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mass ratio were selected (Vbin(q)/Vsingle), and add the result to a
2D histogram of the number of binary companions that were
expected in our sample, N(ρ, q). We repeat this process to
create 107 binaries, which we find is more than sufficient to
minimize numerical errors in the resulting distributions. To
more directly compare the projected separations, we end by
marginalizing this distribution over the range of q where
background stars are not a significant contributor
(0.4<q<1.0) to produce a 1D histogram of the number of
binary companions expected in our sample, N(ρ).

In Figure 7 (left), we show the 2D histogram of N(ρ, q) that
would be predicted for our KOI sample if the binary
companions are drawn from the field binary population of
Raghavan et al. (2010), as well as the projected separations and
mass ratios of our observed binary companions. The forward-
model of Raghavan’s binary population clearly captures the
excess of equal-mass binaries due to Malmquist bias, as well as
the overall variations in binary counts at 100–1000 au.
However, the predicted number of binary companions at
ρ50 au is clearly higher than the number we observe. In
Figure 7 (right), we show the corresponding histogram of N(ρ)
(for q>0.4) that we observe and the companion separation
distribution that the Raghavan binary population would
produce. This figure emphasizes the deep paucity of binary
companions at small projected separations; while the Raghavan
model would predict 58 binary companions with
ρ=1.5–50 au, we only observe 23 such companions. The
goodness of fit for the right-hand panel is χ2=74.1 with 7
degrees of freedom (since there are no fit parameters), or
χν
2=10.6.
However, we would expect a few close companions just

from projection effects for wide edge-on or eccentric systems,
even if there were no binary companions with small semimajor
axes. To quantify this paucity, we have constructed a model
whereby the binary population to planet hosts is similar to the
Raghavan et al. (2010) distribution, except with a cutoff in

semimajor axis acut inside which the binary occurrence rate is
multiplied by a suppressive factor Sbin. Again, since binary
companions are unlikely to be strongly affected by much less
massive planets, then this model actually corresponds to the
suppression rate of planet occurrence in the (known) binary
population with a<acut. We then reran the Monte Carlo for a
range of possible values for acut and Sbin and computed the χ2

goodness of fit with respect to the observed projected
separation distribution. The posterior was computed using an
Metropolis-Hastings MCMC that explored the joint parameter
space of the two parameters using 5 walkers producing chains
of N=2×105 samples. We used a log-flat prior on acut
(matching the broadly logarithmic nature of the binary
semimajor axis distribution; Raghavan et al. 2010) and a Beta
prior on Sbin (since it is a binomial parameter; Jeffreys 1939).
In Figure 8, we show the joint posterior on acut and Sbin and

the corresponding marginalized posteriors for each parameter.
There is clearly a degeneracy between the allowed values of
acut and Sbin, such that a less severe suppression factor is
allowed if the cut is at large semimajor axis. However, the null
hypothesis (acut=0 au or Sbin=1.0) is ruled out at 4.6σ or
>99.99% confidence, demonstrating that despite the degen-
eracy between the range and severity of the effect, the
occurrence rate of short-period binaries is clearly suppressed.
The median values and 68% credible intervals for each
marginalized parameter distribution are a 47cut 23

59= -
+ au

and S 34bin 15
14= -

+ %.
In Figure 9, we show the corresponding best-fit models of N

(ρ, q) and N(ρ) for our observed population of binary
companions to planet hosts, using the median values of acut
and Sbin from the marginalized distributions shown in Figure 8.
The resulting goodness of fit is χ2=6.03 for 5 degrees of
freedom ( 1.212c =n ). Even this simple toy model produces an
excellent fit to the data, arguing against the use of a more
sophisticated model without a significantly larger data set.

Figure 7. Left: candidate companions (red crosses) among our sample, plotted on top of the expected density of binary companions in the observed parameter space N
(ρ, q) if binary companions were drawn out of the distribution reported by Raghavan et al. (2010), simulated with a random orbital phase, and then subjected to
Malmquist bias and our observational detection limits. There is a clear deficit of candidates at small projected separation (denoting a paucity of short-period binaries)
and an excess of faint, wide candidates (denoting the regime where background star contamination dominates). The uncontaminated space where we conduct statistical
tests (q>0.4, a<5000 au) is outlined with a white dotted line. Right: the marginalized distribution of projected separations, N(ρ), for all companions with q>0.4
(which omits nearly all background stars). The red histogram shows our observed sample, while the blue curve shows the predicted population if binary companions
were drawn out of the distribution reported by Raghavan et al. (2010). As in the left panel, the deficit of close binaries is clearly evident; the distributions differ with
χ2=74.14 or 10.62c =n with 7 degrees of freedom (since this is a pure comparison with no fit parameters). We observe 23 companions with ρ<50 au, while the
distributions of Raghavan et al. (2010) predict 58.0±7.6 such companions; we therefore see a 4.6σ deficit in this regime, and many of these detections likely are
wide-orbiting companions that we see close only in projection. This deficit demonstrates that close binaries host planets at a lower occurrence rate than single stars or
wider binary systems.
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with detection sensitivity) 

Although close binaries can harbor circumbinary (P-type) planets, 
binaries with a < 50 AU suppress formation of circumstellar (S-type) planets 

(Wang et al. 2014, 2015; Kraus et al. 2016; Ngo et al. 2016)



