrograph red arm with a 1200 line mm™"
grating in ﬁrst order to acquire spectra over the range
5800-6900 A. The spectral resolution was ~#3000 using slit
widths of 0”9 or 1”2 at a reciprocal dispersion of 0.62 A pix .
The wavelength calibration was performed with the aid of
HeNeAr lamp spectra obtained close in time to the target
exposures and has a rms of 0.06 A, or about 3 kms™' at
6500 A. Spectra acquired at WIRO used the long-slit
spectrograph with a 1”2 slit and a 2000 line mm™ ! grating in
first order to cover 5400-6700 Aata reciprocal dispersion of
0.61 A pix ' and resolution R~4000. The CuAr lamp
exposures acquired after each science exposure prov1ded
wavelength calibration to a rms of 0. 019 A (~1 kms™ ). At
both observatories, the target exposures times varied from
2x600s to 4 x 600 s, depending on the seeing and source
brightness, yielding spectra with continuum signal-to-noise
ratios (S/Ns) of 40:1-100:1 near 6500 A in the final combined
spectra. Averaging spectra over <40 minutes introduces a
small amount of phase smearing, which is small compared to
the rotational broadening of the tidally locked, short-period
stellar components. Spectra were reduced using standard
techniques in IRAF (Tody 1986), including 1D spectral
extraction and local sky background subtraction, flat-fielding
with quartz continuum lamps, and transformation to the
Heliocentric velocity frame of reference. The observations of
radial velocity standard stars confirm that the velocity
calibration is precise to =6 kms~' between observatories and
epochs, with deviations primarily attributed to variable
placement of a target within the slit—an inevitable limitation
of slit spectrographs.

3. Analysis Techniques
3.1. Broadening Function Analysis

We analyzed the optical spectra using a custom python
version of the BF algorithm described by Rucinski
(1992, 2002) to recover the velocity profile of each contact
binary at each quadrature phase. The BF code performs a true
linear deconvolution of a broadened stellar spectrum given a
narrow-lined spectral template of the appropriate effective
temperature. It is superior to cross-correlation methods when
used to separate the blended components of close binary
systems that have similar temperatures (Rucinski 1999). The
resulting BF for a contact binary is the light-weighted velocity
profile of the combined system at the time of observation, as
broadened by the instrumental proﬁle (which is ~75kms "
FWHM, smaller than the ~200km s~ ! rotational profiles) and
any temporal broadening from finite exposure durations. The
BF can also reveal the signatures of third components in the
spectra of rotationally broadened binary systems (e.g.,
D’Angelo et al. 20006).

Our BF analysis used as a template a high-resolution high-S/
N spectrum of the appropriate T.¢ (we adopt solar metallicity
and log g = 3 models for inflated stars; the exact choice is
inconsequential for our purposes) from the PHOENIX model
atmospheres (Husser et al. 2013). However, gross mismatches
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in T. between the spectra and the template of more than about
1000 K produce negative bowls on both sides of the BF peak.
Good matches between the data and the template produce the
largest BF amplitudes, serving as a check on the suitability of
the effective temperature listed in the KIC. We compared
BFs resulting from the full spectral coverage (usually
~5450-6650 A) and from a spectral subregion that excludes
Ha, the strongest single spectral feature. We found that BFs are
consistent with each other regardless of spectral regime, but
they have larger S/Ns when He is included. In principle, low
levels of Ha emission in the core of the line could lead to a
skewed BF because of the large weight of this feature in the
spectrum, but we found no evidence for such effects.

3.2. PHOEBE Bayesian Modeling

For the 10 systems studied spectroscopically (Section 4) and
the entire ensemble of nearly 800 candidate contact binaries
from the compilation of Kirk et al. (2016; our Section 5), we
modeled the light curves and velocity curves using the binary
modeling code PHOEBE 2.27 (Pr3a et al. 2016) in conjunction
with the MCMC code emcee (Foreman-Mackey et al. 2013) to
explore the posterior probability distributions of system
parameters. We adopted the period (P) and time of superior
conjunction (#y) from Kirk et al. (2016), except in a few cases
where we recomputed slightly different values using a subset of
the Kepler data. We adopted 7; from the KIC (Brown et al.
2011), using 6200 K if no value was listed. The models are
insensitive to the adopted 7 because the limb darkening
coefficients vary only modestly over the 4500 K < T <
7500 K range of contact binaries of concern here (e.g., limb
darkening tables of van Hamme (1993); Claret (2004)). Given
the short periods of these systems, we set zero orbital
eccentricity (e =0) as a fixed parameter. We used the mean
Kepler passband in the model light curve and the default
Castelli & Kurucz (2003) stellar atmosphere models with limb
darkening coefficients interpolated from these models as
implemented in PHOEBE 2.2. All systems were modeled
using four different computational approaches.

1. The fixed-temperature-ratio (77 =7,) model involves
contact binary geometry with equal-temperature compo-
nents (7,/T; = 1) and four free parameters: inclination i,
fillout factor f, mass ratio ¢, and third-light fraction /3.
We ultimately concluded that this model is too restrictive,
leading to incorrect solutions as the fitting process is
forced to alter other model parameters to compensate for
lack of flexibility in T,/T;.

2. The variable-temperature-ratio model involves contact
binary geometry with five free parameters: inclination i,
fillout factor f, mass ratio g, third-light fraction /3, and
temperature ratio 0.7 < T»/T; < 1.4. We concluded that
this model is too flexible, permitting demonstrably wrong
solutions as a consequence of degeneracy between model
parameters—7, /T and g, in particular.

3. The T, ~T; model involves contact binary geometry with
nearly equal-temperature components (0.95 < T,/T; < 1.05)

7 As this work was being completed PHOEBE 2.3 (Conroy et al. 2020),
which includes support for MCMC analysis, was released in late 2020. Our
analysis essentially followed the methods described in Conroy et al. (2020) in
regards to the merit function and MCMC techniques that we implemented
separately. Tests on a small subset of systems revealed no differences between
the light curves produced by the two PHOEBE releases.

Kobulnicky et al.

and five free parameters: inclination i, fillout factor f,
mass ratio g, third-light fraction /3, and T,/T;. We
ultimately adopted this model as the best general
approach to solving the inverse problem and retrieving
system parameters for (near) contact binaries.

4. The detached model involves detached geometry with six
free parameters: inclination i, mass ratio g, third-light
fraction [3, temperature ratio 0.7 < T,/T; < 1.4, primary
star radius R;, and ratio of component effective radii
R>/R;. We show that this model correctly identifies
detached systems in cases where the models provide a
superior fit to the light curve over the contact models.

We assigned broad flat priors: 0.0 <cosi < 1.0,
0.03* <f<0.99, —1.4 <log(q)< 1.4, 0<13<0.99, Ty <
T5/T; < Thax> 0.1 R <Ry <4 R, and 0.15 < Ry/R; <5 (i.e.,
no a priori preference for parameters within the given broad
physically plausible limits). Using logarithmic intervals in mass
ratio is necessary to capture the large dynamic range in that
parameter.

The distinction between a contact and a detached system is,
in actuality, an artificial one necessitated by modeling
limitations. That is, a contact system where only a small
fraction of the Roche lobes are filled will look very much like a
detached system where one or both components fill their Roche
lobes nearly to overflowing. A contact system with an extreme
mass ratio and a small fillout factor will look very much like a
semidetached system where only one component (nearly) fills
its Roche lobe. Nevertheless, the modeling approaches
described here will serve to constrain the probable system
parameters across this physical continuum.

We assessed the goodness of fit for each forward PHOEBE
model using the y? statistic computed using the phased model
and observed light curves. The phased light curve was divided
into 100 phase bins, so that one bin represents ~2 minutes for
the shortest period (0.16 days) systems and 14 minutes for the
~1 days systems, thereby oversampling the 30 minute Kepler
download cadence. The mean of all data points in a bin defines
the average measurement.

To quantify the uncertainty on each bin in the phased light
curve, we considered several approaches. Adopting the rms
deviation of the data points in each bin often led to very small
X12, values <1 because the dispersion in the data is dominated
by real variations in the system (e.g., spots/pulsations/flares)
that are much larger than the Kepler photometric uncertainty of
~0.01%. By this measure, the best-fitting models are often very
good—too good. One consequence of this choice is that the
posterior range of acceptable model parameters is overly large
and that the envelope of Bayesian posteriors contains models
that are demonstrably inconsistent with the data. Nevertheless,
this served as a useful indicator of the goodness of fit for a first
round of Monte Carlo iterations that identified the global locus
of best-fitting parameters. We also experimented with using an
error-of-the-mean (rms/./Ny.,) as the uncertainty on each
phase bin. This approach—ultimately abandoned—yielded
Xi > 1 in all cases because the nominal models do not include
the real physical features (spots/pulsations/flares) that are
apparently present in essentially all systems at levels greatly
exceeding the measurement precision. As a compromise that

8 This fillout-factor lower limit of 0.03 was adopted primarily to avoid

numerical difficulties that occur when the Roche Lobes are only tenuously in
contact at low f.
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lies between these two extremes, we chose an approach that
marginalizes over the (unknown) additional physical phenom-
ena shaping each light curve by performing a second round of
Monte Carlo iterations. Here, we multiplied the standard
deviation of measurements within each phase bin o by a scale
factor’ to obtain an effective uncertainty o, that forced the X,2,
of the best-fitting model to lie near unity. This scaling allows
the relative probabilities of competing models to be adjudi-
cated'® and provides appropriate statistical error estimates on
model parameters but does not, by itself, tell whether the model
provides a good fit to the light curve. Good and poor models
are decided later on the basis of the rms of the best-fitting
model.

We employed two rounds of MCMC analysis on each
system, the first to localize the global minimum in parameter
space and the second to rigorously define its shape and extent.
In the first round, we distributed 40 walkers randomly across
the allowed parameter space and used a combination of walker
movement algorithms DEMove (80%) and DESnookerMove
(20%) as implemented in emcee 3.0 to rapidly explore the
parameter space.'' In PHOEBE we used 8000 triangles to
comprise the mesh surface of the stars and *‘irradiation
method’’=None, at least initially, to disable reflection,
absorption, and reradiation effects and achieve shorter
computation times. Experiments with differing numbers of
triangles showed that as few as 3000 are often adequate for
typical geometries, but 10,000 (or more!) were required to
obtain consistent results for systems having exquisite photo-
metric precision and/or systems where one or more parameter
is extreme.'? For the initial round of models, we used 1500
steps per MCMC walker. For the log of the probability for each
model, we use the negative of the chi-squared value to force the
walkers toward the global minimum. Walkers often spent a
disproportionate number of steps exploring local minima
before finding the global minimum, and often some walkers
remained trapped in a local minimum. Nevertheless, the global
minimum was always singular and unimodal (i.e., no local
minima comparable to the global minimum), although some-
times the global minimum was quite broad in one or more
parameters. Subsequently, we conducted a second round of
PHOEBE simulations using 10,000 triangles and MCMC to
perform 2000 steps with 10 or 12 walkers (twice the number of
free parameters). Trials using 6000 MC steps changed the
results negligibly. Each model included the more computa-
tionally expensive option for a detailed treatment of irradiated
and reflected light as described in Horvat et al. (2019). The
probability of each model in this round was computed using
scipy.stats.chi2.logpdf (chisq,dof), the stan-
dard probability of x> for a given number of degrees of
freedom v. We discarded the first 300 steps of each walker as
burn-in iterations. The initial walker positions were clustered in
a small Gaussian blob near the best-fitting parameters from the
first round of models. This second round served to define the
shape of the global minimum and compute Bayesian 16th-,
50th-, and 84th-percentile values for each free parameter,

° This scale factor is the square root of the X,Q, from the best-fitting model

found in the initial MCMC runs.

19 We use Python’s scipy.stats.chi2.logpdf (chisqg, dof).

"1 Such a mixture of move strategies is suggested within the emcee
documentation for a complex multimodal parameter space. A rigorous
exploration of optimal Monte Carlo strategy is beyond the scope of this paper.
2 We did not explore meshing optimization. We set a conservative
Niriangles = 8, 000 triangles in the mesh that generally achieved convergence.
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Figure 5. Folded Kepler light curve of KIC04853067 and mean light-curve
shape (red curve) generated from the sum of low-order Fourier coefficients, as
labeled. Only a fraction of the Kepler data are plotted, here and subsequently,
to reduce figure file size and improve clarity.

which we tabulate as a 1o uncertainty.'> We caution that the
posterior distributions of parameters are often non-Gaussian
and asymmetric, as illustrated with specific examples in the
ensuing sections.

4. Pilot Sample of 10 (Near) Contact Binaries

For the 10 systems having spectroscopic data obtained at
quadrature phases, we present a detailed comparison between
the BFs, mass ratios, and component velocities obtained from
the spectra to the parameters determined from best-fitting
PHOEBE models to illustrate the reliability of light-curve-
based solutions for (near) contact systems.

4.1. KIC04853067

KIC04853067 is the longest period system in our spectro-
scopic sample at P = 1.34 days. The light curve exhibits the
classical shape of a (near) contact binary system and has
slightly different depths at the two minima. The modulation
semiamplitude is quite low, 0.2%, suggesting a low angle of
inclination and/or a large third-light contribution. Figure 5
displays the mean folded light curve over all Kepler quarters
spanning 1460 days (blue dots) fit with a Fourier series (red
curve) consisting of five'* components plus a zero-point offset,
Co,

I(¢p) = Co + Geos[ln(t — ty) /P]
+ Cycos[27(t — tg) /P]
+ Geos[3n(t — tg) /P] + Cycos[4n(t — t9) /P] + ...
2
A doubly periodic contact binary light curve with equally deep

minima will be dominated by the C,4 term, while an increasing
contribution from the C, term is required to produce a

3 our approach using two rounds of MCMC may not be the most efficient,
given the availability of other optimizing algorithms in more recent PHOEBE
releases.

4 We use only the minimum number of Fourier components needed for a
functional approximation to the light curve, so the O — C eclipse timing
residuals, computed subsequently, converge and are well characterized.
Although additional components achieve a better fit, there is no physical or
utilitarian basis for higher orders.
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Figure 6. O — C eclipse timing residuals of KIC04853067. The red curve is the
best parabolic (constant period derivative) fit to the data, while the green
dashed curve is the best sine function (periodic) fit.

secondary minimum less deep than the primary minimum. The
odd terms (C,, C;, ...) will be negligible unless there is an
appreciable asymmetry in the light curve, such as when one
maximum is brighter than the other. The labels in Figure 5 list
P, 1y, and coefficients of the Fourier components used to fit to
the mean light curve. In the case of KIC04853067,
C,/C4=0.47, indicating a secondary minimum substantially
less deep than the primary minimum. The model light-curve
sequences plotted in Figure 2 show that this ratio of secondary
to primary minimum is best reproduced by a system with a low
i and a mass ratio significantly different than 1.0.

There is evidence for deviation from the mean period.
Figure 6 shows the observed minus computed (O — C) time of
primary eclipse versus Barycentric Kepler Julian Date,
calculated by fitting the mean light-curve shape to the data
divided into twelve equal time intervals. A positive O — C
corresponds to a later-than-expected eclipse. The red curve
shows a parabolic function fit to the O — C data, consistent
with a shortening of the orbital period and period derivative
dP/dt=—14.3 x 10—, This signature may be caused by either
true changes in the orbital period or the presence of a third
body that introduces light travel time effects mimicking a
period change. A sine function fit to the O — C data (green
dashed curve) provides a superior fit and yields a semiampli-
tude of A=6.7 minutes, P=7.14yr, and 7,=2456048 (the
time when the eclipsing binary is at superior conjunction
relative to a third body). The semiamplitude measures the light
travel time delay of the contact binary as it orbits the barycenter
of the (probable triple) system. This light travel time leads to a
projected semimajor axis of a sin i =0.85 au (assuming an
e =0 orbit). For an estimated contact binary total mass of 1
M., the period and projected semimajor axis imply a minimum
tertiary mass of 0.27 M. The analysis of the light curve that
follows suggests a substantial third-light contribution in this
system. Given the probability of a third body creating the
observed O — C variations rather than a decreasing orbital
period, we adopt a linear ephemeris.

The BF of this T = 5800 K (Brown et al. 2011) P=1.34
days system in Figure 7 (black dots) shows a single strong peak
at both epochs with V=8 km s7' at ¢=0.18 and
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Figure 7. Broadening function of KIC04853067 (black dots) showing a single
peak with a small velocity difference between the two epochs. Red curves
depict two Gaussian components fit to the data, while the blue curve is the sum
of those components. Green x’s show the theoretical line profile generated by
PHOEBE for the best-fitting contact binary system parameters as convolved
with the instrumental spectral profile. The normalization of both curves is
arbitrary. The stellar components are viewed at low i and are unresolved. The
BF may be dominated by a third component that is not represented in the model
line profile function. This system may also be a detached configuration.

Vo=—5kms ' at ¢=0.64."" The larger slit width used in
the ¢ =0.64 epoch results in a slightly broader instrumental
profile than the 0’9 slit used for the ¢ = 0.18 epoch observation.
Red curves in the figure depict two Gaussian functions fit to the
BF—in this case one is dominant and one is negligible. The blue
curve is the sum of the two Gaussian components, which
provides an excellent match to the BF. Owing to the blended
profiles, we cannot use the BF to measure the component
velocities or a mass ratio. The estimated systemic velocity is
y=2kms ' The 13 kms™' radial velocity difference between
the two epochs is attributable partly to uncertainties in the
velocity calibration from epoch to epoch (~3 kms™"), placement
of the target within the spectrograph slit (~4 kms™'), and the
possibility of real radial velocity variations owing to an orbit
about a third body (~few kilometers per second for plausible
ranges of third-body masses).

