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ABSTRACT

It is commonly accepted that hot Jupiters must have formed beyond the ice line and then migrated
inwards, but there is currently considerable debate over the nature of the mechanism responsible
for causing this inward migration. A significant fraction of hot Jupiters have also been observed to
have orbits that are misaligned with respect to the star’s spin axis for reasons that are not well-
understood. In this paper we search for distant massive companions to known transiting hot Jupiters
that may have influenced the dynamical evolution of these systems. We present new radial velocity
observations for a sample of 51 hot Jupiters obtained using the Keck HIRES instrument, and use
these observations to search for long-term radial velocity accelerations. We find statistically significant
accelerations in sixteen systems. Seven of these systems have no previously reported accelerations in
the published literature: HAT-P-10, HAT-P-20, HAT-P-22, HAT-P-29, HAT-P-32, WASP-10, and
XO-2. We combine our radial velocity fits with Keck NIRC2 adaptive optics (AO) imaging data to
place constraints on the allowed masses and orbital periods of the companions responsible for the
detected accelerations. One system, HAT-P-10, has a nearby AO-detected stellar companion with
a mass and projected separation consistent with the observed trend. For the remaining systems the
estimated masses of the companions range between 1−500MJup, with orbital semi-major axes typically
between 1− 75 AU. A significant majority of the companions detected by our survey are constrained
to have minimum masses comparable to or larger than those of the short-period hot Jupiters in these
systems, making them candidates for influencing the orbital evolution of the inner hot Jupiters. They
also appear to occur preferentially in systems with more metal-rich host stars, and with typical orbital
separations that are larger than those of multi-planet systems without hot Jupiters. We estimate a
total occurrence rate of 55+11

−10% for companions with masses between 1 − 13 MJup and orbital semi-
major axes between 1 − 20 AU in our sample. We find no statistically significant difference between
the frequency of companions in hot Jupiter systems with misaligned or eccentric orbits and those with
well-aligned, circular orbits. We combine our expanded sample of radial velocity measurements with
constraints from transit and secondary eclipse observations to provide improved measurements of the
physical and orbital characteristics of all of the hot Jupiters included in our survey.
Subject headings: binaries: eclipsing — planetary systems — techniques: radial velocity, adaptive

optics

1. INTRODUCTION

Observations of exoplanetary systems offer a unique
window into the processes that drive planet formation
and migration. The short-period, gas giant planets
known as hot Jupiters pose a particular challenge for
planet formation models, as we know that they could not
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have formed at their present-day locations but instead
must have migrated inward from beyond the ice line (e.g.,
Lin et al. 1996). Hot Jupiter migration models can be
broadly divided into several classes, including disk-driven
migration, binary star-planet interactions, and planet-
planet interactions. In the simplest disk migration mod-
els, including both Type I and II migration, we expect
the resulting short-period planets to have largely circu-
lar orbits that are well-aligned relative to the stars spin
axis (e.g., Goldreich & Tremaine 1980; Lin & Papaloizou
1986; Ward 1997; Tanaka et al. 2002). In contrast to this
result, migration mechanisms involving multi-body in-
teractions such as Kozai migration (e.g., Wu & Murray
2003; Malmberg et al. 2007; Fabrycky & Tremaine 2007;
Naoz et al. 2012), which requires a distant stellar com-
panion, planet-planet scattering (e.g., Chatterjee et al.
2008; Nagasawa et al. 2008), and secular chaotic excur-
sions (Wu & Lithwick 2011; Lithwick & Wu 2013) fre-
quently produce close-in planets with misaligned and/or
eccentric orbits.
There are currently two systems (HD 80606b and 16
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Cyg Bb) where there is clear evidence for orbital evolu-
tion of an eccentric Jovian-mass exoplanets due to inter-
actions with a distant stellar companion (Holman et al.
1997; Wu & Murray 2003). The recent discovery of an
eccentric, short-period Jupiter in the young Hyades clus-
ter also appears to be consistent with high-eccentricity
migration mechanisms (Quinn et al. 2013), although un-
even irradiation of disk gaps might excite the eccen-
tricities of Jovian mass planets (Goldreich & Sari 2003;
Tsang et al. 2013). Juric & Tremaine (2008) proposed
that planet-planet scattering could explain the high aver-
age eccentricities of the gas giant planets detected using
the radial velocity technique. However, Dawson et al.
(2012) argued more recently that the lack of high-
eccentricity Jupiters among the Kepler transiting planet
candidates places a limit on the relative number of plan-
ets that migrate via high-eccentricity mechanisms.
Measurements of the spin-orbit alignments of tran-