Suppression factor is a continuous function of binary separation

Planet suppression by close binaries is NOT just due to dynamical stability:
a binary companion increases turbulence in the disk, truncates the disk, and 

accretes disk material on rapid timescales (Artymowicz & Lubow 1994; 
Haghighipour & Raymond 2007; Rafikov & Silsbee 2015) 



Binaries with a < 50 AU have 
shorter disk lifetimes

(Kraus et al. 2012)

6

Fig. 1.— Disk frequency as a function of binary projected separation for G0-M4 stars in the 2 Myr old Taurus-Auriga association. Six
ranges of binary separations are shown with red points (where the vertical error bars represent the 1σ confidence interval containing the
central 68% of the binomial PDF), while corresponding 1σ confidence interval for apparently single stars (80+4

−6%) is shown with a blue
shaded band. The disk frequency at separations of !40 AU is indistinguishable from the single-star disk frequency, whereas the disk
frequency for close binaries is significantly lower.

dicates that gas giant planet formation can occur around
short-period systems (Doyle et al. 2011).
It is unclear why a significant fraction of all binary sys-

tems (∼1/3) would not be affected by these processes.
Indeed, some of the oldest disks in our sample are as-
sociated with binary systems (such as HD 98800 and η
Cha 9), so some disks can persist in close binary systems
for as long as 7–10 Myr. The current statistically ro-
bust sample of disks is not sufficient for studying the
dependence of disk lifetime on additional parameters,
but it is plausible that the disk lifetime could depend
on the parameters of the binary system, such as the ec-
centricity and mass ratio. The tidal effects that open
different resonances in the disk are sensitive to both ec-
centricity and mass ratio, with higher-order resonances
being opened with high eccentricity or low mass ratio
(Artymowicz & Lubow 1994). We therefore suggest that
the most dynamically stable systems (circular, equal-
mass binaries) might be the best candidates for long-
term disk survival, a hypothesis that should be tested
more robustly with larger samples and with additional
detailed observations of individual circumbinary disks
(e.g., Jensen et al. 2007; Boden et al. 2009)

6. THE FREQUENCY AND TIMESCALE OF PLANET
FORMATION

Our results also have significant implications for the
evolutionary history of disks around single stars. Most
surveys of the disk frequency as a function of age have
suggested that the disk frequency declines as a linear
or exponential function over time (Haisch et al. 2001;
Furlan et al. 2006; Hernández et al. 2007; Hillenbrand
2008; Mamajek 2009). However, none of those surveys
were stringently vetted to remove close binary systems,
and many of the populations in those studies are too
distant to identify binaries with separations of "40 AU.
Since these close binaries appear to lose their disks more
quickly (Section 5), they will bias the overall disk fre-
quency downward. Alternately, for a given disk fre-
quency in a total sample where ∼20–30% of sample mem-
bers are close binaries and ∼2/3 of those close bina-
ries lose their disks promptly after formation (Section
5; Kraus et al. 2011) the corresponding single-star disk
frequency should be ∼15–20% higher.
In Taurus, the observed disk frequency for all stars in

our study’s mass range (∼0.25–2.5 M⊙) is ∼70% (Sec-
tion 2); the corresponding single-star disk frequency af-
ter applying this correction should be ∼80%–85%, as is
confirmed by our updated census (Section 4; Figure 1).
In contrast, the disk frequencies for Upper Scorpius and
NGC 2362 (τ∼5 Myr) are only ∼5–10% in this mass
range (Carpenter et al. 2006; Dahm & Hillenbrand 2007;
Currie et al. 2009). The steep decline across the 2–5 Myr

example, at 200 days, it is possible to identify 72% of all such
systems with these cuts, but only 32% of systems for periods
within 10 days can be recovered, increasing the false-negative
fraction.

Examining the MF as a function of the cuts in Vmax and Smax
shows that the period distribution in the data is consistent with
the model at nearly all separations. The exception to this are
sources with periods shorter than 5 days, which show a weak
1σ deficit in both RV variables and SB2s (Figure 18). This
deficit is not entirely a product of the model’s two-day
minimum period, however, as increasing the minimum period
would affect other bins with higher maximum period (as they
also include systems with short periods), making them less
compatible with the model. It is possible that there may be a
physical explanation for the difference between the model and
the data for these short-period systems. For example, because
YSOs are inflated compared to main-sequence stars, YSOs
should originally have wider separations, but some would
evolve dynamically and harden to be closer together, lessening
the deficit at short periods. It is also possible that there might be
some differences in the manner RVs are measured in the
synthetic sample, which could predominantly affect the most
widely resolved systems. Additionally, because we probe only
the likely maximum period and not the exact period
distribution of each system, it is possible to use different
statistical weighting for converting from velocity to period,
which could push this sub-five-day deficit to either shorter or
somewhat longer periods.

Separating the sample according to their evolutionary
classification shows a similar distribution; while there might
be an excess or a deficit that is seen in the total sample, it
remains consistent at all separations, with the exception of the
shortest periods.

6.6. Stellar Density

Because the sample spans a large variety of environments,
we examine the effect of multiplicity on the local stellar density
in the primordial population.