The very shallow depth of modulation in the light curve is best
modeled using a small inclination angle and a substantial third-
light contribution. Variable-temperature-ratio models provide a
slightly better match to the data than the fixed-temperature-ratio
models. Figure 8 shows the best-fitting contact configuration light
curves (upper panel), residuals (middle panel), and velocity curves
(lower panel). The best-fitting variable-temperature-ratio (magenta
curve) contact model'® produces a very small rms = 0.000095
for parameters i =17°.1, f=0.56, ¢ =8.9 (g.=1/¢=0.11),
13=0.65, and T,/T),=1.25. The fixed-temperature-ratio
models yield a nearly identical rms and i =21°4, f=0.03,
q = 8.9, 13 =0.73. The best-fitting detached models produce a
similar rms and suggest that both of the components are close
to filling their Roche lobes: R /R max = 0.9 and R,/ Ry jax ~ 0.9
in all of the best-fitting parameter sets. On account of the

'S A third spectrum obtained 20200420UT10:16 at ¢ = 0.81 shows a very
similar broadening function.

1 Asa comparison, we ran the same series of MCMC simulations using the
Horvat et al. (2019) and Wilson (1990) approach including irradiation and
reradiation effects, and we found that they both yielded a similar X,z, and range
of parameters.
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Figure 8. Light curve and velocity curve of KIC04853067, along with best-fitting contact binary models (magenta: variable-temperature-ratio; green: fixed-
temperature-ratio). Individual points represent Kepler photometric data and residuals (upper and middle panels) or spectroscopic measurements (lower panel). Labels
denote 16th-, (best) 50th-, 84th-percentile values for the principal model parameters. The components’ line profiles are likely blended and contaminated by third light
so that individual velocity amplitudes cannot be measured for this low-inclination extreme-mass-ratio binary.

extreme mass ratio and the small dispersion in the data, the
exact rms of the best-fitting model is sensitive to the number of
triangles used in the model stellar surface mesh. We found that
as many as >50,000 triangles are required to produce
consistent results on this system.

Without knowing the mass of either component, neither the
individual masses nor radii can be known. If we were to adopt,
for illustration, M;=0.08 M., then M,=0.71M.,
Ry =1.1R,, R, =2.8R., and radii ratio R,/R; =2.8. How-
ever, a range of parameters are possible, as indicated by Monte
Carlo simulations to follow. The less massive but hotter
component produces the deeper minimum at ¢ =0, a feature
consistent with the low implied inclination and extreme mass
ratio with M, > M. The model velocity semiamplitude of the
more massive and larger contact binary component is
4.2 kms~ ', consistent with the single peak at a nearly constant
velocity in the BF. The extreme mass ratio and inclination
imply that the less massive component is faint and would be
hard to detect (indeed, it is not detected) in the spectral profile
despite its large velocity amplitude, es_})ecially if the third-light
contribution to the BF is substantial.'

The green x’s in Figure 7 show the theoretical line profile
generated by the best-fitting PHOEBE model at the observed
orbital Phases after convolution with the instrumental spectral
profile.'® The normalization of both the BF and the theoretical

17 At present PHOEBE cannot include a third component in the line profile
function.

1% we approximate the instrumental profiles by a Gaussian function of
FWHM =~ 1.26-1.50 A, depending on the slit width used.

10

line profile is arbitrary, so they have been scaled to
approximate the suggested /3 = 0.7 third-light contribution,
which dominates the BF. It is not possible to draw conclusions
about the luminosity of a third body on the basis of the BF
because it is expected to be blended with the profile of the
contact binary. In this system, only one component is apparent
in the BF. We are unable to distinguish whether this is the
brighter component of the contact binary or a third comp-
onent.'” The small offset of about 10 kms™' between the
theoretical profile and the BF at ¢ =0.18 is consistent with
epoch-to-epoch wavelength calibration uncertainties, but it
could also include a contribution from orbital motion of the
contact binary about a putative third star implied both by the
O — C analysis and the ensuing third-light analysis. The
inclination of the third body’s orbit is unconstrained.

To investigate the power of the light curve to constrain the
system parameters in the absence of kinematic measurements,
we performed a PHOEBE+MCMC analysis for each of the
three competing models. Figure 9 shows contour plots (2D)
and histograms (1D) of the relative probabilities of the four free
parameters used in the fixed-temperature-ratio contact binary
models (left panel) and the five free parameters of the variable-
temperature-ratio models (right panel). The inner and outer
contours enclose 39% and 86% of the samples, respectively,
corresponding to 1o and 20 levels for a 2D normal distribution.

19 Resolution R = 22,000 echelle spectra to be presented in E. E. Cook &
H. A. Kobulnicky (2022, in preparation) shows an unresolved velocity profile
consistent with a low inclination and some radial velocity variability of the
strongest peak.
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Figure 9. 2D contours and 1D histograms depicting the posterior probability distribution for combinations of free parameters for the fixed-temperature-ratio models
(left) and variable-temperature-ratio models (right) used to model the KIC04853067 light curve. The inner and outer contours enclose 39% and 86% of the samples,
respectively, corresponding to 1o and 20 uncertainties for normal distributions, but note the significantly non-Gaussian histograms in each parameter. Degeneracies
between temperature ratio and other parameters are prominently visible by the elongated contours in the right panel.

The simulations show that all parameters are unimodal and well
constrained. The 1D histograms are notably non-Gaussian in all
parameters. The most probable parameters and lo 1D
uncertainties of the fixed-temperature-ratio models—as repre-
sented by the 16th/50th/84th percentiles on each parameter—
are cosi =0.912/0.928/0.943 (i~ 18°), f=0.15/0.36/0.69,
logg =0.733/0.928/0.949, 13=0.75/0.79/0.83. The para-
meters of the best-fitting variable-temperature-ratio model are
consistent with these ranges, with the exception of the fillout
factor that is much larger than the fixed-temperature-ratio
models. Visualizations of 100 parameter sets randomly selected
from the MCMC ensemble closely follow the best-fitting model
depicted in Figure 8, providing assurance that the walkers
sampled allowed for the parameter space in a suitably
probabilistic manner. The best-fitting and the most probable
solutions require low inclinations, highly uncertain fillout
factors, extreme mass ratios, and significant third-light
contributions, consistent with the eclipse timing variations
depicted in Figure 6.

Figure 10 presents 2D contour and 1D histogram distribu-
tions for each of the six free parameters resulting from the
detached model MCMC analyses. The permitted parameter
range is large for many of the parameters except the inclination.
Nevertheless, KIC04853067’s light curve provides meaningful
constraints on the majority of key system parameters. The rms
of the best-fitting solutions is nearly identical to that in Figure 8
for the contact configurations. The most probable 7, /T here is
near unity, consistent with a contact configuration wherein the
stellar components share an atmosphere. The most probable
mass ratio near g=10 (g,=0.1) is extreme, and both
components are close to overflowing with R;/R; m.x > 0.9 and
Ry/Rymax = 0.9. In such configurations, the contact and
detached systems become indistinguishable as the larger
overflowing or nearly overflowing component dominates the
light-curve modulation.

11

In conclusion, KIC04853067 is a P~ 1.3 days extreme-g
candidate system exhibiting a well-measured, low-amplitude
light curve that can be modeled equally well as a contact or
detached configuration. This is consistent with its large light-
curve morphology parameter of 0.88, approaching the regime
of ellipsoidal variables. Either configuration requires a low
inclination angle and both stars near overflowing. The system’s
velocity profile is kinematically unresolved, consistent with
low i and large third light. Systematic O — C variations and a
preference for significant /3 in the Bayesian analyses of the
light curve indicate that KIC04853067 is a triple system in both
the contact and detached models. The case of KIC0485306 is a
cautionary tale of how even high-precision, single-band light
curves can fail to discriminate between contact and detached
geometries when mass ratios are extreme or inclinations are
small.

4.2. KIC04999357

Figure 11 shows the folded Kepler light curve of the
P =0.99 days system KIC04999357. The Fourier components
used to approximate the mean light curve (red curve) are given
in the figure. Primary and secondary eclipse depths are very
nearly equal, as are the maxima between eclipses. The
continuous modulation is that of a classical contact binary.
KIC04999357 exhibits no evidence for O — C variations over
the duration of the Kepler mission, with a rms variation
of < 0.2 minutes. Accordingly, we adopt a linear ephemeris.

Figure 12 shows the BF (black dots) for two epochs of
spectroscopy at orbital phases ¢ = 0.24 and ¢ = 0.77. There are
two clear components. We fit the BF using a two-component
Gaussian® function (red curves), which provide an estimate of

20 A Gaussian function is not a physically realistic representation of the
asymmetric velocity profile of a tidally distorted star, but it serves here to
measure the component velocities in a model-independent way.
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Figure 10. 2D contours and 1D histograms depicting the posterior probability distribution for combinations of six free parameters (plus two ancillary derived
parameters R;/Rimax and Ro/Ramax) for the detached configuration models of KIC04853067. Model parameters remain well constrained, and most probable values
overlap with the fixed-temperature-ratio models indicating low inclination, extreme ¢, and significant third light.

the component velocities at each quadrature phase, and thereby,
a mass ratio and a systemic velocity. The sum of the two
Gaussian components (blue curve) provides a good match to
the BF data. The ratio of areas of the two Gaussian components
implies a luminosity ratio L,/L; of about 0.28 (1:3.5) and a
radius ratio /L,/L; = R,/R; =0.56. The radial velocities of
the components yield velocity semiamplitudes of K; =41
kms™' and K, =187 kms™', implying a mass ratio near
g =0.22 and a systemic velocity of y=—60 kms~'. However
the velocity of the secondary at ¢ = 0.24 is poorly measured, as
it appears considerably fainter and less defined than at

¢=0.77. A second spectrum obtained at ¢ =0.27 on 2017
July 11 shows the same deficit near the expected peak of the
secondary’s BF. This deficit is present regardless of spectral
range used in the BF analysis, effectively ruling out the
possibility of emission in any one spectral feature or
uncorrected Telluric absorption affecting the spectra. We find
that introducing a cool spot on the trailing face of the secondary
star in the PHOEBE models can roughly reproduce this deficit
in the BF. The deficit here, and in some subsequent examples,
bears some similarities to that of the secondary in extreme-g
system AW UMa, which Rucinski (2015) interprets as



THE ASTROPHYSICAL JOURNAL SUPPLEMENT SERIES, 262:12 (51pp), 2022 September

1.05

L KIC04999357

1.00

0.95

0.90 1

Normalized Flux

0.85 4

P=0.9901294 d t,=2454953.890557
Cy=-4.113e-04 C;=+1.240e-03 C3=-2.719€-04 C,4=-8.766€-02 Co=-4.796e-03 Cs=-9.634e-03

T T T T T
0.0 0.2 0.4 0.6 0.8
Phase

Figure 11. Folded Kepler light curve of KIC04999357 and mean light-curve
shape (red curve) generated from the sum of low-order Fourier coefficients.
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Figure 12. Broadening function of KIC04999357 showing two velocity
components. The black dotted curve is the BF, the red curves are two Gaussian
components fitted to the BF, the blue curve is the sum of the Gaussian
components, and the green x’s represent the model line profile of the best-
fitting PHOEBE model. The normalization of both the data and the model is
arbitrary.

indicating the presence of an accretion disk or flow of matter
to/from the secondary.

KIC04999357 is the only one among our pilot sample to
have large astrometric uncertainties, as judged by the
Renormalized Unit Weight Error’' (RUWE =3.00) in the
Gaia Data Release 2 (DR2) data set (Gaia Collaboration et al.
2016). RUWE is a metric that designates a poor single-star
astrometric solution when RUWE > 1.4 and is often used to
flag candidate multiple-star systems (e.g., Kervella et al. 2019).
Contact binaries having semimajor axes of several solar radii
would not yield poor Gaia astrometric solutions on their own,
but the tertiaries orbiting contact binaries at distances >>few au
could produce large RUWE values. Hence, there is evidence
for a third component in this system or along the line of sight.

Figure 13 shows the folded photometric data (upper panel)
and the spectroscopic radial velocity data (lower panel), with
the best-fitting variable-temperature-ratio PHOEBE model

2! https: / /gea.esac.esa.int/archive /documentation /GDR2 /Gaia_archive/
chap_datamodel /
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Figure 13. Folded light-curve and velocity measurements of KIC04999357,
along with best-fitting PHOEBE model light curves, residuals (model minus
data), and velocity curves without irradiation effects (magenta curves) and with
irradiation (green curves).

(without irradiation effects) overplotted using solid magenta
curves. Text within the panels also gives the 16th-, (best) 50th-,
84th-percentile ranges from MCMC simulations. The best-
fitting model (rms=0.0018) requires i=67°.9, f=0.70,
q =0.17 (in reasonable agreement with the ¢ = 0.22 from the
BF), 13 =0.35, and T»/T; = 1.02. This model is superior to the
best-fitting detached models, which all have larger rms and
require R;/Rimax > 0.99 and Ry/Rymax > 0.99, indicating a
contact configuration. The contact model yields a ratio of
component radii R,/R; =0.48 (close to the value inferred
above from the BF), Ry =2.68 R, and R, = 1.29 R.,. Adopting
this inclination allows the computation of component masses
M, =124M. and M, =0.21 M. The line profile function
produced by this model (green x’s in Figure 12) shows a
reasonable match to the BF when normalized to the fainter
component. However, the amplitude of the brighter component
in the model is smaller than the peak in BF. The difference
between the data (black dotted curve) and model (green x’s)
can readily be explained by the light of a third component
amounting to ~10% of the total system light, assuming the
third component has a similar temperature to the contact binary.
As the present release of PHOEBE does not support a full
inclusion of tertiary components in the line profile, we cannot
model the contribution of the putative third star to the BF here
or in subsequent examples where third components are
probable. The presence of a third star is likely to skew the
primary peak in the BF, making measurement of the primary
star’s velocity uncertain.

The middle panel of Figure 13 plots the model residuals
(model minus data) of the best-fitting variable-temperature-
ratio light curve (magenta curve) and the best-fitting light curve
when the irradiation and reflection effects are included in the
model (green dashed curve). The best-fitting model with
irradiation has a modestly smaller rms (0.0014 versus 0.0018),
but the 16th-/50th-/84th-percentile ranges are very similar to
those listed in the top panel, and the best-fitting parameters are
all nearly identical. Residuals are smaller, primarily in the
region centered on the primary eclipse (¢ =0), as expected
based on the comparisons presented in Horvat et al. (2019).
While an attempt at proper treatment of irradiation effects
improves the best-fitting models in this well-measured system
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Figure 14. Posterior probability distributions for combinations of five free system parameters in the KIC04999357 system from the nominal 7, ~ 7| models.

having small intrinsic dispersion in the data, the impact on the
Bayesian constraints on each parameter is minimal.

Figure 14 shows the results of the MCMC analysis for
KIC04999357 stemming from the nominal 7, ~ T; models.
The contours and peak density of points indicate that the most
16th-/50th-/84th-percentile ~ system  parameters are
cosi =0.34/0.38/0.43, f=0.52/0.67/0.81, logqg=—0.90/
—0.79/—-0.67 (¢ =0.18, in general agreement with the BF),
13=0.16/0.31/0.43, and T»/T; =0.99/1.00/1.01, consistent
with the best-fitting parameters given above. All five of the
model parameters are well constrained. The Monte Carlo
simulations allow for a modest /3 ~ 0.31, consistent with the
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contribution inferred from the BF discussed in connection with
Figure 12 previously.

In summary, KIC04999357 (morph=0.84) is a possible
triple system where the inner contact binary contributes most of
the luminosity and has a small mass ratio g =0.17-0.22.
PHOEBE models with and without irradiation effects produce
convincing fits to the data with a component temperature ratio
near unity. KIC04999357 may be an evolved binary that has an
exchanged mass, on its way toward the Darwin instability limit.
The evidence for a third component—from the large GDR2
RUWE values and the excess in the BF near the systemic
velocity—is consistent with the idea that Kozai-Lidov cycles
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Figure 15. Folded Kepler light curve of KIC06844489 and mean light-curve

shape (red curve) generated from the sum of low-order Fourier coefficients.
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initially play a role in bringing the inner components into
contact. The putative third body must lie at a large separation
from the contact binary in order that it produces a large
astrometric RUWE and does not produce detectable O — C
variations.

4.3. KIC06844489

Figure 15 displays the folded Kepler light curve of the
P =1.08 days system KIC06844489. The mean light curve
displays a ~10% semiamplitude, very little dispersion, and is
well characterized by the Fourier components labeled in the
figure. Only seven quarters of Kepler data are available. The
secondary minimum is less deep than the primary minimum.

Figure 16 presents the eclipse timing residuals from a linear
ephemeris with P =1.0797603 days. The first six data points
are from the 2009-2013 Kepler mission while the last data
point uses 2018-2019 measurements from the Zwicky
Transient Factory (ZTF; Smith et al. 2014). The red solid
curve shows a best-fit parabola, representing a quadratic
ephemeris with a period derivative of dP/dT = —4.66 x
10~°—a constantly decreasing period. This model is a poor
match to the O — C data. The dashed green curve shows a
sinusoidal model with amplitude A =12.1 min, P=11.7 yr,
and ty = 2455691 (the peak of the sine curve—the time when
the contact binary is at superior conjunction relative to the
foreground third component). This model, predicated on the
hypothesis of a third body in orbit with the contact binary,
provides an excellent match to the data. The semiamplitude of
this curve gives the light-crossing time across the projected
semimajor axis of the contact binary about the system
Barycenter, ¢ = asin(iyye;)/c. The implied minimum semimajor
axis of the contact binary’s orbit is 1.45 au. A hypothetical
0.34/sin(iouer) M tertiary in an 11.7 yr orbit can explain the
O — C data.