siting hot Jupiters via the Rossiter-McLaughlin effect
(Winn et al. 2005) indicate that almost half of the hot
Jupiters surveyed to date have orbits that are signifi-
cantly misaligned with respect to the stars spin axis (e.g.,
Winn et al. 2010b; Hebrard et al. 2011; Albrecht et al.
2012b). Based on the arguments given above, this would
seem to favor migration models involving either a sec-
ond star or multiple planets (Morton & Johnson 2011;
Li et al. 2013). However, in the disk-driven migration
case a distant stellar companion could also tilt the pri-
mordial disk, resulting in an alternative channel for spin-
orbit misalignment (Batygin 2012; Batygin & Adams
2013). The recent discovery of a short-period misaligned
hot Jupiter orbiting a T Tauri star (Van Eyken et al.
2012; Barnes et al. 2013) and a coplanar misaligned
multi-planet system (Huber et al. 2013) both provide
strong evidence that such primordial disk misalignments
do indeed occur in practice, although Kaib et al. (2011)
argue that multi-planet systems could also be tilted by
a stellar companion after the dissipation of the disk.
If multi-body dynamics play an important role in the

orbital evolution of hot Jupiters, then such systems must
necessarily include massive planetary or stellar compan-
ions that drive this dynamical evolution. The most
recent statistics from the Kepler mission and radial
velocity surveys indicate that many low-mass planets
exist in multi-planet systems (Tremaine & Dong 2012;
Batalha et al. 2013; Steffen et al. 2013), but the hot
Jupiters detected by the Kepler survey rarely have
nearby planetary companions (Steffen et al. 2012). This
distinction also appears in measurements of spin-orbit
alignment for the two types of systems, as the ma-
jority of multi-planet systems with published Rossiter
measurements appear to be well-aligned with their
host stars (Sanchis-Ojeda et al. 2012; Hirano et al. 2012;
Albrecht et al. 2013) while hot Jupiters are frequently
misaligned (e.g., Albrecht et al. 2012b). These two lines
of evidence suggest that hot Jupiters likely formed via
different evolutionary channels than the compact, low-
mass multi-planet systems detected by Kepler, but the
underlying cause of this divergence is poorly understood.
Although massive, long-period companions may play a

significant role in shaping the observed properties of hot
Jupiters, most confirmed transiting planet systems have
only received a handful of follow-up radial velocity mea-
surements immediately after the initial discovery of the
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Fig. 1.— Histogram of the stellar masses in our two samples. The
sample of misaligned and/or eccentric hot Jupiters is shown as a
black solid line, while the control sample of hot Jupiters with ap-
parently circular and well-aligned orbits is shown as the red dashed
line. Masses for individual stars and associated references are listed
in Table 12.

transit signal (Madhusudhan & Winn 2009; Pont et al.
2011; Husnoo et al. 2012). Observations of field stars in-
dicate that more than half of solar type stars exist in
binary or multiple systems (Duquennoy & Mayor 1991;
Raghavan et al. 2010); if exoplanetary systems follow the
same pattern, then it is possible that many of these sys-
tems have currently unknown low-mass stellar compan-
ions. This paper is the first in a three-part series de-
scribing a search for distant stellar and massive planetary
companions to a sample of 51 known hot Jupiters. We
focus here on long-term radial velocity monitoring, while
in the second and third paper we will present comple-
mentary K-band adaptive optics (AO) imaging and high-
resolution K-band spectroscopy of our target stars, re-
spectively. By combining multiple techniques, we ensure
maximum sensitivity to companions spanning a broad
range of orbital separations. Radial velocity monitor-
ing can detect gas giant planets at distances of up to
5-10 AU and stellar companions out to larger distances,
while infrared spectroscopy is sensitive to low-mass stel-
lar companions within 0.5′′ (approximately 50 AU for
most of the stars in our sample), and K-band AO imag-
ing can detect stellar companions at distances between
50-200 AU
In §2 we outline our target sample selection criteria and

describe the acquisition of our radial velocity and adap-
tive optics data. In §3 we summarize our fits to the radial
velocity data sets and the generation of contrast curves
from our AO data. In §4 we discuss the implications of
our results for the multiplicity fraction of hot Jupiters
and constrain the masses and orbital separations of the
companions.