A measurement of stellar density at the position of each
source in the sample is a nontrivial task because of the non-
uniform membership list in each of the regions in question.
Disparate distances and disparate ages result in different
completeness limits in each cluster. No single method is
capable of identifying all of the members of a population.
Moreover, fundamentally, stellar density is a three-dimensional
problem. While Gaia DR2 made incredible strides in making
stellar distances accessible, how deeply positioned a given

source might be in a given cluster still cannot be known as
precisely as a relative position in the plane of the sky.
Nonetheless, we attempt to estimate the stellar density for the

sources in our sample. We begin with identifying the
population corresponding to each young cluster and star-
forming region using the Gaia DR2 data, by using TopCat
(Taylor 2005) to make a rough selection in the position,
parallax, proper motion, and color–magnitude space that
includes each cluster’s sources in the curated catalog. We also
made a cut perpendicular to the main sequence at the
magnitude limit of the farthest cluster in the sample (i.e.,
NGC 2264) and discarded all sources lower than this limit in
the closer regions. Similarly, we discard all high-mass sources
brighter than the sources that correspond to Teff∼6000 K in
each cluster. Unfortunately, any sources that are too heavily
extinct, or sources that have irregular kinematics despite being
cluster members, cannot be counted in this sample.
We then measure a projected separation between the sources

in the curated sample and the resulting catalog. This separation
is converted into parsecs using the parallax measurement of the
source in question. To estimate the local density, we record the
projected separation to the fourth nearest neighbor (NN4),
similarly to the approach used by Kounkel et al. (2016b). The
relative distribution of densities is shown in Figure 19. Again,
however, it should be cautioned that this is just an estimate,
made worse by any possible line-of-sight effects, such as may
be the case in Orion C/D and in Taurus.
Looking at multiplicity as a function of NN4 (Figure 20),

the MF appears to have a maximum at NN4∼0.2 pc, or Σ*∼
30 pc−2, that is primarily driven by Class III SB2s, remaining
mostly flat with a possible decline at the lowest densities of
Σ*∼30 pc−2.

7. Discussion

The close binary fraction and properties of young stars
provide an invaluable insight into the mechanisms behind the
formation and evolution of multiples. Using APOGEE spectra
of pre-main-sequence stars in various star-forming environ-
ments and accounting for selection effects, we have found that
their close binary fraction is consistent with the field population
with separations <10 au. This result is consistent with models
in which the majority of close binaries form during the

Table 6
Vmax and Smax Cuts to Identify Close Binaries

Period Vmax Smax

(days) (km s−1) (km s−1)

<2000 2.6 21
<1000 4.6 26
<500 7.7 33
<200 13 46
<100 20 62
<50 27 78
<20 40 110
<10 60 140
<5 90 160

Figure 18. Distribution of MF relative to the model split according to the
maximum period measured from Vmax and Smax defined in Table 6.
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Especially SB2s with q > 0.7
(Kounkel, Covey, Moe et al. 2019)

SB1s

SB2s



Impact of Close Binaries on Planet Statistics (Moe et al., in prep.)

In magnitude-limited samples, 43% ± 6% of G-type stars 
cannot host planets due to presence of close binaries

Field Metallicity



Impact of Close Binaries on Planet Statistics (Moe et al., in prep.)

By removing spectroscopic binaries from their samples, RV surveys for Jovian planets 
orbiting G-type stars boost their detection rate by a factor of 1/(1-0.43) = 1.8

Well-known ~4σ discrepancy in hot Jupiter occurrence rates 
between RV surveys and Kepler:

RHJ;RV = 0.9% - 1.2% (Mayor et al. 2011; Wright et al. 2012)
RHJ;Transit = 0.4% - 0.6% (Fressin et al. 2013; Petigura et al. 2017)

Neither transit dilution by binary companion (Wang et al. 2015; Teske et al. 2018) 
nor differences in [Fe/H] (Guo et al. 2017) can explain factor of ~2 discrepancy



Close binary fraction of solar-type stars 
decreases significantly with metallicity (Moe et al. 2019).

All five samples/methods provide consistent trend!



But imaging reveals the wide (a > 200 AU) binary fraction
of solar-type stars is metallicity invariant (Moe et al. 2019).

Utilizing Gaia common-proper-motion binaries with [Fe/H] measurements 
from wide-field spectroscopic surveys, El-Badry & Rix (2019) confirmed 

the metallicity dependence emerges below a < 200 AU.



Gravitational Instability and 
Fragmentation of Optically Thick Disks:

QToomre = cs
2Ω/𝜋GΣ = 3αcs

3/GṀ < 1;
a < 200 AU

Turbulent Fragmentation of 
Optically Thin Molecular Cores:

Mach = σv/cs > 1;    a > 200 AU

With decreasing [Fe/H], 
disks become less optically thick, 

become cooler, and fragment;
massive disks of OB protostars

always fragment, even at [Fe/H] = 0

Independent of opacity
(wide binary fraction and IMF 

are metallicity invariant)

Two Modes of Binary Star Formation
(Kroupa et al. 1995; Bate et al. 1995,2002; Kratter et al. 2002, 2006; Offner et al. 2010; 

Tobin et al. 2016; Lee et al. 2017; Moe & Di Stefano 2017; Moe et al. 2019)



Impact of Close Binaries on Planet Statistics (Moe et al., in prep.)

LAMOST measured metallicities of 
~5 million field stars and 

~40% of Kepler stars
(Dong et al. 2014; Ren et al. 2016; 

Zong et al. 2018).

Kepler FGK IV/V stars are more 
metal rich than field counterparts.

Single stars and wide binaries, 
which can host close planets, are 
Δ⟨[Fe/H]⟩ = 0.05 dex more metal 
rich than the parent population. 