The BF of KIC06844489 in Figure 17 shows two
components, one much smaller than the other. The spectro-
scopic data at phases ¢ = 0.25 and ¢ = 0.76 (assuming a linear
ephemeris) were obtained 1.5 months apart. The primary BF
component has a distinctly non-Gaussian line profile, as if it
may be a blend of unresolved subcomponents. The ratio of
component velocities in a two-component fit indicates an
extreme mass ratio near ¢ = 0.10. However the presence of a
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Figure 16. O — C eclipse timing residuals of KIC06844489. The red curve
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The green dashed curve shows a sinusoidal fit corresponding to light travel
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Figure 17. Broadening function of KIC06844489 showing three probable
spectral components. The black dotted curve is the BF, the red curves are
Gaussian components, the blue curve is the sum of the Gaussian components,
and the green x’s represent the model velocity profile of the best-fitting
PHOEBE model (which does not include a tertiary). The normalization of both
the BF and model velocity profile is arbitrary.

bright third component spectrally blended with the primary
would result in the K; amplitude and ¢ being underestimated.
Given the evidence for a third body from the large O — C
variations, we fit the BF using three components, fixing the
velocity of the tertiary near —25 km s~ '. The sum of the three
components (blue curve) shown by the three red curves in
Figure 17 provides a good overall fit to the BF, with the third
component contributing 60% of the total light (under the
assumption of a similar temperature to the contact binary). The
implied mass ratio is ¢ ~0.25, but the velocity of the fainter
component is rather uncertain. There is considerable degen-
eracy between the strengths of the primary and tertiary,
rendering the velocity of the primary highly uncertain. As in
KIC04999357, the secondary’s peak near ¢ =0.25 is smaller
than that at the other quadrature phase.

Figure 18 shows a light curve and velocity curve of a best-
fitting variable-temperature-ratio PHOEBE model. A model
with i =73°.0, f=0.98, g =0.31 (in good agreement with the
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Figure 18. Folded light-curve and velocity measurements of KIC06844489,
along with best-fitting PHOEBE model light curve, light-curve residuals, and
velocity curve.

BF), I3 =0.63 (consistent with the deficit in the primary’s BF
peak in Figure 17), and 7,/T; = 0.98 produces an excellent fit
(rms = 0.0010). Models implementing the irradiation effects
require nearly identical system parameters and do not improve
the fit. The residuals in the middle panel are small and show no
systematic offsets near phases 0 or 0.5 where irradiation effects
would be expected to create the largest signatures. At this
inclination, the measured component velocities imply masses
M, =17TM. and M,=0.51 M.. These masses dictate
component equivalent radii R,/R; =0.64, Ry =3.19 R, and
R, =2.06 R.,. The best contact models fit the light curve well
but produce a line profile (green x’s in Figure 17) having a
primary star amplitude smaller than the primary BF peak,
suggesting a need for a third component. By contrast, the best-
fitting detached model has a much larger rms and indicates the
primary is nearly overflowing with R;/Rj nax > 0.99. Accord-
ingly, we consider this to be a bona fide contact system with
nearly equal-temperature components and a large fillout factor.

Monte Carlo simulations of the KIC06844489 system using
the T,~T7; model yield the probability distributions in
Figure 19. The most probable values are all well constrained
at cosi=0.292/0.311/0.338 (i~73°), f=0.79/0.91/0.97,
logg =—-0.58/—0.52/—0.46, [3=0.57/0.60/0.62, and
T,/T, =0.96/0.97/0.98. The Figure shows some degeneracy
between cosi and f in the sense that larger cosi (smaller
inclination) requires smaller fillout factors. There is also
degeneracy between fand T,/T;, where larger f demands larger
T,/T,. Evidence for a substantial third-light component is
supported by the MCMC analysis, consistent with the O — C
residuals in Figure 16 and the excess in the BF near the
systemic velocity. The minimum (i =90°) third-body mass
implied by the O — C analysis of M3 =0.33 M, is not capable
of producing 63% of the system light if it is a main-sequence
star. Orbital inclinations of the M;—(M;+M,) system of
fouter < 20° would result in M3 > 1.5 M, allowing a main-
sequence F star tertiary to contribute substantially to the system
light in the amount suggested by the Monte Carlo simulations.

In summary, the evidence indicates KIC06844489 is a
contact system (consistent with its morph =0.84) with a
luminous third component that creates large O — C systematics
well modeled by a sine function. The most probable mass ratio
of the contact binary system is small at ¢~ 0.30. It is a
somewhat massive (M = 2.28 M) long-period contact binary
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system that may be nearing the putative Darwin instability
regime.

4.4. KIC08913061

Figure 20 displays the folded Kepler light curve of the
P =1.02days system KIC08913061. Primary minimum is
considerably deeper than the secondary minimum. The
secondary minimum has a flat bottom, suggesting both a high
inclination and a low mass ratio (cf. the top row of Figure 2).
The mean light curve displays a ~15% semiamplitude and is
well characterized by the Fourier components labeled in the
figure, excepting the flat bottom that would require higher-
order coefficients. The eclipse timing residuals show no
systematic variation over the time baseline of the Kepler
mission.

Figure 21 shows the BF of KIC08913061 at phases ¢ = 0.36
and ¢ =0.71. There are two distinct peaks in the BF with the
small peak at positive velocities at ¢ = 0.36, indicating a mass
ratio ¢ < 1. The component velocities yield K; =36 kms ',
K> =202 km s7! q=0.18, and systemic velocity yv=—72
kms~'. As in the previous two examples, the secondary’s BF
peak is again smaller at ¢ =0.36 than at the opposite
quadrature phase.

We performed a PHOEBE Monte Carlo analysis of the
KIC08913061 system, finding that the most probable system
parameters involve large inclinations i > 70°, rather extreme
mass ratios, and T»/T)< 1. The best-fitting variable-temper-
ature-ratio model shown in Figure 22 (upper panel, magenta
curve) provides a good fit (rms = 0.0042) to the light curve
with i = 81°.0, f=0.50, g = 4.2 (secondary more massive than
primary), 13 =0.39, and 7,/T; =0.86 regardless of whether
irradiation effects are included. Such a large temperature
difference between the stars seems inconsistent with a contact
system. Furthermore, this mass ratio is grossly inconsistent
with the kinematic data that require q < 1! This indicates a
limitation of a goodness of fit parameter that weights all orbital
phases equally. The small amplitude, but statistically signifi-
cant, details of the shape of the edge of the secondary eclipse
contains important information that is lost in a balance with
differences affecting a wider range of orbital phase elsewhere.
As an alternative, we considered a fixed-temperature-ratio
model—T75/T; = 1. The best solution (red curve) is i =90°,
f=0.99, g =0.28 (roughly consistent with the kinematic data),
and /3 = 0.44, but this model produces a less satisfactory fit to
the light curve (rms = 0.0141, about 3.5 times larger than the
variable-temperature-ratio model), with large residuals (middle
panel) near phases 0.0 and 0.5. Enabling irradiation effects
does not improve the model. Detached models fit the data less
well than the variable-temperature-ratio contact models and
require both components to have R|/Rjm.x > 1 and R,/
Ry max > 1, indicating that a contact configuration is preferred.
As a third scenario, we tried a 7, /7| = 1 contact model with a
hot spot on the primary star.”* This model (green curve)
produces a superior fit to the light curve (rms = 0.0029) while
also matching the kinematic data for parameters i =77°.0,
=046, ¢=0.16, 13=0.025, Topoi/T1 =1.03, Rypor =39,
and spot colongitudesp, = 178°(on the side of the primary
away from the secondary). The lower panel in Figure 22 plots

2 nall subsequent spotted models, we assume for symmetry reasons that the
spot is centered on the star’s equator, spot colatitude of 90° in the PHOEBE
models.
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Figure 19. Posterior probability distributions for combinations of five free system parameters from the 7, ~ 7| models for the KIC06844489 system.

the radial velocity curves for each model, illustrating that either
of the T»/T; = 1 models having g ~ 0.2 produce acceptable fits
to the kinematic data while the nominal best-fitting variable-
temperature-ratio model yields a mass ratio that is approxi-
mately the inverse of the correct one.

At the inclination and mass ratio of the spotted model, the
velocity semiamplitudes require M;=1.30 M., and M, =
0.23 M_,,. This best-fitting spotted model produces a line profile
(green crosses in Figure 21) that matches the primary well in
amplitude and radial velocity but slightly underpredicts the
velocity amplitude of the secondary at both phases. The peak of
the secondary’s BF is also slightly smaller than that predicted
by the model line profile function. Overall, the spotted model
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produces a satisfactory match between the model velocity
profile and the BF data. By contrast, both of the nonspotted
models require substantial third light, /=0.39 and I3 = 0.44,
respectively, which should show up as deficits in the model line
profile function compared to the BF data. High-resolution
echelle spectra of KIC08913061 from E. E. Cook &
H. A. Kobulnicky (2022, in preparation) show no evidence
for third light, effectively ruling out the solutions from the first
two models.

The lack of a physical explanation for a hot spot on the
primary led us to explore the possibility of a cool spot on the
secondary. Using two symmetrically placed cool spots with
Tspot/T1 = 0.69 on the secondary near colong g, = 30° also
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Figure 20. Folded Kepler light curve of KIC08913061 and mean light-curve
shape (red curve) generated from the sum of low-order Fourier coefficients.
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Figure 21. Broadening function of KIC08913061 showing two distinct
components with very disparate luminosities.

produces a satisfactory fit to the light curve; however, the
model line profile function still fails to match the secondary
peak in the BF in detail, and the light-curve fit is not as good as
when using the single hot spot.

We ran MCMC simulations for four free parameters to
understand the constraints afforded by the light curve alone.
Figure 23 presents the distribution of parameters, showing that
the key system parameters are reasonably well constrained and
that the correct ¢ is identified. The 16th-/50th-/84th-percentile
parameters are cos i = 0.027/0.083/0.160, f=0.51/0.84/0.96,
logg =—0.824/—0.718/—0.595, and 13 =0.14/0.28/0.39.
The most probable ¢ =0.19, very similar to the g=0.17
implied by the velocity data and by the best spotted model. The
inclination is high and the mass ratio is extreme. The fillout
factor is large, and there is a modest third-light contribution.

We also ran MCMC simulations for a seven-parameter
spotted system with cosi, f, ¢, I3, Tspor/R1, Rspor and Lgpo, as
free parameters. Figure 24 plots the posterior probabilities. The
degeneracy between Tspm/ T, and Rgyo is evident as a long
banana-shaped shaded locus. There is also considerable
degeneracy between i and /3 and between g and /3—smaller
third-light fractions demand smaller mass ratios. Mass ratios
between 0.17 and 0.25 are probable. However, the light curve
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Figure 22. Three competing PHOEBE models for KIC08913061 in
comparison to the light curve and velocity data. The nominal variable-
temperature-ratio model (magenta) indicates g ~ 4, in marked disagreement
with the velocity curve, while either of the T,/7; =1 models yields
approximately the correct mass ratio.

alone is enough to show that extreme mass ratios near
q =0.20 are most probable, consistent with the velocities of
components measured in the BF, albeit with less precision. The
50th-percentile  values and 1o  uncertainties  are
cosi=0.128700%7,  f=0.578101%, logg=—0.65153,
13= 0139705, Topor/T1 = LOA6TGHR,  Rpor =36°.77155C,
and colongy, = 178°.61]3°. Even with the extra free para-
meters for the spot, the MCMC simulations are still able to
place strong constraints on nearly all of the key parameters. In
particular, the spot longitude is well constrained.

KIC08913061 is another long-period, extreme-g system and
a probable contact binary. Despite having a light-curve
symmetric about ¢ = 0.5, the nominal fixed-temperature-ratio
contact binary model was not able to produce a good match to
the data without recourse to an additional component, modeled
here either as a variable temperature ratio 7,/7T; =0.86 or
using an ad hoc hot spot on the primary. Hence, the real
geometrical configuration in this system is ambiguous owing to
the need for an extra physical component in the model. The
physical origin for a hot spot on the primary opposite the
secondary is not obvious, as it would be an unusual location for
a mass transfer stream to impact. The lack of agreement
between the model line profile function and the BF at the
secondary’s velocity at both orbital phases indicates a
remaining deficiency in the model; a larger fillout factor would
improve the agreement with the BF but at the cost of larger Xi
in the model light curve. We are unable to entirely reconcile the
best-fitting model light curve and the line profile function
produced by this model with the BF.

KIC08913061 serves as a warning that the blind variable-
temperature-ratio models fitted to single-band light curves can
yield grossly erroneous system parameters. In the case of
KIC08913061 (morph=0.76), q and T,/T; turn out to be
degenerate in ways that that lead to an incorrect set of system
parameters. The situation becomes more ambiguous when
additional physical components are present in the system (e.g.,
spots). The correct g =~ 0.2 solution, in fact, does constitute a
local minimum in parameter space, but the global minimum
with g~4 and T,/T,=0.86 is deeper. Without a priori
kinematic knowledge of the mass ratio, the correct mass ratio in
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Figure 23. Posterior probability distributions for combinations of four free system parameters for the KIC08913061 system when T5/7T; = 1.

KIC08913061 is only obtained by constraining the component
temperature ratio to 7,/T~1. However, fixing 7,/T, =1 is
likely to be overly constraining in the presence of real
component temperature differences, resulting in (inappropriate)
adjustments of other parameters as compensation for insuffi-
cient flexibility in 7, /7.

4.5. KIC09164694

Figure 25 displays the Kepler light curve of the
P=1.11days system KIC09164694, which shows greater
complexity than any previous examples. The primary eclipse is
much deeper than the secondary eclipse. The maximum near
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¢ = 0.25 is significantly brighter than that at ¢ = 0.75. The red
curve is constructed using the first nine Fourier components, as
labeled in the figure. Some dispersion about the mean light
curve is apparent in a small fraction of the time baseline. The
minima have flattened bottoms, suggesting an eclipse of both
components.

Figure 26 presents the eclipse timing residuals, showing a
systematic trend that is represented either by a parabolic
function implying a period decrease dP/dt=7.7 x 10~° or a
periodic function (implying an orbit about a third body) with
period P = 6.3 yr, amplitude 1.1 minutes, and #, = 2,455,676
(time when the contact binary is at superior conjunction).
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Figure 24. Posterior probability distributions for combinations of seven free system parameters for the KIC08913061 system, including a hotspot on the primary.
There is considerable degeneracy among i, g, and /3, but the models still place strong constraints on the system parameters.

Given the limited time baseline of the Kepler data set, it is not
possible to distinguish between these possibilities, or a third
scenario involving quasi-random orbital period modulations
arising from magnetic cycles (e.g., Applegate 1992).

Figure 27 displays the BF of KIC09164694. At ¢ = 0.30, it
is asymmetric toward positive velocities, and at ¢ =0.76, the
asymmetry lies on the negative side, suggesting a possible third
component blended with the dominant component near the
systemic velocity. A secondary component—much fainter—is
evident as well at +£150 kms~'. We fit the BF with a two-
component Gaussian function to measure velocities and
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relative luminosities, finding it necessary to constrain the
velocity width of the fainter component to be 1/3 that of the
brighter (140 km sfl),23 but allowing the centers and normal-
izations to vary independently. This leads to a radius ratio of
R>/R; ~~0.26, assuming that the temperatures are similar—an
assumption that will be relaxed in the analysis that follows. The
ratio of velocity semiamplitudes indicates a mass ratio
q~=0.20. Because of the BF component blending, the

23 This is motivated by the constraint that, for a binary synchronous rotation,
the rotational velocity scales with the radius.



THE ASTROPHYSICAL JOURNAL SUPPLEMENT SERIES, 262:12 (51pp), 2022 September

KIC09164694
1.1+

=
(=]
L

Normalized Flux
o
w0
L

0.8 4
0.74 P=1.1113636d ty=2454965.3018305
Cy=+1.788e-02 C;=-5.771e-02 C3=-1.71e-02 C4=-1.363e-01 Cg=-2.360e-02 Cy=-1.709e-02 Cs...
-0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2
Phase

Figure 25. Folded Kepler light curve of KIC09164694.
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velocities and relative areas are more uncertain than in previous
examples where the components are better separated. The
velocity of the fainter component is considerably uncertain at
both quadrature phases.

Figure 28 shows the light curves, residuals, and velocity
curves of KIC09164694 for three competing models. The light
curve is complex, requiring a great degree of fine-tuning to
reproduce in detail. The flattish minima require high inclina-
tions. However, such large inclinations lead to very deep
minima—much deeper than observed—a problem that can be
remedied by including a modest third-light contribution. The
brighter maximum just after ¢ =0.25 (when the primary
component is approaching) compared to just before ¢ =0.75
requires the introduction of an asymmetry in the system. This
can be achieved by placing a hot spot on the leading face of the
primary or the trailing face of the secondary. We adopt the
former, admittedly without physical motivation. Placing the
spot on the larger star allows a less extreme T'gpo; /T ratio and a
smaller spot size than if the spot were placed on the secondary.