2. OBSERVATIONS

2.1. Sample Selection

We focus our search on a sample of twenty four systems
where there is already evidence for multi-body dynamics,
including planets with eccentric orbits or orbits that are
significantly tilted with respect to the star’s spin axis.
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TABLE 1
Summary of Radial Velocity Observations

Star NCPS
a Start date End date Duration Ndata

b Ref.
UTC UTC days

GJ436 113 2000-01-08 2012-12-04 4714 2
HD149026 43 2005-02-27 2013-08-27 3103 1
HAT-P-2 40 2006-09-04 2013-08-02 2524 1
HAT-P-4 23 2007-03-27 2012-07-04 1926 1
HAT-P-6 25 2006-10-14 2013-07-24 2475 1
HAT-P-7 43 2007-08-24 2013-07-12 2149 1
HAT-P-8 16 2007-08-24 2013-08-28 2196 1
HAT-P-10 13 2008-03-22 2012-09-25 1648 1
HAT-P-11 77 2007-08-23 2013-07-13 2151 1
HAT-P-12 23 2007-03-27 2013-02-21 2158 1
HAT-P-13 63 2008-03-23 2013-02-03 1778 1
HAT-P-14 17 2008-05-16 2012-08-08 1545 1
HAT-P-15 28 2007-08-24 2012-09-25 1859 1
HAT-P-16 10 2009-07-04 2012-07-25 1117 1
HAT-P-17 47 2007-10-23 2013-08-28 2136 1
HAT-P-18 31 2007-10-24 2012-06-01 1682 1
HAT-P-20 13 2009-04-13 2012-12-04 1331 1
HAT-P-22 18 2009-04-07 2012-12-28 1361 1
HAT-P-24 24 2009-04-07 2012-12-04 1337 1
HAT-P-26 26 2009-12-27 2013-02-04 1135 1 1
HAT-P-29 11 2010-09-26 2012-08-25 699 1
HAT-P-30 19 2010-04-27 2012-12-04 952 1
HAT-P-31 11 2009-08-08 2012-07-05 1062 3 2
HAT-P-32 30 2007-08-24 2012-08-25 1828 1
HAT-P-33 26 2008-09-18 2012-12-04 1538 1
HAT-P-34 17 2010-06-26 2012-08-14 780 1
TrES-2 19 2007-04-26 2012-10-08 1992 1
TrES-3 8 2007-03-27 2012-07-25 1947 2 3
TrES-4 6 2007-03-27 2012-08-01 1954 2 4
WASP-1 10 2006-09-01 2012-08-24 2184 5 5,6,7
WASP-2 6 2006-09-03 2012-09-09 2197 6 5,8,9
WASP-3 15 2007-07-05 2012-08-08 1861 3 10,11,12
WASP-4 5 2007-09-16 2013-08-27 2172 4 8,9,13
WASP-7 18 2007-08-17 2012-10-08 1879 5 8,9,14,15
WASP-8 9 2007-11-29 2013-08-27 2099 3 16
WASP-10 9 2007-08-28 2013-08-28 2192 2c 17
WASP-12 29 2008-02-12 2012-10-09 1701 3 18,19
WASP-14 9 2007-12-27 2012-03-05 1530 6 19,20,21
WASP-15 2 2008-03-06 2012-07-01 1578 2 22
WASP-16 4 2008-03-10 2012-07-01 1574 3 23,24
WASP-17 5 2007-08-17 2012-09-09 1850 3 25
WASP-18 6 2007-09-16 2012-10-08 1849 2 26
WASP-19 3 2008-05-29 2013-01-26 1702 4 27,28
WASP-22 10 2008-08-26 2012-10-08 1504 3 29
WASP-24 4 2009-01-01 2012-07-01 1277 4 6,30
WASP-34 6 2009-12-01 2013-01-27 1153 2 31
WASP-38 3 2010-03-30 2012-04-10 742 4 32
XO-2 8 2007-09-28 2013-01-27 1948 3c 9,33
XO-3 11 2006-09-27 2012-09-25 2190 3 34
XO-4 9 2007-12-21 2013-01-27 1864 3 35,36
XO-5 24 2007-03-27 2012-10-07 2021 2 37