TESS
!?!?



Impact of Close Binaries on Planet Statistics (Moe et al., in prep.)
LAMOST metallicities of Kepler FGK IV/V stars (Zong et al. 2018) 
+ radii of confirmed planets from Gaia DR2 (Berger et al. 2018)

+ ages from gyrochronology (Walkowicz et al. 2013)



Impact of Close Binaries on Planet Statistics (Moe et al., in prep.)
Kepler giant planet metallicity vs. period correlation consistent with RV results 

from Buchhave et al. (2018), who found hot Jupiters have ⟨[Fe/H]⟩ = 0.23 ± 0.03 
while cool Jovian analogs have ⟨[Fe/H]⟩ = −0.07 ± 0.05.



Impact of Close Binaries on Planet Statistics (Moe et al., in prep.)

Hot small planets are metal rich compared to warm small planets, similar to trend 
found by Mulders et al. 2016, Wilson et al. 2018, and Petigura et al. 2018



Impact of Close Binaries on Planet Statistics (Moe et al., in prep.)
Warm super-Earths have distinctly lower metallicities than

warm sub-Neptunes (especially at young ages). 
Similar to trend found by Owen & Murray-Clay (2018), but now ~5σ result!



Impact of Close Binaries on Planet Statistics (Moe et al., in prep.)
Warm and cool super-Earths have ⟨[Fe/H]⟩ = −0.15:

if protoplanetary disk is too metal rich, then more likely to form a sub-Neptune



Impact of Close Binaries on Planet Statistics (Moe et al., in prep.)

Suppose ηEarth = 0.2 for all Kepler FGK stars
(assuming we can measure this accurately: Petigura et al. 2013, 

Silburt et al. 2015, Barbato et al. 2018, Zink & Hansen 2019) 

Then ηEarth = 0.8 for single Kepler FGK stars 
with −0.3 < [Fe/H] < 0.0



Impact of Close Binaries on Planet Statistics (Moe et al., in prep.)

Majority too wide for Kozai-Lidov cycles, and so they concluded excess mass 
facilitates both formation of hot Jupiters and wide binaries

(see also Fontanive et al. 2019)

Ngo et al. (2016) discovered 47% ± 7% of hot Jupiter hosts have
wide stellar companions (a = 50 – 2000 AU), a 4.4σ excess relative to the field

their field star sample to account for survey incompleteness at
the lowest mass ratios, it is possible that their correction
underestimated the true incompleteness at small mass ratios.
Because this trend is seen in the completeness corrected
companion fraction but not the observed companion fraction,
we considered whether it could be an artifact introduced by our
completeness correction calculation. We generate simulated
companions down to a mass of 0.08 :M , which is a mass ratio
of 0.05 for our most massive survey target and less than 0.1 for
all but one of our survey targets (for WASP-43, this limit
corresponds to a mass ratio of 0.13). Therefore, while the
smallest mass ratio bin may have unequal sizes for each target,
the second smallest bin is the same for all targets and also
shows an enhanced companion fraction relative to that of field
stars. Although our correction is more uncertain at lower
masses, the difference between our completeness corrected
companion fraction and the field star distribution in the 0.1-0.2
mass ratio bin is greater than the uncertainty by s2.8 .

Figure 9 shows the survey’s observed companion fraction,
the survey’s completeness corrected companion fraction hS, and
the completeness corrected field star companion fraction
(Raghavan et al. 2010) as a function of companion star
projected separation. The comparison is made in logarithmic
space for projected separation, as Raghavan et al. (2010) found
that the periods of companion stars follow a log-normal
distribution. This plot shows a higher companion fraction in
our survey than in the field star sample. However, we find that
the relative distribution of companion separations in our sample
is in good agreement with those of the field star sample.
Although our distribution appears to be effectively uniform,
this is consistent with the log-normal distribution reported in
Raghavan et al. (2010), since our survey space spans a
relatively small fraction of the separations considered in
Raghavan et al. (2010).

5.4. Multiplicity and Host Star Metallicity

We next investigate whether our measured companion
fraction could be affected by differences in the metallicities
of the stars in our sample as compared to the field star sample.

Raghavan et al. (2010) found tentative evidence for a rise in the
multiplicity rate for metal-poor ([Fe/H] < −0.3) stars and a
uniform multiplicity rate for metallicities between −0.3 and
+0.4. Our targets have metallicities ranging from −0.29 to
+0.45. We therefore conclude that the increased companion
fraction for our sample of hot Jupiter hosts is unlikely to be due
to the higher metallicities of our stars as compared to the field
star sample.
We also considered whether the presence of companions in

our sample is correlated with the metallicities of the host stars,
although we would not expect such a correlation based on the
results from the field star sample. If we simply compare the
host star metallicity distribution of single and multi-stellar
systems, we find that they are consistent with each other. This
is not surprising, as the typical metallicity uncertainties are
between 0.1 and 0.2 dex, which is a significant fraction of the
total metallicity range spanned by our sample.

6. DISCUSSION

Our survey results show that stellar companions are found in
hot Jupiter systems at a rate that is higher than the rate for field
stars, that these companions tend to have low mass ratios, and
that their distribution of projected separations is similar to that
of field stars over the range of separations considered here
(50–2000 au). Here, we discuss two potential ways in which
companion stars might influence hot Jupiter formation. We first
consider whether these wide stellar companions could enhance
the global gas giant planet formation rate, and then consider
whether or not they might preferentially enable the inward
migration of gas giant planets formed at larger separations.