Figure 28 shows that the nominal variable-temperature ratio
model (magenta dashed curve) yields a reasonable fit
(rms = 0.0209) for i =70.5, f=0.84, ¢ =10.1, 13 =0.37, and
an extreme ratio T,/T; =0.71. Best-fitting detached models
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Figure 28. Light curve and velocity curve of KIC09164694 along with three
competing model light curves and velocity curves. Both the 75>/T, = 1 model
and the spotted model reproduce the observed component velocities, while the
best-fitting variable-temperature-ratio model yields a mass ratios that is
inconsistent with the kinematic data.

have a much larger rms and require that both components
overfill their Roche lobes, so they are not considered further.
Fixed-temperature-ratio models (red dotted curve) produce a
rms that is twice as large, but for very different system
parameters: i =89.2, f=0.99, ¢ =0.24, I3 =0.36. Only the
latter model is consistent with the mass ratio obtained from the
kinematic data (¢ ~0.2). A much better fit (rms =0.0039) is
obtained with the spotted variable-temperature-ratio model
(green curve) for i=89.6, f=0.61, ¢=0.24, [3=0.22,
T5/T1 =0.82, Toor/T1i =1.03, Repor=53° and Lgpo =233°
(roughly on the leading face of the primary). At the cost of
three additional free parameters, the reduction in rms for this
model is dramatic. Even so, the best-fitting inclination and
mass ratio are nearly identical to the fixed-temperature-ratio
model. Reassuringly, the mass ratios of both of these latter
models agree with the BF—the spotted model and the
T,/T; =1 model both reproduce the observed velocities of
the components at quadrature phases. Including the irradiation
effects changes the best fits negligibly.

Figure 29 displays the PHOEBE+MCMC posterior prob-
abilities of a four-parameter fixed-temperature-ratio model. The
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Figure 29. Probability distribution for combinations of four free system parameters for the KIC09164694 system. Despite the asymmetric light curve modeled here as
a spot with three free parameters, the constraints on mass ratio and inclination are strong.

percentile parameters are i=0.053/0.147/0.304, f=0.42/
0.71/0.90, logg = —0.755/—0.543/—-0.301, and [3=0.12/
0.26/0.41. Despite the asymmetric light curve requiring an
additional phenomenological feature (a spot) to reproduce, the
inclination and mass ratio are well constrained at values
consistent with the kinematic data. A large range of fillout
factor and third light are possible.

We also performed MCMC simulations of the full eight-
parameter model (variable temperature ratio plus a spot) to
understand the extent to which system parameters can be
constrained in the presence of additional physical features in
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the system. Figure 30 presents the Bayesian distribution. As
above, the most probable inclinations and mass ratios are
consistent with the kinematic data, and the allowed range of
other parameters remain consistent with the nonspotted model.
There is considerable degeneracy between the spot radius and
temperature, but other parameters are well constrained.
Bayesian analysis of KIC09164694 illustrates that the addition
of a single physical feature (a spot with three free parameters)
greatly improves the model fit and simultaneously provides
tight constraints on the principal system parameters and spot
parameters.
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Figure 30. Probability distribution for combinations of eight free system parameters for the KIC09164694 system. Even with the additional free parameters entailed
by a spot and T, < T}, the Monte Carlo simulations provide a well-constrained measure of the ¢ that is consistent with the spectroscopic data.

KIC09164694, like many systems in the parent sample, has a
complex asymmetric light curve (morph = 0.75) that is not well
fit using a standard four-parameter contact binary model with
T,/Ty=1. The five-parameter variable-temperature-ratio
model yields a best fit with a wrong mass ratio (¢ = 10 versus
the correct g ~ 0.24 measured from the BF), further illustrating
the degeneracy between ¢ and T,/T) revealed above in the case
of KIC08913061. Although there is strong evidence for being a
contact binary, the large disparity in retrieved component
temperatures T»/T; =0.82 (even with the inclusion of a hot
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spot on the primary!) seems implausible for a true contact
system. We regard this system as an ambiguous geometry
based on the present data. The presence of some third light
indicated by all models is consistent with the O — C eclipse
timing residuals. Although a third component comprising ~0.2
of the system luminosity is consistent with the BF, such a
stationary component may easily be masked by the brighter
primary component. At g=0.24, KIC09164694 is another
extreme-mass-ratio (near) contact binary on the long-P tail of
the period distribution.
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Figure 31. Folded Kepler light curve of KIC09345838 and mean light curve.
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Figure 32. Three competing contact binary models for KIC09345838 in
comparison to the data. As in KIC09164694, the variable-temperature-ratio
model yields an incorrect mass ratio, while the fixed-temperature-ratio models
yield g ~ 0.24, in agreement with the kinematic data.

4.6. KIC09345838

Figure 31 displays the Kepler light curve of the
P=1.04days contact system KIC09345838. Like
KIC09164694, the primary minimum is much deeper than
the secondary minimum, and the ¢ = 0.25 maximum is brighter
than the ¢ = 0.75 maximum. The eclipse timing residuals show
no systematic variation over the baseline of the Kepler mission.

The BF of KIC09345838 is asymmetric with a positive wing
at » =0.32 and a negative wing at ¢ = 0.73, indicating one
dominant component and one much less luminous component.
The radial velocity of the fainter component is particularly
uncertain at both quadrature phases owing to its low amplitude.
The component velocities lead to semiamplitudes of
K, =32kms ' and K, =163 kms~'. These imply a mass
ratio near ¢ =~ 0.20, with considerable uncertainty given the
difficulty in measuring the fainter component.

Figure 32 displays the light curves and velocity curves of
three competing contact models in comparison to the data. The
results mirror those seen previously with KIC09164694.
Detached models are ruled out, as they all require maximum
radii for both components that exceed their respective Roche
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Figure 33. Broadening function and model line profile function of
KIC09345838.

limits. A variable-temperature-ratio model (magenta dashed
curve) provides a reasonable fit (rms = 0.0073) for parameters
i=71°5, f=0.79, ¢ =1.35 (inconsistent with the kinematic
data), I3 =10.63, and T»/T; = 0.71. The great disparity between
primary and secondary minimum drives this large temperature
difference. A fixed-temperature-ratio mode yields a signifi-
cantly worse fit (rms=0.0255) for a larger inclination
(i=89°), f=0.99, a vastly lower mass ratio (g =0.19), and
[3=0.50. Only the latter model is consistent with the
kinematic data in Figure 33 (¢~0.2). A T,/T; =1 spotted
model provides a superior match to the data (rms = 0.017) with
i=75°9, f=089, ¢=024, 13=047, Typo/T)=1.06,
Rypot =60°, and Lgpo = 190° (on the primary opposite the
secondary). Either of the models with equal-temperature
components correctly predicts the mass ratio. The modest /3
in these models is also consistent with the deficit seen in the
model BF (green x’s) relative to the data, which indicates
substantial third light centered near the primary’s velocity.

Figure 34 shows the posterior parameter probabilities resulting
from Monte Carlo retrievals for four free parameters:
cosi =0.054/0.149/0.281, f=0.39/0.70/89, logg = —01.08/
—0.858/—0.569, and /3 =0.14/0.33/0.56. The most probable
third-light fractions near [3=0.33 are consistent with the
(needed but unmodeled) contribution to the overall line profile
that would reconcile the theoretical profile with the BF in
Figure 33. Despite some degeneracy between log g and I3, the
mass ratio and inclination are well constrained, and the fillout
factor is large.

Figure 35 shows the posterior parameter probabilities for a
seven-parameter 7,/T, =1 spotted model. All parameters
except f are well constrained. The allowed ranges overlap with
those from the simpler but poor-fitting four-parameter models.

KIC09345838 is another long-period extreme-g system
(morph =0.75) where the rather extreme mass ratio is
constrained on the basis of the light curve alone, even with
the additional model complexity of a stationary spot. However,
like KIC08913061 and KIC09164694, the flexibility of the
variable-temperature-ratio model leads to an incorrect mass
ratio, while a 7,/T; ~ 1 model recovers a mass ratio g~ 0.2,
consistent with the kinematic data.
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Figure 34. Posterior probability distributions for combinations of four free parameters in the KIC09345838 system. The most probable ¢ of 0.14 provides a good
match to the kinematic data. Like KIC09164694 there is some degeneracy between ¢ and /3.

4.7. KIC09840412

Figure 36 displays the Kepler light curve of the
P =0.88days contact system KIC09840412. Like some
previous examples, the primary minimum is deeper than the
secondary minimum. The two maxima are similar in bright-
ness. Unlike recent examples, there is relatively little dispersion
about the mean light curve.

Figure 37 presents the O — C diagram including Kepler
epochs and recent 2018-2019 photometry from the Zwicky
Transient Factory (Smith et al. 2014). The parabolic fit under
the assumption of a constant period derivative (red curve) fits
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the data less well than the sinusoidal fit (dashed green curve),
which provides an excellent match. The best-fitting sine curve
parameters indicate a semiamplitude of 65.3 min, equivalent to
a projected semimajor axis a;sin(i) for the contact binary about
the system barycenter of 7.8 au. The best-fitting time of
superior conjunction (when the contact binary is farthest away
and the third component is nearest) is foc = 2457400. The best-
fitting period is 18.67 years. For an assumed total mass of the
inner contact binary of 1.6 M, the minimum implied mass for
the unseen third component in a circular orbit would be
3.0 M.—sulfficiently large and bright for any main-sequence
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Figure 35. Posterior probability distributions for combinations of seven parameters in the KIC09345838 system when a hot spot on the primary is included.

star that it should be the dominant spectral signal in the BF
(which may be the case, as discussed below). This lower mass
limit also rules out white dwarfs and ordinary stellar mass
neutron stars as companions.

Figure 38 shows the BF for two epochs of spectroscopy
obtained near phases ¢ =0.27 and ¢ =0.74, assuming a
quadratic ephemeris with P =0.8784799 days and dP/dt=
—3.268 x 107® and 1, = 2454954.556810.>* Two components
are visible, one much more luminous than the other. The

24 A linear ephemeris with the average period of P = 0.87845608 days would
lead to phases ¢ =0.14 and ¢ = 0.56, which are inconsistent with the two
clearly separated components in the broadening function.
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estimated velocity semiamplitudes are K; =30 kms~' and

K, =192 kms™' at a systemic velocity of v = —43 kms ™',
yielding g ~ 0.16. The ratio of component areas in BF implies
R>/R; ~ 0.4, but this is too large if third light is present. The
dominant peak in the BF likely contains a luminous third star,
meaning that the velocity amplitude of the primary star in the
contact binary is underestimated, making the mass ratio a lower
limit. The plotted green x’s from the best-fitting light-curve
model are for g =0.27.

The best-fitting variable-temperature-ratio contact model
without irradiation (magenta dashed curve) shown in
Figure 39 has rms =0.0010 for i =77°.1, f=0.80, ¢ =0.27,
13=055, and T,/T;=0.98. The corresponding fixed-
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Figure 37. O-C eclipse timing residuals of KIC09840412, including one epoch
of recent ZTF photometry.

temperature-ratio model (rms =0.0015) is very similar at
i=80°7, f=0.99, ¢=032, [3=0.63, Ileading to
R>/R; =0.66, Ry =2.22 R, R, = 1.46 R,,. Both are consistent
with the BF results for ¢ and for /3. Models implementing
irradiation effects have a similar slightly worse rms but similar
best-fitting parameters. The best detached models have a much
larger rms and are not considered further. Adopting the best
model i and ¢ and the observed K, =192 kms ' yields
=0.89 M, and M, = 0.24 M,. The model velocity curve in

the lower panel of Figure 39 shows the BF data underestimate
of the amplitude of the primary, ostensibly because of the
bright tertiary that comprises ~63% of the light and is blended
near zero velocity with M;. The presence of the third
component is unsurprising, given the eclipse timing variations.
Figure 40 (left) shows the relative probabilities resulting
from Monte Carlo simulations using the 7, ~ T; model for
KIC09840412. The 16th-/50th-/84th-percentile parameters
are cosi=0.190/0.219/0.247, f=0.77/0.83/0.90, logg =
—0.584/-0.549/—-0.509, 13 =0.53/0.56/0.60, and T,/T, =
0.967/0.972/0.977. KIC09840412 is a good example of how
third light can be degenerate with both logg and i. The
necessity of third light is corroborated by the strength of the
primary peak in the BF in Figure 38 relative to the model line
profile curve. The radial velocity of the primary is also offset
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Figure 38. Broadening function and model line profile function of
KIC09840412. The discrepancy between the BF and the model line profile
(green x’s) suggests substantial third-light contribution, an inference also
supported by the light-curve modeling.
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Figure 39. Light curves and velocity curves of KIC09840412, along with best-
fitting contact binary models.

from the peak of the BF, in the direction consistent with the
third star having a velocity near the system’s center of mass.
The discrepancy is consistent with the third star providing
about 60% of the system light. Nevertheless, on the basis of the
light curve alone, the principal system parameters are well
constrained, as illustrated by Figure 40. Compared to the other
long-period contact binaries discussed previously, the most
probable mass ratio of ¢ = 0.31 appears rather modest.

KIC09840412 is a clear case of a contact binary
(morph =0.79) with nearly equal-temperature components.
Variable-temperature-ratio models provide a somewhat better
fit and produce a slightly shifted locus of system parameters.
Bayesian retrieval of system parameters are consistent with the
kinematic data.

4.8. KIC09953894

Figure 41 displays the Kepler light curve of the
P=1.38days system KIC09953894, displaying both both
strong ellipsoidal modulation and eclipses. Eclipse timing
residuals are <0.2 minutes and show no systematic pattern,
indicating that a linear ephemeris is adequate. The light-curve
morphology parameter of 0.74 is the lowest in our pilot sample
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Figure 40. Posterior probability distribution for combinations of five parameters in the KIC09840412 system.

and consistent with the possibility of a detached system,
indicated also by the V-shaped inflection near the primary and
secondary minimum.

Figure 42 shows the BF of KIC09953894 for two epochs of
spectroscopy obtained at phases ¢ =0.23 and ¢ =0.69. Two
well-separated components indicate a primary that is more
luminous than the secondary. Component velocities are well
measured and yield K;=115km s K> =141 km s7h
y=—32 kms ', and ¢=0.81. The ratio of component radii
is near Ry/R; =0.77 if the temperatures are similar. The best
model line profile, however, provides a poor match to the data
and underpredicts the mass ratio and the velocity semiamplitude.
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Figure 43 presents the model light curves and velocity
curves for three competing models in comparison to the
KIC09953894 data. The nominal fixed-temperature-ratio model
(magenta curve) provides a reasonable fit (rms = 0.0028) for
i=86°7, f=0.77, ¢ =0.96, and I3 =0.79, but the residuals
are significant and systematic particularly surrounding ¢ = 0.5,
as the contact model is unable to reproduce the inflection
indicative of eclipses. The 16th-/50th-/84th-percentile ranges
are especially broad (¢ =0.78-1.17). The model does, how-
ever, approximately reproduce the velocity semiamplitudes of
the components in the lower panel. A detached model (green
curves) provides a much better fit (rms =0.0014) for a much



THE ASTROPHYSICAL JOURNAL SUPPLEMENT SERIES, 262:12 (51pp), 2022 September

1.050

KIC09953894

1.000 ~

0.975 A

0.950 1

Normalized Flux

0.925 A

0.900 4

P=1.3825997 d t;=2454954.535116

0.875 Cy=+5.698e-05 C;=+1.132e-03 C3=-1.429e-04 C;=-6.282e-02 C4=-2.12e-03 Cy=-8.977e-03

0.4 0.6 0.8 1.0 1.2
Phase

Figure 41. Folded Kepler light curve of the detached system KIC09953894.
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Figure 42. Broadening function and model line profile of KIC09953894. The
green x’s are for the best-fitting detached model including irradiation, which
significantly underpredicts the velocity semiamplitudes unless the spectro-
scopically determined M; = 1.3 M, is used in place of the default M; = 1 M.

lower inclination {=60° similar ¢ =0.90, much lower
13=10.00, and T,/T; = 1.06 (a hotter secondary). The middle
panel shows that the residuals for this model are dominated by
imperfect agreement near ¢ =0.5. Including irradiation and
reflected light (blue curve) reduces the residuals near ¢ =0.5
(rms = 0.0011) but does not eliminate them, suggesting either
additional physical effects in the system or an imperfect
implementation of irradiation in the PHOEBE models. The
resulting parameters are similar to the detached model except
that ¢ =0.97, closer to unity than allowed by the kinematic
data (¢=0.81). However, ¢=0.81 is within the =+lo
uncertainties in all three models. In both of the detached
models, the best-fitting parameters yield R;/Rjmax > 0.99,
indicating a primary close to overflowing. Both the detached
models underpredict the velocity semiamplitudes; this is a
consequence of fixing M;=1M, in the models, while the
kinematic data dictate M; =13 M. for i=60°. With an
indicated primary temperature of 7295K, KIC09953894
appears to be a relatively hot system probably containing two
late-F stars, which would be consistent with the masses derived
from the spectra, assuming a main-sequence temperature—mass
relation. The blue curve shows the best-fitting detached model
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Figure 43. Three competing model light curves and velocity curves in
comparison to the data of the detached system KIC09953894.

with irradiation. This model provides a slightly better fit than
the detached model without irradiation effects, but the residuals
near phases ¢ =[0.0, 0.5] are still systematic. KIC09953894
serves as a warning that for detached systems light curves alone
are insufficient to obtain an unique solution; kinematic data are
required to fix either g or M. Even so, the Bayesian confidence
interval limits ¢g to values that include the spectroscopically
measured mass ratio.

Figure 44 shows the MCMC distribution of system
parameters for the KIC(09953894 system for the detached
model. Percentile ranges are cosi=0.482/0.500/0.517,
logg =—0.105/-0.054/—0.018, 13 =0.00/0.02/0.04, and
T,/T; =1.02/1.03/1.04. By comparison the most probable
parameters for a worse-fitting contact model are cosi = 0.065/
0.125/0.205 (much larger than the detached model), f= 0.46/
0.67/0.85 (not applicable in the detached model),
logg = —0.106/—0.008/0.067 (similar to the detached model),
and [3=0.72/0.76/0.79 (much larger than the detached
model). While the mass ratio distribution encompasses the
correct g ~ 0.81, the ranges for the preferred detached model
are very different than those for the contact model despite a
similar rms. The large third-light fraction retrieved from the
contact model is inconsistent with the /3 ~ 0 indicated by the
detached models and by the BF. The secondary is slightly
hotter than the primary (7,/T; = 1.03), and the primary is close
to overflowing (R; /Ry max = 0.99), but the secondary is not (R,/
R max = 0.8), yielding large ellipsoidal modulations of the light
curve and shallow eclipses at both quadrature phases.