a Total number of CPS radial velocity measurements excluding any in-transit
data.
b Number of independent data sets. Although this usually refers to data taken by
different telescopes, data obtained with HIRES before and after the CCD upgrade
must also be treated as two separate data sets.
c We exclude the WASP-10 FIES data from Christian et al. (2009) and the Burke
et al. (2007) data for XO-2 as the error bars for these measurements were too
large to justify the addition of another γ parameter in our fit.
d REFERENCES - (1) Hartman et al. (2011b); (2) Kipping et al. (2011); (3)
O’Donovan et al. (2007); (4) Mandushev et al. (2007); (5) Cameron et al. (2007);
(6) Simpson et al. (2011); (7) Albrecht et al. (2011); (8) Pont et al. (2011); (9)
Husnoo et al. (2012); (10) Pollacco et al. (2008); (11) Simpson et al. (2010); (12)
Tripathi et al. (2010); (13) Wilson et al. (2008); (14) Hellier et al. (2008); (15)
Albrecht et al. (2012a); (16) Queloz et al. (2010); (17) Christian et al. (2009);
(18) Hebb et al. (2009a); (19) Husnoo et al. (2011); (20) Joshi et al. (2009); (21)
Johnson et al. (2009a); (22) West et al. (2009a); (23) Lister et al. (2009); (24)
Brown et al. (2012a); (25) Anderson et al. (2010); (26) Hellier et al. (2009); (27)
Hebb et al. (2009b); (28) Hellier et al. (2011); (29) Maxted et al. (2010); (30)
Street et al. (2010); (31) Smalley et al. (2011); (32) Barros et al. (2011); (33)
Narita et al. (2011); (34) Johns-Krull et al. (2008); (35) McCullough et al. (2008);
(36) Narita et al. (2010); (37) Burke et al. (2008)
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We also include a control sample of twenty seven plan-
ets that appear to have well-aligned and circular orbits,
where canonical disk migration models for isolated stars
could plausibly explain the presence of the observed hot
Jupiter. Because the stellar multiplicity rate increases for
more massive stars, we select our control sample to have
approximately the same distribution of stellar masses as
our main sample in order to avoid biasing our estimates
of the companion frequencies (see Fig. 1 for the relative
distribution and Table 12 for a list of masses for indi-
vidual systems). A subset of the systems in our target
list are known to exhibit radial velocity accelerations; in
these cases, our data allow us to confirm and refine the
properties of the long-period companion responsible for
the trend.

2.2. Keck HIRES Radial Velocities

We observed our target stars using the HIgh Resolu-
tion Echelle Spectrometer (HIRES) (Vogt et al. 1994) on
the 10 m Keck I telescope over a period of two years be-
ginning in 2011; many of our targets also had existing
HIRES observations taken prior to 2011 by other pro-
grams. We used the standard HIRES setup and reduc-
tion pipeline employed by the California Planet Search
(CPS) consortium (Wright et al. 2004; Howard et al.
2009; Johnson et al. 2010). Observations were typically
obtained with a slit width of 0.′′86 with integration times
optimized to obtain typical signal to noise ratios of 70 per
pixel. An iodine cell mounted in front of the spectrom-
eter entrance slit provided a wavelength scale and in-
strumental profile for the observations (Marcy & Butler
1992; Valenti et al. 1995). We obtained a total of approx-
imately 270 new radial velocity measurements for our
target sample, with a minimum of four observations per
target separated by at least six months. We then com-
bine our data with published radial velocities obtained
using other telescopes to provide the strongest possible
constraints on the presence of any long-term radial ve-
locity accelerations. We provide a summary of the radial
velocity data utilized in this study in Table 1.