6.1. Are Multi-stellar Systems More Favorable for Gas Giant
Planet Formation?

One possible explanation for the higher multiplicity rate of
hot Jupiter host stars is that these systems are more favorable
sites for gas giant planet formation than single stars. For
example, a stellar companion could raise spiral arms in a
protoplanetary disk. These spiral arms are regions of high
particle and gas density, which may be conducive to giant
planet formation (e.g., dust traps as in van der Marel
et al. 2013). Indeed, planetesimal formation through the
streaming instability (Youdin & Goodman 2005; Johansen
et al. 2007) as well as subsequent core growth through pebble
accretion (Lambrechts & Johansen 2014; Lambrechts et al.
2014) exhibit a strong dependence on the local density of solids
(Carrera et al. 2015). Recent high contrast Very Large
Telescope/SPHERE imaging of the protoplanetary disk around
HD 100453, which has an M dwarf companion located at a
distance of 120 au, revealed the presence of spiral structures
(Wagner et al. 2015). Dong et al. (2015) showed that these
structures are best explained as perturbations from this
companion rather than processes intrinsic to the disk. HD
141569 is part of a triple system and also hosts an asymmetric
disk (for a summary of these features see Biller et al. 2015, and
references therein) with a structure that can plausibly be
attributed to perturbations from these stellar companions
(Augereau & Papaloizou 2004; Quillen et al. 2005). The mass
ratios and separations of these two systems are similar to those
of the binaries in our study, suggesting that the presence of a
stellar companion can facilitate planet formation in these
systems.

Figure 9. Companion fraction as a function of companion separation, in
logarithmic bins, for targets in the completeness corrected survey sample (light
blue), the uncorrected survey sample (dark blue), and the field star sample
(open red symbols). The leftmost bin represents the corrected (light purple) and
uncorrected (dark purple) companion fraction from 1 to 50 au, computed from
long term RV sensitivity surveys. The field star values (open red circles) are
from Raghavan et al. (2010) and are also completeness corrected.
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Impact of Close Binaries on Planet Statistics (Moe et al., in prep.)

Ngo et al. (2016) also found wide companions to hot Jupiter hosts 
are weighted toward small binary mass ratios

et al. 2016) and find that -
+3.9 %2.0

4.5 of these hot Jupiters have
stellar companions between 1 and 50 au.

We also compare our overall companion fraction for hot
Jupiter host stars with that of solar-type field stars. In Ngo et al.
(2015), we were sensitive to stellar companions with periods as
short as 10 days4 for some of our nearby targets, which
corresponds to separations of 10 au. Without a constraint on
potential stellar companions within 50 au from radial velocity
monitoring, we made the conservative choice to compare our
AO detected companion fraction to the field star population
with periods between 104 and 10 days7.5 (corresponding to
separations between 10 and 2000 au for solar-like stars).
However, surveys of star-forming regions indicate that binaries
with separations less than 50 au have significantly shorter disk
lifetimes, while binaries with larger separations appear to have
disk lifetimes comparable to those of single stars (e.g., Kraus
et al. 2012). In addition, Kraus et al. (2016) surveyed 382
Kepler planet host stars and found that there is a s4.6 deficit in
stars with binaries closer than 50 au compared to field stars,
suggesting that these close binaries negatively influence planet
formation (see also Wang et al. 2015). We therefore change our
approach in this analysis to consider the multiplicity rate for
companions interior and exterior to 50 au separately.

We compute the field star companion fraction for compa-
nions with periods between 10 days5 and 10 days7.5 (corresp-
onding to separations between 50 and 2000 au for solar-like
stars) to be16% 1%. Thus, we find that hot Jupiters have 2.9
times as many companions in this phase space as field stars,
where the difference is significant at the s4.4 level. In contrast,
there is a lack of stellar companions to transiting hot Jupiter
host stars with separations less than 50 au. On the other hand,
only -

+3.9 %2.0
4.5 of hot Jupiters have stellar companions with

separations between 1 and 50 au, while 16.4% 0.7% of field
stars have stellar companions in this range, corresponding to a

s2.7 difference. We choose a lower limit of 1 au to avoid
systems where the stellar companion could eject the hot Jupiter
(Mardling & Aarseth 2001; Petrovich 2015b). We note that if
we relax this lower limit and considered all companions with
separations less than 50 au, we find that hot Jupiter hosts have a
companion fraction of -

+3.9 %2.0
4.6 while field stars have a

companion fraction of 22% 1%, which is a difference of
s3.8 . These values are consistent with the results of Kraus

et al. (2016).
In a recent study, Evans et al. (2016) used a sample of 101

systems observed with lucky imaging to derive a completeness-
corrected estimate of -

+38 %13
17 for the multiplicity rate of hot

Jupiter host stars. This number is in good agreement with our
value, but Evans et al. (2016) differ from our study in their
calculation of the equivalent field star multiplicity rate.
Although their imaging survey is only sensitive to companions
beyond 200 au, they integrate over field star binaries with
separations greater than 5 au, resulting in a field star multi-
plicity rate of 35% 2%. However, we argued above, this
conflates two regions with apparently distinct companion
occurrence rates. If we instead take 200 au, or periods of
10 days5.9 , as our lower limit for field star binaries, and re-
calculate the corresponding field star multiplicity rate we find a
value of 15% 1%, which is s1.8 lower than the hot Jupiter
multiplicity rate reported by Evans et al. (2016). We therefore
conclude that their results are consistent with our finding that
hot Jupiters have a higher multiplicity rate than field stars at
wide separations. In order to facilitate comparisons between

our study and those of Evans et al. (2016) and Wang et al.
(2015), we re-calculate our hot Jupiter companion fraction for
separations between 200 and 2000 au. We find a value of
32% 6% in this regime, in good agreement with both of
these studies. This companion fraction is also s3.8 higher than
the field star companion fraction of 9.0% 0.4% for
companions separated between 200 and 2000 au.