The data and models indicate that KIC09953894 is a
detached system with two inflated components and a slightly
hotter but smaller secondary. Contact models can approximate
the light curve and yield a mass ratio broadly consistent with
the detached models and spectral data, but the contact models
erroneously predict large third light and larger inclinations.
Including irradiation and reflected light in the models improves
the agreement with the light curve for this 7,/7;=1.03
system. Without a spectroscopically determined primary mass
or mass ratio, both detached models (with and without
irradiation effects) underpredict the velocity semiamplitudes
but do an excellent job of reproducing the light curve.
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Figure 44. Bayesian probability distribution of KIC09953894 system parameters when modeled as a detached configuration, and a primary mass of M, = 1 Mis

assumed.

4.9. KIC10292413

Figure 45 displays the Kepler light curve of the
P =0.56days contact system KIC10292413, the shortest
period among our pilot sample. The primary minimum is very
slightly deeper than the secondary minimum. This target also
has a close visual companion within 2”, which may affect the
measured flux of the Kepler data because it lies within one
detector pixel. Dilution of a light curve by a constant third light
makes the maxima fainter and the minima brighter, reducing
the overall amplitude of modulation, in agreement with the
fairly small amplitude in Figure 45.

30

The Pan-STARRS (Kaiser et al. 2010) images of this target in
Figure 46 show it to be a visual double consisting of
approximately equal brightness components at a position angle
of 120° at a 2.3 separation. We spectroscopically determined that
the indicated star to the southeast is the contact binary, identified
as Gaia DR2 ID 2086341391231975168 (G=14.6 mag). We
aligned the spectrograph slit angle to cover only this star and
minimize contributions from the neighbor to the northwest (Gaia
DR2 ID 2086341391231974656; G = 15.1 mag).

Figure 47 presents the eclipse timing residuals of
KIC10292413, which show some evidence of a decreasing
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Figure 45. Folded Kepler light curve of KIC10292413.
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Figure 46. Pan-STARRS g/r/i image of the KIC10292413 field with the
contact binary source labeled.

period with dP/dt=—1.06 x 1077 (red parabola). This is
much smaller than in previous examples and is at the limit of
what can be detected in the data. A sine function with a period
of 10 yr is also a good fit to these data. The amplitude of 0.78
minutes corresponds to a minimum projected light-crossing
distance of 0.1 au for the orbit of the contact binary about a
common center of mass with a hypothetical third body. A very
low-i orbit about a M3~ 0.5 M., star could plausibly explain
these O — C variations. We conclude that the evidence for
eclipse timing variations is strong in this object, but we are
unable to distinguish between a constant period derivative and
periodic O — C variations that would indicate a third body in
the system. In any case, the visual companion at 2!3 separation
cannot constitute the third body responsible for the eclipse
timing variations, as it has a very different Gaia parallax and
must be physically unrelated.

Figure 48 shows the BF of KIC10292413 for two epochs of
spectroscopy obtained at phases ¢=0.23 and ¢=0.73
(adopting the best linear ephemeris). The judicious slit
placement allowed us to exclude light from the close visual
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Figure 48. Broadening function of KIC10292413. The BF does not include
light from the third star. The computed BF is noisier than previous examples
owing to the faintness of the source. The model line profile function is
generated with ¢ = 0.53 (green x’s) while the two-component Gaussian fit to
the BF (red curves) suggests ¢ = 0.37.

companion. Owing to the faintness of this source (G = 14.6
mag), the S/N is lower than for other targets. Most of the
information in the BF comes from the Ha line, which is the
strongest in the spectrum. There is no reported T, in the KIC,
so we adopt 6200 K, a value consistent with the strong He line.
There are two peaks in the (rather noisy) BF, allowing us to
estimate component velocities and a mass ratio near g ~ 0.37,
with considerable uncertainty. The estimated velocity semi-
amplitudes are K; =70 km s! and K, =189 kms ! at a
systemic velocity of v = —28 kms~'. The ratio of component
areas in BF implies R,/R; ~0.71. However, the presence of
third light likely skews the velocities of one or both
components, rendering the kinematic measurements signifi-
cantly uncertain.

Figure 49 presents the best-fitting fixed-temperature-ratio
contact binary light curve and velocity curve for KIC10292413.
A excellent fit (rms = 0.00010) with no systematic residuals is
achieved with a contact binary system using i = 53°.7, f= 0.88,
q =0.53 (somewhat larger than the value inferred from the
BF), and /3 = 0.59, leading to R,/R; = 0.79, R; = 1.68 R..,, and
R, =1.32 R, At this inclination, the velocity semiamplitudes
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Figure 49. Light curve and velocity curve of KIC10292413, along with a best-
fitting contact model.

imply component masses M, =1.34 M.and M,=0.71 M.
Detached configurations produce a much larger rms and are not
considered further. Models employing a variable temperature
ratio provide an essentially identical solution, supporting equal-
temperature components. The model line profile (green x’s in
Figure 48) matches the BF reasonably, despite the lower S/N
of the spectra. Yet, the deficit between the BF and the model
line profile suggests a third component at a different radial
velocity in the two spectra obtained more than a year apart.
Two sources of third light are possible. The visual 2"
companion to the northwest constitutes 38% of the combined
system light, as it falls within one Kepler pixel. The O — C
variations also suggest third light within the KIC10292413
system. Together, these could easily account for the /3 =~ 0.59
suggested by the best model.

Figure 50 shows the posterior probabilities from Monte
Carlo simulations for the fixed-temperature-ratio contact
model. Percentile ranges are cosi=0.582/0.587/0.593,
f=0.86/0.87/0.89, logg=—0.281/-0.276/—0.269, and
13 =0.59/0.60/0.60. These are the tightest constraints on any
system in the pilot sample, enabled by the very small dispersion
in the Kepler light curve. The rms of the best-fitting model
(0.00010) is actually smaller than typical photometric uncer-
tainty of 0.00018, indicating very little intrinsic variability in
the system over the four-year baseline and no significant
physical features such as spots.

Despite the large light-curve morphology parameter of 0.95
that might suggest a detached ellipsoidal variable,
KIC10292413 appears to be a genuine contact system with a
substantial third-light contribution. KIC10292413 may be a
tight triple system with a velocity-variable third component
helping to generate the irregular shape of the BF in Figure 48.

4.10. KIC11097678

Figure 51 displays the folded Kepler light curve of the
P =0.999 days contact system KIC11097678. The secondary
minimum is not as deep as the primary minimum, and the
minima are flat-bottomed, indicating an eclipsing system seen
at a high inclination angle.

Figure 52 presents the eclipse timing residuals of
KIC11097678, which show some evidence of an increasing
period with dP/dt=2.4 x 10~°. Alternatively, the O — C data
can be fit with a sine function having amplitude A=0.96 min,
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P =8 yr, To =2476356. The short duration of the Kepler data set
precludes more robust conclusions regarding the eclipse timing
variations. Unfortunately, the ZTF data are not helpful because of
the limited phase range sampled on this P~ 1.00 days system.
Figure 53 shows the BF of KIC11097678 for two epochs of
spectroscopy obtained at phases ¢ =0.23 and ¢ =0.79. There
are two clear peaks in the BF. The velocity of the fainter
component at ¢ = 0.23 is not well constrained on account of the
smaller signal of the secondary in the BF. The ratio of areas of
the two Gaussian components implies a radius ratio
R>/R, =0.35. The radial velocities of the contact components
give velocity semiamplitudes K; =8 kms ' and K, =252
kms~' with y=—74 kms™ ', implying a mass ratio near
q ~ 0.03. The green x’s depict the model line profile function of
the ¢ = 0.10 model that provides the best fit to the light curve,
but we find that a model with an even lower ¢ would improve
the fit to the BF. The velocity of the secondary is not well
measured at the first quadrature phase, but an extreme mass ratio
is clearly indicated by the velocities. At this phase, the BF shows
a substantial deficit relative to the model, consistent with a real
physical effect that decreases the flux from the secondary. If
there were a third component blended with the primary near the
systemic velocity, our measurement of K; and ¢ would be lower
limits. The Pan-STARRS image data show a visual companion
1”.5 to the west, 3.3 mag fainter in the Gaia photometric system,
implying a third-light contribution of about 5% within the Kepler
pixel. Such a faint companion does not contribute measurably to
the spectra or show up in the BF. It has a substantially larger
parallax and cannot be physically associated with KIC11097678.
Figure 54 shows a light curve and velocity curves for
KIC11097678 along with a best-fitting (rms = 0.0024) variable-
temperature-ratio contact model (magenta curve) having
i=84°5, =092, ¢=0.10 (somewhat larger than the
¢~ 0.03 measured from the BF), 13=0.31, and 7,/T; = 1.02
(a slightly hotter secondary). Enabling irradiation effects does
not improve the fit. However, the fixed-temperature-ratio contact
model provides a similarly good fit (rms = 0.0024) for i = 65°.9,
f=0.62, g=0.06, and I3 =0.01. Competing detached models
imply R;/Ri max and R>/ Ry max >> 0.99 and are not viable, having
rms at least three times larger. The best model component radii
are Ry =3.36 R, and R, = 1.05 R, yielding R,/R; = 0.31, very
similar to that inferred above from the BF. Component masses
are approximately M; ~ 1.93 and M, ~ 0.19 using the velocity
data and best model i. This PHOEBE model produces a line
profile function (green crosses in the BF plot of Figure 53) that is
in excellent agreement with the BF. (In fact, the significant third
light implied by the variable-temperature-ratio model (with or
without irradiation) cannot be accommodated in the BF, lending
credence to the T, /T = 1 model!) The agreement with the BF is
good in the lower panel at ¢ =0.79 except that the secondary
peak has a larger amplitude than the data. In the upper panel at
¢ =0.23, the primary’s BF peak is shifted to positive velocities
relative to the model, and the secondary appears too faint in the
BF compared to the model profile, echoing the deficit noted
previously for KIC04999357 and KIC10292413. This difference
exists regardless of the range of wavelengths used to construct
the BF. We conclude that it is not a consequence of Haemission
or some other portion of the spectrum that varies with the orbital
phase.”> We find that the model line profile at ¢ =0.23 can
better reproduce the BF if we add a large cool spot

25 This difference is also seen in a ¢ = 0.21 spectrum obtained 2020 April 20
UT:10:39.
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Figure 50. Posterior probability distributions for combinations of four free light-curve parameters in the KIC10292413 system, indicating very tight constraints on all

system parameters.

(Tspot/T> = 0.8; or indeed any phenomenon that suppresses the
signal from the secondary) on the trailing face of the secondary
(colongitude ~90°). Such a spot configuration would not alter
the good agreement between the model and BF at ¢ =0.79.
Large transient spots are known to exist on contact binaries
(e.g., Binnendijk 1970; Maceroni et al. 1994; Kouzuma 2019).
Although such large spots would be visible in the light cure, it
is possible that they were not present (or present only for a brief
duration) during the 2009-2013 Kepler epochs.

Figure 55 shows the relative probabilities resulting from Monte
Carlo simulations using the four-parameter fixed-temperature-
ratio models. The percentile parameters are cosi = 0.195/0.225/
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0.251, f=0.47/0.58/0.67, logqg=—1.19/—1.16/—1.12, and
[3=0.01/0.05/0.10, implying strong constraints on system
parameters. These parameters are consistent with those of the
best fits shown in Figure 54, indicating a very small ¢ and small
third-light fraction. The most probable /3 is consistent with the
estimated 5% light contribution from the identified 1”.5 visual
companion (GDR2 2086752574218680704). Contours in
Figure 55 are helpful in illustrating the degeneracy between
log g and /3, here in the sense that larger third light would lead to
less extreme mass ratios.

Including irradiation effects in the models changes the rms
negligibly but substantially shifts the locus of most probable
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Figure 51. Folded Kepler light curve of KIC11097678.
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parameters toward larger inclinations, larger fillout factors, and
larger third-light fractions. Figure 56 shows the posterior
distribution of parameters from MCMC simulations where
irradiation effects are included. The most probable parameters
are significantly different than in Figure 55 where irradiation is
disabled:  cosi =0.039/0.105/0.183, f=10.69/0.83/0.93,
logg=-1.12/—1.05/—0.99, and [3=0.16/0.24/0.32. The
nonnegligible /3 found when irradiation is included is
inconsistent with the BF data in Figure 53 and with our BF
analysis of high-resolution echelle spectroscopy (to be
presented in E. E. Cook & H. A. Kobulnicky 2022, in
preparation), which limits the third-light fraction to <0.01. The
O — C variations may, then, result from a very faint low-mass
companion or from magnetic activity. The substantial third-
light fractions implied by irradiation-enabled models cast doubt
upon the blind application of this particular implementation, at
least in this particular system. Our analysis of KIC11097678
suggests that caution is appropriate when invoking irradiation
physics, but we are not able to speculate as to the reason for
this inconsistency. Nevertheless, the most probable mass ratios
are still extreme for any model-based Bayesian analysis—near
the nominal limits for the onset of the Darwin instability.
Despite the large morph = 0.90, KIC11097678 is a clear case
of a contact system.
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Figure 53. Broadening function and model line profile of KIC11097678
showing two spectral components.
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Figure 54. Model light curves and velocity curves of KIC11097678 in
comparison to the data with the data.

4.11. Summary of the Pilot Study

In the pilot sample, spectroscopic data provided radial
velocities of (near) contact binary stars that permitted the
measurement of component masses when combined with the
orbital inclinations inferred from the light curves. The systems’
mass ratios were already well constrained by the light curves
alone, even in the presence of additional features modeled as
spots on the stars (KIC08913061, KIC09164694,
KIC09345838). The spectroscopic data, nevertheless, provided
confirmation of the mass ratios and the third-light fractions
retrieved from the light-curve analyses. Sometimes the third
component could be seen directly as a distinct peak in the BF.
Most often the third component was blended in velocity space
with the brighter and more massive primary component,
adversely affecting the measurement of the primary star’s
velocity and systematically decreasing the mass ratio inferred
from the BF. Notably, all but one of the 10 pilot study systems
show some evidence for a third component either from the
Monte Carlo light-curve analysis, the O — C variations, the BF,
or some combination of the three. In all but one of the systems,
the evidence for a third-light contribution is compelling.

Light-curve shapes are insensitive to the mass of the
primary, so kinematic data are required if component masses
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Figure 55. Posterior probability distributions for combinations of four parameters for KIC11097678.

are to be measured. We performed PHOEBE+MCMC
simulations of the KIC09345838 system (which required a
hot spot on the primary star to achieve good fits to the mean
light curve) allowing the mass of the primary, M, to vary in
addition to the seven parameters modeled in Figure 34. The
posterior probability distributions of all parameters are nearly
identical to when M, is fixed, and the uncertainties are as well.
This is expected and merely serves to confirm that the light-
curve morphology is sensitive to the mass ratio and not to the
overall system mass.

Table 2 provides a short synopsis of the best-fitting model
parameters and spectroscopically determined parameters for the
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(near) contact systems in our pilot study. Column (1) is the KIC
ID, columns (2)—(6) give the i, f; g, I3, and T, /T, from the best-
fitting contact binary model, columns (7)-(10) give the BID,
observed orbital phase, and component Heliocentric radial
velocities for the first spectroscopic observation near ¢ = 0.25,
columns (11)—(14) give the BJD, orbital phase, and component
Heliocentric radial velocities for the second spectroscopic
observation near ¢ =0.75, column (15) lists the computed
systemic velocity, and column (16) gives the spectroscopic
mass Tatio, (¢spec, if measurable from the BF. The table
footnotes provide additional insights on each system gleaned
from the spectroscopic analyses.
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Figure 56. Posterior probability distributions for combinations of four free parameters for KIC11097678 when irradiation effects are included in the PHOEBE models.
The distributions are shifted markedly from those in Figure 55, particularly regarding third light, which is now /3 ~ 0.24 instead of 0.

Five systems from the pilot study (KIC04999357,
KIC06844489, KIC09840412, KIC10292413, and KIC11097678)
have contact models that provide an excellent match to the light
curves and have rms considerably less than the best detached
models. The variable-temperature-ratio models provide slightly
better fits and have 0.98 <T,/T; < 1.02 but yield system
parameters very similar to the 7,/T; =1 models. Both sets of
contact models produce radial velocity profiles consistent with the
BF and with the mass ratio measured from the kinematic data.

KIC04853067 is equally well modeled as either a contact or
a detached system with an extreme mass ratio seen at low
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inclination. It serves as a cautionary example that for low-i
extreme-q systems, contact and detached models are indis-
tinguishable, and the true geometry is uncertain. Such
ambiguity can be expected as a matter of course when fitting
large samples of (near) contact binary light curves even with
exquisite photometric precision.