2.3. NIRC2 AO Imaging

In this paper we focus on images obtained for sys-
tems with detected radial velocity accelerations; we will
present a complete analysis of our AO data set including
companion detections in Paper II. We obtained K band
adaptive optics imaging (Wizinowich 2000) for each of
our target stars using the NIRC2 instrument (Instrument
PI: Keith Matthews) on Keck II in the narrow camera
(10 mas pixel−1) setting. We used the full 1024 × 1024
pixel field of view for most of our target stars, with the
exception of several of our brightest targets where we
switched to a 512 × 512 pixel subarray in order to al-
low for shorter integration times and avoid saturation.
We utilized a standard three-point dither pattern (e.g.,
Bechter et al. 2013) that maximizes our spatial coverage
and allows for the removal of sky and instrumental back-
grounds while avoiding the lower-left quadrant on the
array, which has a higher read noise level. We obtain our
images in position angle mode, where the orientation of
the image on the detector is kept constant as the tele-
scope tracks, rather than using the angular differential
imaging technique where the image is allowed to rotate

TABLE 2
Summary of Adaptive Optics Observations

Star Obs. Date Filter Array Tint Nim

HAT-P-2 UT 2012 May 29 Kp 512 30 9
HAT-P-4 UT 2012 Feb 02 Kp 1024 15 9
HAT-P-7 UT 2012 Jul 27 Kp 1024 9 15
HAT-P-7 UT 2013 Jun 22 Ks 1024 9 12
HAT-P-10 UT 2012 Feb 02 Kp 1024 10 9
HAT-P-13 UT 2012 Feb 02 Kp 1024 9 9
HAT-P-20 UT 2013 Nov 17 Kcont

a 1024 10 18
HAT-P-22 UT 2012 Feb 02 Kp 512 2.5 18
HAT-P-29 UT 2012 Feb 02 Kp 1024 15 9
HAT-P-32 UT 2013 Mar 02 Ks 1024 15 21
WASP-8 UT 2012 Jul 27 Kp 1024 9 30
WASP-10 UT 2012 Jul 4 Kp 1024 20 9
WASP-22 UT 2012 Aug 26 Kp 1024 10 9
WASP-34 UT 2012 Feb 02 Kp 1024 10 18
XO-2 UT 2012 Feb 02 Kp 1024 10 27

a We used the narrow-band Kcont filter for this target in order
to avoid saturation while in full array mode. This was one
of our closest targets, so we required relatively broad on-sky
coverage in order to definitively determine whether the observed
radial velocity acceleration could be caused by a low-mass stellar
companion.

on the detector and performing PSF subtraction. This
maximized the efficiency of our observations while still
providing deep sensitivity to low-mass stellar compan-
ions (Crepp et al. 2012).
We flat-field our images and remove hot pixels by

searching for 4σ outliers at a fixed pixel position, treat-
ing each nod position separately. We calculate a median
sky background using the off-nod positions and subtract-
ing this median image from each of our science images
at that nod position. Each image is then interpolated
by a factor of ten and the images are stacked using the
point spread function of our target star in order to align
the positions. We create our final science images by tak-
ing the median flux at each pixel position in our stacked
images. A summary of the observations utilized in this
analysis is provided in Table 2.

3. ANALYSIS

3.1. Radial Velocity Fits

In order to detect and quantify the significance of
long-term accelerations in the radial velocity data we
performed a uniform analysis of all 51 systems with a
Differential-evolution Markov Chain Monte Carlo (DE-
MCMC, Ter Braak 2006) technique similar to that of
Fulton et al. (2013). The DE-MCMC algorithm speeds
convergence by downgrading the importance of pre-
determining optimal step sizes for each parameter. DE-
MCMC runs many chains in parallel (twice the number
of free parameters) and uses the difference in parame-
ter values from two random chains in order to establish
the magnitude and direction of each step. This ensures
that step sizes are optimized on-the-fly to achieve ideal
acceptance rates (∼ 18% for well-constrained fits) and
high convergence rates. Step sizes for correlated param-
eters are automatically reduced in the direction orthogo-
nal to the correlation which leads to fewer models being
calculated in regions of parameter space that are highly
disfavored by the data.
Our radial velocity model for each system was de-