5.3. Distribution of Companion Mass Ratios and
Semimajor Axes

Next, we compare the observed distribution of companion
mass ratios and semimajor axes with those of field stars.
Figure 8 shows the survey’s observed companion fraction, the
survey’s completeness corrected companion fraction hM , and
the completeness corrected field star companion fraction
(Raghavan et al. 2010) as a function of companion star mass
ratio. We find that the distribution of mass ratios for the stellar
companions detected in our survey is concentrated toward
small values, unlike the relatively uniform distribution
observed for field stars. It is possible that our distribution is
shaped at least in part by observational biases in ground-based
transit surveys, where binary companions with separations less
than 1″ are likely to be blended with the primary in the survey
photometry, therefore diluting the observed transit depths in
these systems. Equal mass binaries with projected separations
of less than 0 5 are also challenging targets for radial velocity
follow-up due to the blended nature of the stellar lines, and it is
possible that these kinds of systems might receive a lower
priority for follow-up as compared to apparently single stars or
those with relatively faint companions. Wang et al. (2015)
found three stellar companions to Kepler short-period
( <P 10 days) giant planet hosts with 1DK 0.5, corresp-
onding to mass ratios greater than 0.8. While this is consistent
with the idea that ground-based transit surveys might be biased
against detecting hot Jupiters orbiting equal mass binaries, the
current transiting sample are missing this population of hot
Jupiters, and the current sample sizes are too small to apply a
correction.
While the field star companion fraction rises up to mass

ratios of 0.3, our survey companion fraction is largest for mass
ratios less than 0.2. Although Raghavan et al. (2010) corrected

Figure 8. Companion fraction as a function of companion mass ratio for targets
in the completeness corrected survey sample (light blue), the uncorrected
survey sample (dark blue), and the field star sample (open red symbols). The
field star values (open red circles) are from Raghavan et al. (2010) and are also
completeness corrected.

15

The Astrophysical Journal, 827:8 (19pp), 2016 August 10 Ngo et al.



Excess fraction
of twins with 

q > 0.95

Power-law 
slope
f∝ q𝛾

𝛾

Mind your Ps and Qs: f(P,q) ≠ f(P)f(q)     (Moe & Di Stefano 2017)

Wide field binaries and wide companions to hot Jupiter hosts 
have consistent mass-ratio distributions.

See Winters et al. (2019) and poster for multiplicity statistics of M-dwarfs



Are you a frequentist or a Bayesian?

If wide binaries do not influence planet formation, what do you expect the 
wide binary fraction of hot Jupiter hosts to be relative to the field?

Close Binaries Wide Binaries Single Stars

Field

Hot Jupiters

~40% ~20% ~40%

~0% ~33% ~67%



Impact of Close Binaries on Planet Statistics (Moe et al., in prep.)

After accounting for selection biases, 
there is no statistically significant excess 

of wide stellar companions to hot Jupiter hosts.

Field	Population
for	M1 =	1.2M�
and	[Fe/H]	=	0.15

Close	Binaries
(a	<	50	au)

Wide	Companions
(a	=	50	- 2,000	au)

Effectively	Single
(No	Companions	below

a	<	2,000	au)

Observed	
Hot	Jupiters

Expectation	for	
Hot	Jupiters given
F(a	<	50	au)	=	4%

40%	± 6%
(Not 21%	± 1%)		

21%	± 4%	Binary
7%	± 2%	Outer	Tertiary

28%	± 5%	Total
(Not 16%	± 1%)		

39%	± 6%	

4% 37%	± 7% 59%	± 7%	

47%	± 7%	 49%	± 7%	4%-2%
+4%



Regulus: a rapidly rotating B8IV star; 
P = 40 day SB1, likely a WD companion

Malachi Regulus Moe

?

WD Companions to MS Stars



For solar-type primaries, ~30% of SB1s (20% of close binaries) 
have WD companions (Moe & Di Stefano 2017)

Phase modulation of Kepler pulsating δ Scuti stars (older A/F dwarfs) 
reveal binary companions across a = 0.5 – 5 AU, 22% ± 6% of which are 

WDs with small eccentricities (Murphy, Moe et al. 2018)

10 S. J. Murphy et al.

Figure 9. The PB1 systems (circles) and PB2 systems (squares),
separated into a ‘clean’ population of main-sequence companions
to � Sct stars (short P, high e, white background) and a ‘mixed’
population that consists of both main-sequence pairs and post-
mass-transfer systems (long P, low e, light-grey background). Or-
bital periods below 100 d have overestimated completeness rates,
and those beyond 1500 d cannot be determined reliably; these
systems were not included in either subsample (dark-grey back-
ground). Mass ratios are encoded with colour; for PB2s these are
directly measured, but for PB1s we approximated using i = 60