KIC08913061 provides a striking example of a system with
a low-dispersion symmetric light curve where the variable-
temperature-ratio models produce a superior rms compared to
fixed-temperature-ratio models yet select the wrong mass ratio.
T>/T; = 1 models select the correct mass ratio. The addition of
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Best-fitting Contact Binary Model Parameters and Measured Spectroscopic Parameters for the Pilot Sample

Table 2

Name i f qu 3 /T, Date; o Vi Vo Date, [o5s Vi Vo Yo Gspec
©) BID (d) (kms™ ") (kms™ ) BID (d) (kms™ ) (kms™ ) (kms™h
M ) 3) €] (6)) (6) @) ®) ) (10) an 12) 13) (14) (15) (16)
KIC04853067 21.4 0.03 0.11 0.73 0.95 2458484.95970 0.18 8 2458173.91641 0.64 -5 2 .. abed
KIC04999357 67.9 0.70 0.17 0.35 1.02 2459109.69654 0.24 —87 137 2458365.65278 0.77 -5 —236 —48 0.22°
KIC06844489 73.0 0.98 0.31 0.63 0.98 2458365.81667 0.25 —-79 185 2458317.77222 0.76 23 —232 —26 0.25"¢
KIC08913061 77.0 0.46 0.16 0.02 1.00 2458959.90284 0.36 —100 123 2458365.62014 0.71 -29 —281 -72 0.16°
KIC09164694 89.8 0.61 0.24 0.22 0.82 2458368.62917 0.30 —-36 160 2458315.80069 0.76 34 —179 -5 0.20°¢
KIC09345838 75.9 0.89 0.24 0.47 1.00 2458368.60208 0.32 —26 167 2458315.69167 0.73 38 —158 5 0.20"°
KIC09840412 87.1 0.80 0.27 0.55 0.98 2458175.97917 0.27 -7 153 2458598.88542 0.74 —-17 —231 —43 >0.16"¢
KIC09953894 59.7 . 0.97 0.00 1.03 2458304.89514 0.24 —150 113 2458309.66875 0.69 79 —168 -32 0.81¢
KIC10292413 53.6 0.88 0.53 0.59 1.00 2458598.92917 0.23 —96 159 2458180.96042 0.73 44 —219 —28 0.37°¢f
KIC11097678 75.9 0.62 0.06 0.01 1.00 2458970.94550 0.23 —80 176 2458313.69861 0.79 —64 —328 —74 >0.03%¢
Notes.

 The broadening function shows a single peak at the listed velocities, and the components are not resolved.
b Significant third light is indicated; systemic velocity of primary may be uncertain.

¢ Systematic O — C variations suggest a triple system.
d Probable /possible detached system.
¢ Best-fitting model involves a hot spot on the primary.

T A visual companion at 2” separations and AG = 0.5 mag may contribute light within the Kepler pixel.
€ The secondary is very faint, and its radial velocity is significantly uncertain.
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a single physical component (a hot spot on the primary) to the
fixed-temperature-ratio models reduces the rms by a factor of
almost two compared to variable-temperature-ratio models.
This is an indication that real physical features present in the
star systems but not in the nominal contact binary models are
both detectable and large compared to the Kepler photometric
precision, dominating the rms in many systems.

KIC09164694 and KIC09345838 both display asymmetric
light curves and require the addition of a model component
(e.g., a hot spot on the primary) to produce a satisfactory fit to
the light curve. Like KIC08913061, the variable-temperature-
ratio models select the wrong mass ratio, further illustrating a
dangerous degeneracy between T,/T; and g when only single-
band light curves are modeled. Models using 7,/T; =1 and a
hot spot provide superior fits and identify a mass ratio
consistent with the kinematic data.

KIC09953894 is a detached system, yet with large
ellipsoidal modulations that resemble a contact binary. The
detached models provide a superior fit and indicate signifi-
cantly smaller inclinations and third-light fractions (yet similar
mass ratios) than those from the best contact models. Models
including irradiation effects further improve the fit and require
less extreme temperature differences (7,/T)=1.03 versus
1.06) compared to the nonirradiation models. A Bayesian
analysis shows that all the key parameters in the detached
model are well constrained, underscoring the utility of this type
of analysis for detached systems having large ellipsoidal
modulations. The component velocity semiamplitudes (the
BF), however, are not well reproduced without independent
knowledge that allows one of the component masses to be fixed
a priori.

5. Bayesian Retrieval of System Parameters for 783 Kepler
Close Binaries

In the general case of a contact binary system where
component velocities are not available, the Monte Carlo
simulations presented above demonstrate that single-band,
high-quality light curves alone are sufficient to retrieve the
inclinations, fillout factors, mass ratios, third-light fractions,
and crude temperature ratios from 7, ~ 7'} contact models and,
sometimes, from detached models if the ellipsoidal variations
are large. Given the success of the Bayesian modeling
techniques applied above, we undertook a statistical study of
all candidate contact binaries in the Kepler field using the same
methods. We conducted Bayesian modeling for 809 out of
2878 total Kepler eclipsing binaries tabulated by Kirk et al.
(2016). The selection criteria included systems having periods
P < 2.0days and morphology parameter morph>0.70 indica-
tive of contact configuration or ellipsoidal variations from at
least one of the aspherical components. For 45 systems, we
assigned a different reference time 7, shifted by half an orbital
period compared to the one tabulated in Kirk et al. (2016) in
order to place the deeper eclipse at phase zero. We removed
from the sample KIC02831097, as it is a pulsating RR Lyrae
type star described by Sédor et al. (2017). We also removed 23
systems owing to their extremely low level of photometric
variability where the amplitude of modulation is less than about
10 times the rms in each phase bin. Such systems are likely to
be low-i and/or high-I3 systems, and the data do not yield
useful constraints on system parameters. We further removed
KIC07733540, which showed large O — C variations and
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abnormally large photometric variability. This left 783 systems
to model.

We performed MCMC simulations of all 783 systems,
modeling each as both a T, ~T; (constrained temperature
ratio) contact binary using five free parameters and as a
detached system using six free parameters. Both sets of models
include irradiation effects. Although contact binaries can
exhibit small temperature differences between the components,
the degeneracies documented with the pilot sample using the
variable-temperature-ratio contact model motivated us to
abandon this unconstrained temperature ratio option as
dangerously unreliable. Photometric data from a second
bandpass could, presumably, break this degeneracy and retrieve
all of the system parameters with better fidelity.

No single criterion can reliably discriminate between contact
and detached geometries. We employ three model-based
metrics that provide approximate classification as probable
contact binaries (C), probable detached systems (D), or
ambiguous cases (A). Our classification scheme (based on
lessons learned from the pilot sample) utilizes the rms from the
best-fitting contact versus detached models (i.e., rms.,, versus
rmsge), the temperature ratio 7, /T from the best-fitting contact
model, and the fraction of the components’ Roche lobes filled
from the best-fitting detached model (i.e., R;/Rimax and R,/
R2 max)'

1. Contact (C) includes 178 systems: rmscq, < rmsSde; and
MSeon < 0.005 and 096 <T,/T)<1.04 and (R;/
Rimax = 0.95 or Ry/Rymax > 0.95). This last criterion
requires at least one of the components to fill its Roche
lobe to at least 95% of the maximum value in the best-
fitting detached model.

2. Detached (D) includes 114 systems: rmSde; < rmSc,, and
msge < 0.005  and  (Ri/Rimx <095 or R,/
Ry max < 0.95). This last criterion requires at least one of
the components to have a Roche lobe volume less than
95% of the maximum possible value in the best-fitting
detached model.

3. Ambiguous (A) includes 491 systems: everything else.
The bulk of these consist of the union of the set of 230
systems having large rms values with the set of 387
systems with 7,/T; more than 4% from unity.

Table 3 provides the parameters of the best-fitting contact
binary model for all the 783 systems, regardless of classifica-
tion. Column (1) lists the KIC identification number, column
(2) is the adopted orbital period in days, column (3) is the
adopted reference Julian Date of deeper eclipse, column (4) is
the stellar T.¢, column (5) is the light-curve morphology
parameter from Kirk et al. (2016), column (6) is the inclination
in degrees, column (7) is the fillout factor, column (8) is the
mass ratio,”® column (9) is the third-light fraction, column (10)
is the temperature ratio 75/T}, column (11) is the rms of the
best-fitting model in units of the normalized light curve, and
column (12) is a flag designating whether the system is best
regarded as a contact binary (C), a detached system (D), or an
ambiguous case (A). Table 4 provides the values of the 16th,
50th, and 84th percentile for each of the five free parameters
resulting from contact models of systems in Table 3. Column
(1) lists the KIC identification number, columns (2)—(4) are the

26 q = M,/M,. Values <1 indicate that the star M; producing the deeper

eclipse at superior conjunction is the more massive. Values >1 indicate that the
star M, eclipsed at secondary minimum is more massive.



THE ASTROPHYSICAL JOURNAL SUPPLEMENT SERIES, 262:12 (51pp), 2022 September

Kobulnicky et al.

Table 3
Best Parameters for 783 Contact, Detached, and Ambiguous Systems When Modeled Using a Contact Configuration
KIC ID Period to KIC T morph i f q 3 T,/T, rms Flag
@ (BJID) (K) (deg.)
@ (@) 3 “ ® (6) (O] ® ® (10) an 12)
09612468 0.1334715 2454953.60380 7202 0.99 10.9 0.529 1.08 0.924 1.010 0.000006 A
06613627 0.1507996 2455115.34485 7090 0.98 415 0.080 0.95 0.936 0.997 0.000119 A
05302006 0.1511712 2454980.50904 6536 0.97 10.6 0.091 0.96 0.714 0.983 0.000109 A
09898401 0.1527742 2454964.73397 7376 0.99 337 0.162 1.03 0.966 1.004 0.000013 A
07375612 0.1600729 2454953.63870 6682 0.97 39.1 0.036 1.10 0.711 1.003 0.001247 D
05872696 0.1726132 2454953.79871 6000 0.99 389 0.037 1.04 0.929 1.004 0.000045 D
07767774 0.1733883 2455007.74026 6000 0.99 14.1 0.685 1.16 0.855 1.017 0.000039 D
12350008 0.1845296 2455002.01444 6108 0.71 88.7 0.031 1.36 0.997 0.979 0.000066 D
10684673 0.1925563 2455026.59881 7106 1.00 24.4 0.053 0.99 0.718 0.991 0.000071 D
09532219 0.1981551 2455001.94539 5031 0.77 75.0 0.141 1.48 0.850 0.978 0.002218 A

Note. Table 3 is published in its entirety in the machine-readable format. A portion is shown here for guidance regarding its form and content. A (1) in the final column
designates systems having superior model fits using detached configuration parameters summarized in Table 5.

(This table is available in its entirety in machine-readable form.)

16th/50th/84th percentiles of cosi, columns (5)—(7) are the
percentiles of £, columns (8)—(10) are the percentiles of loggq,
columns (11)—(13)are the percentiles of /3, columns (14)-
(16) are the percentiles of T,/T;, and column (17) is the
Contact/Detached /Ambiguous identification flag. Tables 3 and
4 contain the first ten rows to provide an example of the form
and content. The full tables are available in electronic form as
machine-readable files.

Table 5 provides the parameters of the best-fitting detached
binary model for the 114 probable detached systems. Column
(1) is the KIC identification number, column (2) is the orbital
period in days, column (3) is the adopted reference Julian Date
of deeper eclipse, column (4) is the stellar 7., column (5) is
the light-curve morphology parameter from Kirk et al. (2016),
column (6) is the inclination in degrees, column (7) is g,
column (8) is 3, column (9) is T»/T;, column (10) is the
primary’s stellar radius R; in solar units, column (11) is the
ratio of stellar radii R,/R;, column (12) is R;/Rj max, column
(13) is Ry/Rymax, column (14) is the rms of the best-fitting
detached model in units of the normalized light curve, and
column (17) is the flag designating the system as a probable
detached binary (D). Table 6 provides the 16th, 50th, and 84th
percentiles for each of the six free parameters in the detached
models, following the format of Table 4.

5.1. System Parameters for (Near) Contact Binaries

Figure 57 plots the light-curve morphology parameter versus
the orbital period, with the blue squares/red triangles/black
circles representing the contact/detached/ambiguous systems,
respectively. A small dispersion has been added to the data to
reduce the marker pileup. The sample selection -criteria
(morph > 0.7) already select against most eclipsing detached
systems but do allow ellipsoidal variables that tend to have
morph > 0.9 (Kirk et al. 2016). Probable contact systems
congregate preferentially at short periods. Ambiguous systems
are found at all morphology parameters but cluster strongly at
the shortest periods. Long-period systems P > 0.8 days are
preferentially detached systems that populate the upper right
corner at morph>0.9 as expected for ellipsoidal variables. Very
few contact systems lie at morph<0.75. Ambiguous systems
concentrate at short periods and span the full range of morph
but show a concentration near morph~(0.75. Many ambiguous
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systems receive their designation for having poor fits to either
model, generally because the light curve is asymmetric. We
suspect that asymmetric light curves end up with morph ~ 0.75
designations as a consequence of the information loss in
downprojecting a higher-dimensional manifold to a single
dimension (see Kirk et al. 2016, and descriptions therein).

Figure 58 presents histograms of the uncertainties on each
fitted parameter, characterized as 0.5 times the difference
between the 84th- and 16th-percentile values, i.e.,
0.5A cos(i)g4_16, for systems modeled as contact binaries.
These values constitute approximate 1o uncertainties as long as
the distributions are nearly Gaussian (they are often not). The
gray shaded histogram includes all 669 C+ A systems.
Systems classified as contact (blue), detached (red), or
ambiguous (black) are plotted separately by color. The median
0.5A cos(i)gs_16 is 0.045 (upper left panel), and all values
are < 0.22, indicating that the MCMC simulations generally
provide strong constraints on inclination. This is especially true
for contact (C) systems that have smaller median uncertainties
than the other subsets. The median 0.5Af34_1¢ is 0.15 (upper
middle panel) but smaller for the contact subset. The median
0.5A1log(g)s4—16 is 0.11 (upper right panel), with a few cases
as large as 0.38, indicating the probabilistic constraints on log g
are strong in most instances—again, much smaller for the
contact subset. Detached systems have larger uncertainties, as
expected, given that the detached-geometry light curve is not
sensitive to g. The median third-light uncertainties (lower left
panel) are 0.5Al3g4 ;6=0.08. The median 7,/T; (lower
middle panel) is 0.009, indicating that the temperature ratio is
constrained to better than 1% in most cases, although the
artificial hard bounds imposed on 7,/T; at [0.95, 1.05] mask
the true extent of possible variations. The lower right panel
presents the distribution of the rms between the mean of the
data and the best-fitting contact binary model, where the
median rms is 0.0022. This is seven times larger than the
nominal Kepler photometric uncertainty of 0.0003, affirming
that the data contain the signatures of real physical features not
present in the nominal PHOEBE models. However, the
distribution peaks sharply at small rms for all subsets, meaning
that a large fraction of the sample exhibits reasonable
agreement with the models. The shaded region at right marks
the upper limit of rms =0.005 defining one criterion for the
ambiguous designation.
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Table 4
Bayesian Percentile Parameters for 783 Contact, Detached, and Ambiguous Systems Modeled Using a Contact Configuration
Name cos(i)ie cos(i)so cos(i)g4 fie fs0 Ssa log(9)16 log(q)so log(q)sa 316 1359 334 T /T T, /Tis, T /Tig, Flag
@ (@) (©)) @ ® ©) (O] ® (C)] (10) an 12) 13) (14) s) (16) an
09612468 0.966 0.976 0.983 0.589 0.811 0.944 —0.002 0.044 0.089 0.932 0.951 0.963 0.999 1.009 1.018 A
06613627 0.750 0.800 0.849 0.096 0.171 0.247 —0.073 —0.011 0.047 0.914 0.929 0.943 0.983 0.998 1.014 A
05302006 0.960 0.976 0.986 0.101 0.174 0.308 —0.056 —0.020 0.030 0.694 0.799 0.891 0.968 0.991 1.021 A
09898401 0.819 0.835 0.856 0.110 0.163 0.219 —0.027 0.009 0.050 0.961 0.965 0.968 0.989 1.003 1.016 A
07375612 0.728 0.779 0.840 0.063 0.120 0.223 —0.179 —0.034 0.088 0.659 0.736 0.799 0.967 0.994 1.022 D
05872696 0.756 0.781 0.805 0.043 0.069 0.111 —0.043 —0.002 0.035 0.925 0.933 0.941 0.988 1.000 1.012 D
07767774 0.953 0.965 0.974 0.440 0.658 0.796 0.011 0.079 0.149 0.828 0.873 0.901 1.004 1.022 1.040 D
12350008 0.024 0.062 0.122 0.039 0.055 0.089 —0.194 —0.057 0.146 0.997 0.997 0.997 0.968 0.986 1.004 D
10684673 0.911 0.923 0.934 0.078 0.136 0.208 —0.044 —0.005 0.035 0.680 0.718 0.745 0.968 0.993 1.020 D
09532219 0.077 0.185 0.278 0.110 0.224 0.353 0.100 0.344 0.532 0.828 0.855 0.877 0.960 0.973 0.990 A

Note. Table 4 is published in its entirety in the machine-readable format. A portion is shown here for guidance regarding its form and content.

(This table is available in its entirety in machine-readable form.)
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Table 5
Best Parameters for 114 Probable Detached Systems Modeled Using a Detached Configuration
KIC ID Period to Tesr morph i q 3 T,/T, R, Ry/R, R /R max Ry /R> max rms Flag
(C)) (BID) X) (deg.) Re)
@ (@) ©)] (C) (&) ©) Q) ® ©) 10) an 12 13) 14) 1s)
07375612 0.1600729 2454953.63870 6682 0.97 46.8 0.755 0.185 0.994 0.46 0.92 0.767 0.799 0.001235 D
05872696 0.1726132 2454953.79871 6000 0.99 60.3 0.058 0.116 0.962 0.43 0.37 0.518 0.678 0.000044 D
07767774 0.1733883 2455007.74026 6000 0.99 414 0.044 0.174 0.962 0.44 0.34 0.521 0.704 0.000039 D
12350008 0.1845296 2455002.01444 6108 0.71 80.9 0.439 0.996 0.974 0.65 0.69 0.934 0.943 0.000049 D
10684673 0.1925563 2455026.59881 7106 1.00 29.5 0.959 0.107 0.999 0.51 0.98 0.749 0.752 0.000062 D
06699679 0.2012033 2454953.61283 6000 1.00 46.4 0.049 0.357 0.946 0.57 0.35 0.619 0.831 0.000016 D
06287172 0.2038732 2454953.75384 6646 0.95 71.0 0.087 0.170 0.988 0.34 0.44 0.380 0.497 0.000260 D
10030943 0.2357801 2454953.67463 6704 1.00 54.1 1.104 0.632 1.002 0.49 1.04 0.670 0.664 0.000018 D
12216817 0.2462731 2455002.06796 6681 1.00 43.1 1.242 0.087 1.006 0.66 1.08 0.903 0.880 0.000454 D
08122124 0.2492776 2454964.61283 6250 1.00 349 0.557 0.520 0.976 0.74 0.82 0.882 0.945 0.000152 D

Note. Table 5 is published in its entirety in the machine-readable format. A portion is shown here for guidance regarding its form and content. R /R nax and R, /Ry are approximate values predicated on the
assumption of M=1 M, for the more massive component. R max and Ry max scale weakly with the adopted M. R, is the radius of a spherical star having equivalent surface area to the tidally distorted star. Rj max is the
equivalent radius of a tidally distorted star of maximum possible size without overflow.