�

and taking M
1

from Huber et al. (2014) for each PB1. The ex-
istence of white-dwarf companions in the ‘mixed’ subsample is
evident from the clustering of systems with small mass ratios
(q ⇡ 0.3; M

2

⇡ 0.5M�).

unreliable orbital elements, given the 4-year duration of the
main Kepler mission (Sect. 3.2). We removed the two outlier
systems with very small detection e�ciencies D = 0.01 –
0.04; they are not likely stellar companions (Murphy et al.
2016b), and it avoids division by small numbers when ap-
plying our inversion technique (see below). The remaining
245 binaries all have D > 0.27. Our short-period, large-
eccentricity ‘clean’ main-sequence subsample contains 115
systems (109 PB1s and 6 PB2s) with periods P = 100 –
1500 d, eccentricities above the adopted e vs. log P relation,
and detection e�ciencies D > 0.27. Meanwhile, our long-
period, small-eccentricity ‘mixed’ subsample includes white-
dwarf companions and contains 130 binaries (126 PB1s and
4 PB2s) with periods P = 200 – 1500 d, eccentricities below
the adopted e vs. log P relation, and detection e�ciencies
D > 0.36.

5.2 The mass-ratio distribution for main-sequence
companions

We investigated the mass-ratio distribution of main-
sequence binaries based on our ‘clean’ subsample of 115 ob-
served systems (109 PB1s and 6 PB2s) with P = 100 – 1500 d
and eccentricities large enough to ensure they have un-
evolved main-sequence companions. Our detection meth-
ods become measurably incomplete toward smaller mass ra-
tios (q < 0.4), so observational selection biases must be ac-

Figure 10. The mass-ratio distribution based on the observed
subsample of 115 binaries (109 PB1s and 6 PB2s) with P = 100 –
1500 d and su�ciently large eccentricities that guarantee they
have main-sequence companions. Our results from the popula-
tion inversion technique are shown with completeness corrections
(green) and without (black). Our MCMC Bayesian forward mod-
elling method assuming a binned mass-ratio distribution (blue),
and the MCMC Bayesian forward modelling technique assum-
ing a segmented power-law mass-ratio distribution (red) agree
well with the completeness-corrected inversion technique. They
yielded a total corrected number of 179± 28 binaries and a mass-
ratio distribution that is skewed significantly toward small values
q = 0.1 – 0.3 with a rapid turnover below q . 0.10 – 0.15. This
represents the first robust measurement of the mass-ratio distri-
bution of binaries with intermediate orbital periods.

counted for. To assess the systematic uncertainties that de-
rive from accounting for incompleteness, we used a variety of
techniques to reconstruct the intrinsic mass-ratio distribu-
tion from the observations, consistent with parametrizations
used in the literature. In the following, we compare the mass
ratios inferred from: (1) a simple inversion technique that ac-
counts for incompleteness, (2) an MCMC Bayesian forward
modelling method assuming a multi-step prior mass-ratio
distribution, and (3) a similar MCMC Bayesian technique
assuming a segmented power-law prior mass-ratio distribu-
tion.

5.2.1 Inversion Technique

Population inversion techniques are commonly used to re-
cover the mass-ratio distribution from observed binary mass
functions (Mazeh & Goldberg 1992; references therein). Here
we describe our specific approach.

For each PB1, we have measured the binary mass func-
tion f

M

from the pulsation timing method and its pri-
mary mass M

1

is taken from Huber et al. (2014), who esti-
mated stellar properties from broadband photometry. Given
these parameters and assuming random orientations, i.e.,
p(i) = sin i across i = 0 – 90

�, we measured the mass-ratio
probability distribution pj (q) for each jth PB1. For each of
the six PB2s, we adopted a Gaussian mass-ratio probability
distribution pj (q) with mean and dispersion that matched
the measured value and uncertainty, respectively. By sum-
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Figure 14. Corrected mass-ratio distributions of our long-period,
small-eccentricity subsample (blue) and our short-period, large-
eccentricity ‘clean’ main-sequence subsample (red) determined by
our MCMC Bayesian forward-modelling technique (data points)
and population inversion technique (dashed lines). By scaling the
corrected ‘clean’ main-sequence mass-ratio distribution down by
a factor of 0.5, both tails (q < 0.2 and q > 0.4) of the two distri-
butions are consistent with each other. In our small-eccentricity
subsample, we measure an excess of 73± 18 white-dwarf compan-
ions with periods P = 200 – 1500 d and mass ratios q ⇡ 0.2 – 0.4
(M

2

⇡ 0.3 – 0.7M� given hM
1

i = 1.7M�).