(This table is available in its entirety in machine-readable form.)
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Table 6
Bayesian Percentile Parameters for 114 Probable Detached Systems Modeled Using a Detached Configuration

KIC ID cos(is  cos(Dso  cos(ilsa  log(@ie  log(g)so  log(q)sa D16 1350 Bsa DTy  DB/Tsy T/l R R, Ry, R/Ryy Ry/Ry, Ry/Ry,  Flag
Re)  R)  (Ro)

(€] (€] 3 “ () © ) ®) ® 10) an (12) 13) 14) 15) 16) an 18 19) (20)
07375612 0.507 0.599 0.722 —0.948 —0.477 —0.239  0.053 0.179  0.368 0.954 0.989 1.038 0.344 0433  0.500 0.610 0.728 0.892 D
05872696 0.433 0.493 0.590 —1.292 —1.037 —0.679  0.146  0.282 0436 0.962 0.973 0.985 0.354 0416  0.465 0.355 0.432 0.590 D
07767774 0.482 0.607 0.745 —1.470 —1.254 —0.953 0209 0416  0.592 0.943 0.964 0.981 0.336 0425  0.504 0.314 0.366 0.472 D
12350008 0.155 0.255 0.345 —0.669 —0.395 —0.085 0992 0994  0.996 0.948 0.969 0.990 0.579  0.648  0.682 0.483 0.644 0.852 D
10684673 0.512 0.740 0.843 —0.349 —0.013 0.105 0.024  0.080 0.216 0914 0.977 1.007 0.389 0435  0.490 0.417 0.651 1.054 D
06699679 0.512 0.579 0.649 —1.528 —1.425 —1.297  0.184 0274 0.384 0.936 0.946 0.964 0.514  0.557  0.585 0.296 0.320 0.358 D
06287172 0.347 0.545 0.769 —1.334 —0.892 —0.296  0.184 0500  0.780 0.939 0.985 1.038 0250 0355  0.503 0.354 0.507 0.824 D
10030943 0.517 0.577 0.618 —0.029 0.018 0.074 0.543  0.617  0.659 0.998 1.001 1.003 0454 0496 0517 0.971 1.015 1.067 D
12216817 0.657 0.724 0.788 0.006 0.113 0.259 0.038  0.137  0.261 0.980 1.004 1.024 0.588  0.654  0.719 1.001 1.084 1.200 D
08122124 0.700 0.779 0.828 —0.642 —0.283 —0.048  0.243  0.408  0.540 0.970 0.992 1.024 0.611  0.674  0.727 0.642 0.799 0.964 D

Note. Table 6 is published in its entirety in the machine-readable format. A portion is shown here for guidance regarding its form and content. R /R nax and R, /Ry are approximate values predicated on the
assumption of M = 1 M, for the more massive component. R max and Romax scale weakly with the adopted M. R, is the radius of a spherical star having equivalent surface area to the tidally distorted star. Rj max is the
equivalent radius of a tidally distorted star of maximum possible size without overflow.

(This table is available in its entirety in machine-readable form.)

tequydes 7zog ‘(dd¢) 71:797 ‘Sara§ INTWATddNS TVNINO[ TVOISAHIOULSY HH,

‘Te 12 AYorunqoy]



THE ASTROPHYSICAL JOURNAL SUPPLEMENT SERIES, 262:12 (51pp), 2022 September

1.00 +¢
oH ° A ° . °
‘: -:,g. o
B :. -
0.95 kG & ovr o0
.,#. am e e L, .,
Ja o B
Spens® o s . .
0001 mel . e, .
o 000 C ] . ° ®
| R A .
S TR T :
20.85-:': . L et .m.
..’ °
ORCL U : .
0.80 .s.} .'-,..n 6, ° e® o, e .
Poca e © Y e, T T .
L A T :
° - °
075 i 3. a e
. ‘. « Ambiguous
"",' e . . Detaghed °
® o, = Contact
0.70 T — T T T T T T
0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
Period (d)

Figure 57. Light-curve morphology vs. orbital period for the probable contact
binaries, detached binaries, and ambiguous cases, as denoted by symbol type.

Figure 59 plots the Bayesian uncertainties versus cos i, with
the contact/detached/ambiguous systems represented as blue
squares/red triangles/gray dots, respectively. The top panel
show that the typical uncertainty on cosi is smallest among
contact systems and that the uncertainty decreases toward large
cosi (small i; face-on systems). This may be understood as a
consequence of all the projected quantities in a binary system
(e.g., linear size, velocity) scaling as sin(i), which changes
most rapidly at i~ 0° allowing for better discrimination
between models with similar inclination. The uncertainties on f
are similar between C and A systems, and there is a modest
trend with cosi in the sense that fis better constrained at large
inclinations (small cos ). This is where the eclipsing geometry
creates light curves laden with information about the system
parameters. Constraints on the mass ratio (third panel) are
much stronger for C than for A or D systems, unsurprisingly,
regardless of inclination. The mass ratio in contact systems
becomes less well constrained at large cosi. A similar pattern is
evident in the lower panel where the typical uncertainty on
third-light fraction grows with cos i. Constraints are similar for
all subsets. Taken together, these panels indicate that the best-
constrained systems will be those at large i where the (near)
eclipsing geometry provides the mostly highly structured light
curves containing information on the principal system
parameters.

Figure 60 displays histograms of best-fitting model para-
meters for all 669 systems modeled as contact binaries or
ambiguous cases. The upper left panel shows that the
distribution of cosi is strongly peaked at small and large
values when all C+ A systems (gray shaded histogram) are
considered. The majority of these are ambiguous systems,
which have ill-fitting models (rms>0.005) or large temperature
differences between the stars (7,/T; < 0.96 or >1.04). The
distribution becomes nearly flat, as expected for random
viewing angles, when only the probable contact systems are
considered (dashed blue histogram), but there is still a
statistically significant excess at inclinations cosi~ 0.3
(i =~ 70°). Investigation shows that some of these systems have
light-curve asymmetries and rms values near the 0.005 cutoff.
A more stringent rms <0.004 cutoff significantly reduces this
excess, which we tentatively attribute to the effects of starspots.
Furthermore, spots at longitudes 0° or 180° in moderate-
inclination (cosi ~0.6) systems will change the ratio of
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primary-to-secondary minima, displacing them toward more
edge-on orientations (smaller), further contributing to the
apparent excess of cosi= (0.3 systems. Spots appear to be
abundant in contact systems, but a full exploration of spot
properties is beyond the scope of this work.

It is also noteworthy in Figure 60 that the distribution of
probable detached systems—which have poorly measured
inclinations, in general—peaks in the cosi~ 0.5 regime. At
these viewing angles, the detached but nearly overflowing stars
undergo grazing eclipses that are most likely to be identified as
they produce distinctive V-shaped inflections in the light curve.
Detached systems with very low inclinations will exhibit
ellipsoidal modulations and appear much like contact systems
and may be incorrectly identified as such. As a case in point,
KIC09953894 from the pilot study has an indicated i~ 87°
when modeled as a contact system but i ~59° when correctly
modeled as a detached system. At the other extreme, the
detached systems with very large (eclipsing) inclinations have
already been removed from the sample by virtue of the initial
selection criterion morph > 0.7, thereby producing the apparent
deficit of cosi ~ 0 detached systems.

The left middle panel of Figure 60 shows that the
distribution of fillout factor is slowly declining with f contact
systems. There is a small excess near f= 1 for contact systems
that would indicate a preference for Roche lobes filled near the
maximum volume. The upper right panel (loggs,) shows that
mass ratio distribution for both the C + A and C subsets is
similar, evincing two peaks on either side of zero. As discussed
in connection with Figure 2, the logg <0 peak contains
systems at inclinations i2>50° while the systems having
logg > Oare those with i <50°. The lower left panel shows
that contact binaries have appreciable third-light contributions.
The distribution is flat or slowly falling out to /3 = 0.8 where
few systems are found. All subsets show a preference for
considerable third light. The distribution demonstrates that 77%
of Kepler probable contact binaries have /3 > 0.15, indicating
that luminous triple systems are common in close binaries—
much more common than among the general population where
this fraction is about 240% among short-period binaries but
much lower for longer-period systems (Tokovinin 1997). Our
finding for contact binaries is generally consistent with the
59% + 8% tertiary fraction discovered among a spectro-
scopically studied sample of close binaries (Pribulla &
Rucinski 2006). Our result may be slightly biased by our
initial removal of the 23 systems that have very low levels of
photometric variability, some of which are expected to have
large I3, but some of these 23 will also be low-i (high-cosi)
systems as well.

The lower middle panel of Figure 60 shows that a large
fraction of the C+ A subset is best fit by models having
significant temperature differences, T,/T; < 0.96. This is not
surprising as this subset contains unidentified detached systems
plus a large portion of ill-fitting light curves with strong
asymmetries. The probable contact systems, by our adopted
criteria, have 0.96 <7,/T; < 1.04, and the distribution is
nearly flat across the allowed range, with a preference for
T,/T; < 1. The distribution of absolute mass ratio in the lower
right panel peaks near g, ~ 0.4, indicating that the majority of
close binaries have mass ratios far from unity, both for the
C + A sample and the more restrictive C subset. There are very
few contact systems having ¢, > 0.8.
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Figure 58. Histograms of the uncertainties on systems classified as a contact binary (C), detached (D), or ambiguous (A), characterized as one-half the difference
between the 84th- and 16th-percentile values of each parameter. Vertical dotted lines mark the median of each C + A distribution.
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Figure 59. Bayesian uncertainty vs. cosi for probable contact binaries,
detached binaries, and ambiguous cases.

Figure 61 plots each of the principle contact binary parameters
against one another, with gray points representing the A subset
and blue squares marking the probable contact subset. In cases
where the mass ratios have been inverted to obtain ¢,, we have
also inverted 75/T. The pileup of points at 7,/T; = 0.95 or 1.05

44

along the bottom/top in the lower row of panels illustrates the
abundance of either detached systems or those having ill-fitting
light curves. The distribution of contact binaries shows no strong
correlations or patterns across each parameter pair, with a
few exceptions. In the g, versus cosi panel, there is a paucity
of contact systems having moderate mass ratios —0.4 <
log(g,) <—0.1 at small cosi (i>60 edge-on systems). A
substantial population of ambiguous systems do populate this
regime. At these large inclinations, the constraints on logg are
quite strong (Figure 59), so we speculate that spots or other
physical phenomena not present in the models force the best-
fitting solutions toward larger cos i and smaller log(g,) or cause
true contacts to receive an ambiguous designation. The distribu-
tion of log(g,) versus /3 shows that extreme-g, systems are found
across the full range of /3, but less commonly when third light is
large. This further underscores the warning that system parameters
become less certain in the presence of substantial third light.

6. The Dependence of Mass Ratio on Period for Contact
Binaries from a New Set of Model Predictions

6.1. Theoretical Background

The dependence of mass ratio on orbital period provides the
most direct test of evolutionary theories of contact binary
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Figure 60. Histogram of best-fitting model contact binary parameters for contact plus ambiguous systems.

systems. The distribution of mass ratio in short-period
P <100 days detached systems with~ 1 M, primaries (pro-
genitors of contact systems) is observed to be nearly uniform
(Niu et al. 2020; Moe & Di Stefano 2017), so the deviations
from a uniform distribution in contact systems must be a
consequence of evolution. The most commonly cited modifica-
tion that is expected is a lower limit on the mass ratio due to the
Darwin instability (Darwin 1893), generally taken to be a fixed
value around 0.09 (Rasio 1995) or ~0.07 (Arbutina 2009; Li &
Zhang 2006). The evolutionary models of Molnar et al. (2019)
and L. A. Molnar (2022, in preparation) yield an orbital period
dependence of this minimum, along with period dependences
of a maximum ¢, and of typical g, values.

The central premise of the contact binary star evolution
theory of L. A. Molnar (2022, in preparation) is that it is driven
by nuclear evolution of the primary (more massive) star and
proceeds in a steady fashion. The MESA (Paxton et al. 2011)
package is used to follow in detail the evolution of the primary
star including gradual change in mass and angular velocity due
to interaction with the companion star. The calculations yield
mass, radius, luminosity, and orbital period as functions of
time, properties that can be compared in detail with observa-
tions of individual contact binary systems and the statistics of
ensembles. They also yield the evolving moment of inertia that
determines the mass ratio at the onset of tidal instability, the
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immediate cause of stellar merger and subsequent red nova
explosion. Finally, they make specific predictions about two
regions of mass-ratio—orbital-period space that should be
devoid of contact binaries: low mass ratios unaccessible due
to the tidal instability and high mass ratios quickly depleted due
to a secular instability.

The binary evolution computations follow a procedure
analogous to the binary evolution code of MESAbinary
(Paxton et al. 2015). In that code, the mass-receiving star is
treated as a point mass assumed capable of receiving whatever
mass is transferred to it while the structure of the mass-donor
star is followed in detail. The mass transfer rate is set by the
requirement that the donor star continues to fill its Roche lobe
and is driven by evolution of that star (and optional orbital
angular momentum loss). Paxton et al. (2015) say the code
cannot be used for contact binary systems. The innovation of
L. A. Molnar (2022, in preparation) is to realize that in contact
systems the roles played by the stars are reversed, but the
computation is analogous. The mass-donor star is assumed
capable of transferring mass at whatever rate is required and
need not be followed in detail while the mass transfer rate is set
by the requirement that the mass-receiving star continues to fill
its Roche lobe and is driven by the evolution of that star.
MESA is used to compute the evolution of the mass-receiving
star in a series of time steps small enough to follow the
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Figure 61. Best-fitting values of cosi, f, log(g), {3, and T»/T; for all 669 systems designated as contact binaries (blue squares) or ambiguous (gray points).

changing stellar rotation rate and mass accretion rate (which are
computed to conserve system mass and angular momentum in
tandem in a separate program much as MESAbinary does for
the cases to which it applies).

It is necessary to show that a steady-state evolution is
possible. The typical viewpoint in the literature goes back to
Flannery (1976) and subsequent works that found no steady
solution. Instead their computations showed an oscillation
between contact and detached stages (and between mass
transfer of alternating signs) on a thermal timescale. They
concluded this behavior is general to all mass ratios. It was
based on computation of one case with a near-unity mass ratio,
which they expected to be the most stable case. However,
stable accretion by the primary can occur when an increment of
the mass transferred increases the effective Roche lobe radius
more than the stellar radius. Figure 62 compares the power-law
index a = 511—2:: versus mass ratio for the Roche lobe of the
primary to that of an equilibrium main-sequence star. Steady
evolution can occur when agrp > ays. Hence a steady-state
evolution is possible for g < 0.6-0.8 (for primary masses in the
observed range of 0.9—-1.3 M_,). Nuclear evolution sets the mass
transfer rate in that range with values low enough to justify the
assumption of an equilibrium main-sequence structure. Sys-
tems that have initial mass ratios ¢ = 0.8 will experience a
secular instability that likely results in significant mass transfer
on a thermal timescale until the mass ratio reaches the stable
regime (a result consistent with Flannery 1976). This would be
followed by lower, steady transfer rates thereafter. As thermal
timescales are much shorter than than nuclear timescales, this
leads to an effective maximum mass ratio that should be
observed—a distinctive prediction of this model.

Given that a steady-state solution is possible, it is necessary
next to identify mechanisms that drive the secondary to the
stable mass transfer rate. Rates above the steady rate are self-
limiting as they drive the system out of contact. The response to
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Figure 62. The power-law index « relating the change in size of the primary
star to its changing mass as a function of mass ratio. The solid black line is agy,
the change in the equivalent Roche lobe radius. The red dashed and green
dotted—dashed lines mark ays, the indices for equilibrium main-sequence stars
at 1 Gy age and mass 0.9 and 1.3 M, respectively. Stable accretion onto the
primary can occur where agyp > ons.

rates below the steady rate (or even negative rates) depend on
the nature of the secondary star. Companion stars are observed
to fill their Roche lobes and to have surface temperatures close
to that of the primary, which requires radii and luminosities
significantly greater than expected for main-sequence stars. The
consensus in the literature is that the luminosity is powered by
the primary star that shares its output by advection of the
surface layers. Molnar et al. (2019) suggest the steady-state
structure of the secondary star could be modeled by extending
this idea: compute the structure using a surface boundary
condition fixed at the temperature and pressure of the primary
star at the inner Lagrangian point. The result would likely
approximate a composite of a core much like a main-sequence
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Figure 63. 50th-percentile absolute mass ratios g, vs. P for probable contact binaries and ambiguous systems.

star (as the nuclear burning is insensitive to surface boundary
conditions) surrounded by a nearly isothermal envelope (as the
nuclear burning contributes relatively little to the surface
luminosity). Densities would drop exponentially with radius in
the core but more slowly in the envelope. This very
approximate description of the secondary is sufficient to show
how it would respond to mass transfer at less than the steady-
state rate. The inner Lagrangian point would move deeper into
the primary star increasing the pressure and temperature of the
boundary condition. Energy from the primary would then drive
expansion of the secondary, which in turn would increase the
mass transfer rate.