across a slightly broader range of orbital periods P = 200 –
5000 d (MacConnell et al. 1972; Bo�n & Jorissen 1988;
Jorissen et al. 1998; Karakas et al. 2000). According to the
observed period distribution of barium stars, we estimate
that ⇠ 0.7% of GK giants are barium stars with white-dwarf
companions across P = 200 – 1500 d. Hence, roughly a fifth
(0.7%/ 3.3%=21%) of main-sequence A/F stars with white-
dwarf companions across P = 200 – 1500 d will eventually
evolve into barium GK giants. The measured di↵erence is
because not all main-sequence A/F stars with white-dwarf
companions at P = 200 – 1500 d experienced an episode of
significant mass transfer involving thermally pulsing, chemi-
cally enriched AGB donors. Instead, some of them will have
experienced mass transfer when the donor was less evolved
and had only negligible amounts of barium in their atmo-
spheres. The donors could have been early-AGB, RGB, or
possibly even Hertzsprung Gap stars if the binary orbits
were initially eccentric enough or could su�ciently widen to
P > 200 d during the mass transfer process. In other cases,
mass transfer involving AGB donors may have been rela-
tively ine�cient and non-conservative (especially via wind
accretion), and so the main-sequence accretors may not have
gained enough mass to pollute their atmospheres (see mass
transfer models by Karakas et al. 2000). In any case, only
a fifth of main-sequence A/F stars with white-dwarf com-
panions across P = 200 – 1500 d become chemically enriched
with enough barium to eventually appear as barium GK gi-
ants. This conclusion is in agreement with the study by Van
der Swaelmen et al. (2017), who directly observed that 22%
(i.e. a fifth) of binaries with giant primaries and intermedi-
ate periods have WD companions. This measurement pro-
vides powerful insight and diagnostics into the e�ciency and

nature of binary mass transfer involving thermally-pulsing
AGB donors.

Our determination that 3.3%± 0.8% of main-sequence
A/F stars have white-dwarf companions across P = 200 –
1500 d also provides a very stringent constraint for binary
population synthesis studies of Type Ia supernovae (SN Ia).
In both the symbiotic single-degenerate scenario (Patat et al.
2011; Chen et al. 2011) and the double-degenerate sce-
nario (Iben & Tutukov 1984; Webbink 1984), the progen-
itors of SN Ia were main-sequence plus white-dwarf binaries
with periods P ⇡ 100 – 1000 d at some point in their evolu-
tion. Granted, the majority of our observed binaries with
hM

1

i = 1.7M� and M
WD

= 0.3 – 0.7M� have masses too
small to become SN Ia. Nevertheless, several channels of
SN Ia derive from immediately neighbouring and partially
overlapping regions in the parameter space. For instance, in
the symbiotic SN Ia channel, M

1

⇡ 1 – 2M� stars evolve into
giants that transfer material via winds and/or stable Roche-
lobe overflow to M

WD

= 0.7 – 1.1M� carbon-oxygen white
dwarfs with periods P ⇡ 100 – 1000 d (Chen et al. 2011).
Similarly, in the double-degenerate scenario, slightly more
massive giant donors M

1

⇡ 2 - 4M� overfill their Roche lobes
with white-dwarf companions across P = 100 – 1000 d, result-
ing in unstable common envelope evolution that leaves pairs
of white dwarfs with very short periods P . 1 d (Ruiter et al.
2009; Mennekens et al. 2010; Claeys et al. 2014). The cited
binary population synthesis models implement prescriptions
for binary evolution that are not well constrained, and so the
predicted SN Ia rates are highly uncertain. By anchoring bi-
nary population synthesis models to our measurement for
the frequency of white-dwarf companions to intermediate-
mass stars across intermediate periods, the uncertainties in
the predicted rates of both single-degenerate and double-
degenerate SN Ia can be significantly reduced. Related phe-
nomena, such as blue stragglers, symbiotics, R CrB stars
and barium stars will benefit similarly.

5.5 The binary fraction of A/F stars at
intermediate periods, compared to other
spectral types

We now calculate the fraction of original A/F primaries that
have main-sequence companions across P = 100 – 1500 d. We
must remove the systems with white-dwarf companions, i.e.
those where the A/F star was not the original primary but
in many cases was an F/G-type secondary that accreted
mass from a donor. In Sect. 5.4 we calculated the fraction of
current A stars that have any companions across P = 100 –
1500 d as F

total

= (i + j)/(X +Y ) = 15.4%, where i + j = 342 is
the corrected total number of companions across P = 100 –
1500 d and X + Y = 2224 is the total number of A/F stars
in our sample. To find the fraction of original A/F pri-
maries, F

orig. = i/X, we must remove the j detected white-
dwarf companions across P = 100 – 1500 d, and the Y targets
in our sample that have white-dwarf companions at any pe-
riod, including those with P < 100 d or P > 1500 d that are
undetected by our method.

We first remove the measured number of j = 73± 18
white dwarfs across P = 200 – 1500 d, leaving i = (342± 32)
- (73± 18) = 269± 37 systems with A/F main-sequence � Sct
primaries and main-sequence companions with q > 0.1 and
P = 100 – 1500 d. To estimate the number of white-dwarf
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~10% of transiting Earth Kepler/TESS candidates are 
actually transiting WDs. Need multi-epoch RVs to validate!



Conclusions:

In magnitude-limited samples, 43% ± 6% of G-type stars cannot 
have close planets because they are already in close binaries

Close binaries account for apparent discrepancy in hot Jupiter occurrence rates.

Hot/warm Jupiters have host ⟨[Fe/H]⟩ = +0.2, 
sub-Neptunes and Jovian analogs have ⟨[Fe/H]⟩ = 0.0, 

and Earth analogs have ⟨[Fe/H]⟩ = −0.2.

There is no significant excess of wide stellar companions to hot Jupiters.

Close binary fraction decreases significantly with metallicity.

ηEarth is ~4 times larger for single FGK stars with [Fe/H] = −0.2
compared to all FGK stars

~10% of transiting Earth candidates are actually WDs.