In summary, the steady mass transfer driven by the nuclear
evolution of the primary is possible in contact systems with
mass ratio less than 0.6 to 0.8, and mechanisms exist that
maintain the transfer from the secondary at the steady rate.

6.2. Observational Tests

The present data set is well suited to testing both historical
and new predictions regarding the upper and lower limits on g
for contact systems. It has the largest unbiased sample analyzed
in a uniform fashion, no period dependence in the selection of
systems, and no period dependence in any systematic biases in
the mass ratio determination. We first present the data and then
discuss them in context of the L. A. Molnar (2022, in
preparation) evolutionary models.

Figure 63 plots the absolute mass ratio g, versus period for
the probable contact systems and ambiguous systems modeled
as contact binaries. We focus our analysis on probable contact
systems represented by the blue squares. The majority of the
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ambiguous systems, represented by small black points, are
probable contact systems as well and can be considered for
confirmation of trends, although with more spread in values.
Symbols with vertical error bars depict the 50th-percentile and
84th—16th-percentile ranges. Each of the three panels shows a
different window of mass ratios and periods, allowing the full
dynamic range to be conveyed. The upper left panel displays
the full range in both parameters, confirming the well-known
concentration of contact binary periods in the range 0.25-0.5
days. The mass ratio in this period range is revealed to
concentrate in the range 0.2-0.8. There are very few systems
with g, > 0.8 at any period. At periods longer than P = 0.5
days, the median mass ratio of blue squares shifts toward more
extreme values. At P > (.5 days, nearly all of the systems have
q. < 0.3. The lower left panel better shows the distribution of
mass ratios at longer periods. No systems are found at
q. < 0.08. This lower bound becomes more clear when some
additional extreme systems from the literature are added. AW
UMa, for instance, is a well-studied short-period (P = 0.43 d)
system with a spectroscopically determined mass ratio of
q =0.099 (Rucinski 2015). A magenta star marks its position
in Figure 63, lying near the lower limit in the g, versus P plane.
An additional star marks KR Com (Rucinski et al. 2002),
another spectroscopically confirmed extreme-q system that lies
on this boundary. While a few other extreme g, = 0.05 — 0.10
candidates exist in the literature, they are based on photometric
measurements only, which carry larger uncertainties on account
of the (often unknown) third-light contributions. The lower left
panel also shows that long-period contact systems are rare and
have g, > 0.1 when P> 1 days, avoiding the most extreme
mass ratio regime. The upper right panel shows the short-
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Figure 64. Mass ratio vs. orbital period as in Figure 63. The colored tracks
show the evolution of contact binaries—from upper left toward lower right—of
contact systems with initial mass ratios g;,; = 0.1-0.9, as labeled. Diamonds
mark equal time intervals every 2 Gyr. Decreasing/increasing the total system
mass shifts models slightly to the left/right, as indicated by arrows.

period portion of the range at higher resolution. It shows the
few systems with ¢, > 0.8 are among the shortest period
systems (P <0.3d).

Figure 64 plots mass ratio versus orbital period for the
contact and ambiguous systems, as in Figure 63. Colored
curves depict evolutionary tracks for contact systems with
initial primary mass M;=1 M. and initial mass ratios
gini = 0.1-0.9, color coded and labeled (based on the mass
and angular momentum conserving models of Molnar et al.
2019; L. A. Molnar 2022, in preparation). The stellar contact
components begin as evolved single stars at an age of 1 Gyr,
based on the >0.6-3 Gyr required for Lidov-Kozai cycles and
magnetic braking to bring close detached systems into contact
Stepien 1995; Chen et al. 2016; Hwang & Zakamska 2020.
Increasing or decreasing the primary mass shifts the model
tracks to the right or left, respectively, by a small amount.
Diamonds of increasing size along each track mark the
progression of 2 Gyr intervals from 1 Gyr to 11 Gyr, from
upper left toward lower right, as the system transfers mass to
the more massive component. The dashed curve defines a lower
limit on ¢ and an upper limit on P at which the suite of all
model systems (including those of larger and smaller M; not
depicted) reach the critical threshold for the onset of the
Darwin instability when the rotational angular momentum of
the components exceeds one-third of the orbital angular
momentum. The short section of the dotted curve in the lower
left designates a limit for a small subset of initially very
extreme mass ratio systems where the conditions for merger are
satisfied upon initial contact.

The distribution of systems in Figure 64, both contact and
ambiguous, stands in good agreement with the model
predictions. Short-period systems with g~ 0.8-1 at the upper
left are rare, consistent with the expectation of rapid mass
transfer during the first 1 Gyr in such systems, the result of a
previously unnamed instability discussed further in L. A.
Molnar (2022, in preparation). The short-period bound along
the left edge seen in the data is reflected in the models. The
small number of points that lie to the left of model tracks can be
reproduced by systems having a slightly smaller total mass or
by a slightly younger system age. The upper right portion of the
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plot is devoid of points, except for a few ambiguous systems
that are likely to be detached systems. A small concentration of
contact systems near 0.4 days and g, = 0.6 lying to the right of
the Mic=1.9 M. model track may be more, slightly more
massive systems. No contact systems lie below the dashed line
demarcating the locus of stellar mergers; KIC03442006 at
P=1.47 days comes the closest, but its 1o uncertainties
straddle the limit. One ambiguous system, KIC09637265, lies
below this limit at P =1.85 days, a location where detached
systems are permitted. Overall, the bulk of the data points lie at
short periods and modest mass ratios—locations where the
models predict that contact binaries spend the majority of their
lifetime.

Figure 64 implies several predictions that can, in principle,
be tested by detailed studies of individual systems or groups of
systems. The systems near the top of the figure at g~ 1 are
expected to be young and rapidly evolving in ¢, perhaps
showing signatures of vigorous mass transfer. The long-period
contact systems are expected to exhibit extreme mass ratios.
Any long-period systems found below the predicted limit are
expected to be detached systems. The short-period contact
binaries near the left edge of the model tracks are expected to
be young, achieving contact only recently. The lower left
corner of the ¢ versus P should be populated by systems with
small total mass and the upper right populated by large-M,,,
systems. A better knowledge of outliers and systems at the
periphery of the model tracks will help inform the boundary
conditions for additional modeling efforts and perhaps identify
different contact binary formation/evolution channels than the
one envisioned in this set of models.

6.3. A Comparison of Best Detached Model Solutions with
Contact Model Solutions

Figure 65 compares 50th-percentile parameters as inferred
from the detached model with the 50th-percentile parameters
from the 7,~T; contact model versus logP for the 114
probable detached systems. Unsurprisingly, there are more
detached systems at long periods than at short periods. The red
line in each panel shows the linear fit to the data. The upper
panels shows the difference between most probable cosi
values, where the rms dispersion is 0.25. At short periods, the
differences are symmetric about zero, but at long periods, they
become systematically negative; contact models yield system-
atically larger cosi (smaller inclinations) than in the detached
models in long-period systems that have detached configura-
tions. This means that the detached systems mistakenly
modeled as contact systems will have cosi values that are
too large (i too small). The second panel plots the difference in
log g between the detached and contact models. The dispersion
is large (0.78) but not systematic, primarily confirming an
earlier conclusion that the mass ratio is not well constrained for
detached systems. The third panel shows the difference in
third-light fractions, which is consistently negative at all
periods with a mean of —0.22. Contact models yield system-
atically larger third-light fractions than those in detached
models; the detached systems mistakenly modeled as contact
systems will yield /3 values that are too large. The fourth panel
plots the ratio of the rms of the best-fitting detached/contact
models; this ratios ranges from near unity to 0.1 across the
period range, indicating that sometimes the models are
comparable, and sometimes the detached model provides a
more-superior fit to the light curve. The rms alone is not a
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Figure 65. Differences or ratios of 50th-percentile parameters comparing
detached models and the 7, ~ T contact models for the 114 probable detached
binaries. Parameters from best detached model can be very different from the
best contact model.

reliable metric to distinguish between contact and detached
geometries. The bottom panel shows the average fraction of the
components’ Roche lobes that are filled in the best-fitting
detached model. This derived parameter is akin to a fillout
factor for detached systems. At the shortest periods, this
fraction is near unity, indicating that both stars nearly overflow.
At longer periods, this ratio increasingly departs from unity,
indicating that one or both stars are not close to overflowing.
Such long-period systems produce the classical ellipsoidal
light-curve modulations. Figure 57 has already shown that most
of the long-period systems are detached and have morph > 0.9.
Figure 65 illustrates that the best detached solutions can be very
different from the best contact solutions, highlighting the
necessity of making a correct geometrical identification that
dictates the light-curve modeling strategy.

7. Conclusions

We have presented an analysis of 783 P <2 days close
binaries using MCMC methods in conjunction with the state-
of-the-art PHOEBE software to model Kepler light curves. The
reliability of the Bayesian retrievals of system parameters is
predicated on the success of the models demonstrated using a
pilot sample of 10 systems for which the phase-resolved
spectroscopy provides independent measurements of the
systems’ mass ratios and estimates of third-light fractions.
The level of intrinsic variability in all of these systems far
exceeds the exquisite photometric precision of the Kepler data,
indicating the ubiquity of intrinsic variability from phenomena
that may include pulsations, spots, and active regions that vary
both in time and location upon the stellar surfaces. Accord-
ingly, the best-fitting and 16th-/50th-/84th-percentile para-
meters presented reflect the mean properties as averaged over
the three-year baseline of the Kepler data set. Our detailed
photometric and spectroscopic analysis of the ten-object pilot
sample provides a representative tour of the types of systems
and physical phenomena comprising the Kepler close binaries:
contact and detached systems with a variety of fillout factors,
spots, temperature differences, O — C variations, and third
components.

1. PHOEBE models plus MCMC analyses of single-band
light curves reliably recover the mass ratios for contact
binary systems determined independently using
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spectroscopy as long as the ratio of stellar temperatures
is constrained to near unity (our 7>~ T; model).
Temperature ratio 7T»/T; and mass ratio ¢ can be
degenerate in ways that yield incorrect mass ratios if
T,/Tyis unconstrained. Light-curve modeling combined
with phase- and velocity-resolved spectroscopy—in
particular, the BF analysis—provides strong constraints
on system parameters for the 10 (near) contact systems
having both data sets. Adopted practices include two
rounds of MCMC model fitting, the first to locate the
global minimum within the multimodal parameter space
and the second to characterize the shape and extent of the
minimum after marginalizing over the (unknown and
unmodeled) parameters by renormalizing the reduced chi-
squared of the best-fitting model to one. After experi-
menting with a small suite of competing models, we
adopt either a five-free-parameter contact model or a six-
free-parameter detached model. Even when additional
model components such as a spot are required
(KIC08913061, KIC09164694, KIC09345838), the mass
ratio is recovered with good fidelity. The MCMC 1o
uncertainties are generally small for log g and cosi while
fand 3 are still constrained but with less precision.

. The PHOEBE model line profiles agree reasonably well

with the BFs determined from the R=4000 optical
spectra obtained near quadrature phases. The differences
between the model line profiles and the BFs provide
measures of the third-light fractions that are usually in
good agreement with those independently obtained from
the best-fitting models. The BFs in four of the 10
spectroscopically ~ studied systems (KIC04999357,
KIC06844489, KIC10292413, and KIC11097678) show
a deficit relative to the model at velocities associated with
the secondary (less luminous) component. Such a deficit
could be caused by cool spot or line-emitting material on
the secondary. We favor the former possibility because
the deficit persists when portions of the spectrum such as
Ha are excluded from the BF analysis. These BF deficits
in extreme-g may also be explained in terms of accretion
flows between components, as in AW UMa
(Rucinski 2015). The characteristics of persistent surface
inhomogeneities on one or both components could be
further constrained using time-resolved multiband photo-
metry and/or spectroscopy.

. At least eight of the 10 spectroscopically studied contact

binaries show evidence for a third component, in either
the O — C residuals or the BF, consistent with prior
evidence that most contact binaries exist in triple systems
(Pribulla & Rucinski 2006).

. Our exploration of the Horvat et al. (2019) implementa-

tion of irradiation effects yields mixed results on the 10 pilot
study systems. Sometimes including irradiation in the
models leads to a significantly lower rms (KIC04999357),
and sometimes the rms is the same or larger (most of the
pilot sample). Often the impact of spots and/or intrinsic
variability swamps the effects of irradiation (KIC08913061,
KIC09164694, KIC09345838). Generally, the inclusion of
irradiation effects changes the best-fitting parameters very
little. Among the probable contact systems, 7>/7; becomes
slightly less extreme, and the mass ratios become slightly
less extreme when irradiation effects are included in the
models. Given the ubiquity of photometric variability
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arising from spots and other stellar activity, these effects
may mask or be degenerate with those caused by
temperature differences and irradiation. We conclude that
implementing the irradiation effects makes a minimal or
negligible difference in the retrieval of parameters for the
majority of contact binary systems. Detached systems
having large temperature differences may show otherwise.

5. For the detached binaries evincing large ellipsoidal
modulations like KIC09953894, we show that it is
possible to retrieve approximate system parameters,
including ¢, without spectroscopic knowledge of the
mass ratio. The allowed range of parameters is larger,
however, than when ¢ is known a priori.

6. Contact binary models of 783 Kepler systems with orbital
periods P <2 days yield 178 (23%) that are best
reproduced using the 7, & T'| contact configuration. Cos i
and logg are generally well constrained (median lo
ranges 0.045 and 0.10, respectively) while fillout factors
and third-light fractions are less certain (1o ranges 0.15
and 0.08, respectively) and often have some degree of
degeneracy with other parameters. Constraints are less
strong among the 114 (15%) of systems deemed detached
binaries. Over half (62%) of modeled systems were
classified as ambiguous geometries; most of these have
best-fitting models with large rms resulting from asym-
metric light curves or best-fitting models requiring
unequal-temperature components. From the single-band
light curves alone, it is not possible to distinguish a low-
fillout-factor contact system from a detached configura-
tion. In particular, for systems having P < 0.5 days, the
rms for the best-fitting contact and detached models are
often similar. At these short periods, the best-fitting
solutions from contact and detached models tend to yield
very similar parameters, but at longer periods, the
solutions can differ considerably.

7. The distribution of third-light fractions presented in
Figure 60 may be the most robust characterization of this
parameter yet achieved, given the high precision of the
Kepler photometry coupled with the unbiased and
complete nature of the Kepler contact binary sample.
We find that 77% of contact binaries have third-light
fractions /3 >0.15, meaning that bright tertiaries are
common among contact binary systems and that the true
fraction of triple systems among this population is even
larger.

8. The vast majority of systems at long periods P > 0.5 days
have either detached or ambiguous classifications,
indicating that true contact binaries become rare at these
longer periods. The Kirk et al. (2016) light-curve
morphology parameter serves as a rough indicator of
the geometrical configuration of the close binaries studied
(0.70 < morph < 1.0), but genuine contact and detached
system can be found across this entire range. Our
modeling process identifies a preponderance of detached
configurations at morph > 0.9 and long periods, affirming
the consistency of these independent approaches to
characterizing physical geometry through analysis of
the light curves.

9. Among probable contact systems, the distribution of
fillout factors covers the full range from O to 1 but shows
a small excess near 1, indicating a measurable
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subpopulation with Roche lobes near the maximum
permitted volumes.

The observed distribution of ¢ with P is consistent with
the new set of model predictions of L. A. Molnar (2022,
preparation) in several ways. The models compute the
binary evolution with mass transfer to the primary star at
a rate driven by the nuclear evolution of that star resulting
in increasingly long orbital periods and extreme mass
ratios with time (under the assumption of conservation of
total mass and angular momentum). Mass ratios g, > 0.8
are rare among the probable contact binary subset and the
ambiguous subset as shown in Figure 64 (Section 6). L.
A. Molnar (2022, in preparation) shows Roche geometry
precludes the steady mass transfer in this high-mass-ratio
regime. Systems beginning in this mass range evolve
rapidly (on a thermal timescale) toward lower mass ratios.
The frequency of contact systems decreases with P as
does typical values of g. The models show more rapid
evolution for greater mass ratios and as the primaries
leave the main sequence (systems with larger P). Finally,
the mass ratios g, < 0.1 are rare among the whole sample
and appear to be absent among contact binaries. The
lower limit is expected when the post-main-sequence
primary rapidly increases its moment of inertia, and the
system reaches the Darwin instability. The models show
the mass ratio at instability depends modestly on the
initial mass ratio and total mass, with the limit being
reached for P > 0.75 days at mass ratios increasing from
0.045 to 0.15 with increasing P.

10.

These conclusions affirm the power of modern binary
modeling codes combined with MCMC techniques to retrieve
system parameters for large populations of close binaries from
single-band light curves. Although the computational effort
required is considerable (=80,000 CPU days for this project
involving 783 systems), suitable resources are becoming
common even outside of major supercomputer centers. The
addition of photometric data at a second bandpass would
provide further constraints on third-light parameters and reduce
degeneracies owing to T»/T}, thereby narrowing the dispersion
of posterior parameter distributions. Multiband, high-cadence,
long-baseline data sets are imminent, if not already available.
When coupled with planned time-domain photometric and
spectroscopic surveys, the methods demonstrated here are a
potent tool when applied in a statistical manner to reveal the
evolutionary pathways and role of distinct physical processes
(Lidov-Kozai cycles, tidal friction, mass transfer, magnetic
cycles, thermal relaxation oscillations, common envelope
evolution, etc.) among large populations of close binaries.
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