scribed by a minimum of 8 free parameters: period
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Fig. 2.— Two dimensional marginalized posterior distributions of e cosω⋆ vs. e sinω⋆ when secondary eclipse priors are applied. Left:
Posterior distributions for HD149026, where the orbital phase of the secondary eclipse is very well known and the eccentricity is consistent
with zero. Right: Posterior distributions for GJ436. e cosω⋆ and e sinω⋆ become modestly correlated if the orbital phase of the secondary
eclipse is very well known and the orbit is eccentric.

(P ), time of mid-transit at a particular reference epoch
(Tmid), eccentricity (e), argument of periastron of the
star’s orbit (ω⋆), velocity semi-amplitude (K), a rela-
tive radial velocity (RV) zero point (γ), slope (γ̇), and
RV “jitter”. When required, we expanded on this base-
line model by carrying out two-planet fits for systems
where the outer companion’s orbit exhibited significant
curvature (HAT-P-17, WASP-8, WASP-34), and a three-
planet fit for the HAT-P-13 system. For some systems,
data from multiple spectrographs were included and in
these cases the relative RV zero-points (γ) were fit sep-
arately for each instrument. GJ 436b has HIRES radial
velocities obtained prior to the CCD upgrade, and we
treat data before and after this upgrade as separate data
sets with a different baseline normalization.
RV “jitter” may be dominated by instrumental effects

as opposed to astrophysical noise and thus should not
be expected to converge to the same value for different
instruments (Isaacson & Fischer 2010). In order to pre-
vent our fitted “jitter” parameter from being driven to
abnormally large values by particularly noisy datasets we
first run a set of chains with a uniform jitter value for all
datasets to obtain a best-fitting model. We then run the
chains again, this time scaling the jitter value at each
step by σx

σCPS
where σx is the RMS of the residuals to

the best-fit model from the initial run for dataset x and
σCPS is the RMS of the residuals of the best-fit model
for the post-upgrade HIRES data. This ensures that the
measurement errors are roughly equal to the RMS of the
residuals to the final model for each individual dataset.
We also reject RV measurements from the CPS HIRES
data with reported measurement errors that are greater
than 10 times the median absolute deviation of all of
the measurement errors for that particular star. These
measurements are typically derived from very low signal-
to-noise spectra where the standard HIRES extraction
routine does not produce optimal results, and contribute
minimally to our fits. This step generally results in the

rejection of less than three outliers from each RV time
series.
RV measurements taken during transits of the known

hot Jupiter were excluded from the fit. For planets
with high-cadence Rossiter measurements spanning sev-
eral hours around the transit we take the error-weighted
mean of the out-of-transit points and include this as a
single measurement in our fits. Because we add an addi-
tional jitter term, this effectively down-weights the con-
tribution of these high-density data sets to our fit. This
conservative approach ensures that our best-fit solutions
are not biased by the presence of short-term stellar vari-
ability that can cause trends in the RV measurements
over several hour time scales (e.g. Albrecht et al. 2012a).
We computed 2×N DE-MCMC chains (where N is the

number of free parameters in the RV model), continu-
ously checking for convergence following the prescription
of Eastman et al. (2013). We considered the chains well-
mixed and halted the DE-MCMC run when the num-
ber of independent draws (Tz, as defined in Ford 2006)
was greater than 1000 and the Gelman-Rubin statistic
(Gelman et al. 2003; Ford 2006; Holman et al. 2006) was
within 1% of unity for all parameters. In order to speed
convergence (however see section 3.2), ensure that all
parameter space was adequately explored, and minimize
biases in parameters that physically must be finite and
positive, we step in the widely used modifications and/or
combinations of orbital parameters: log(P),

√
e cosω⋆,√

e sinω⋆, and log(K).
We assigned Gaussian priors to P, Tmid and secondary

eclipse times where available as listed in Table 10, and
we assigned uniform priors to all other parameters. The
reference epoch (abscissa) for γ̇ was chosen as the mid-
time of the RV time-series in order to minimize the co-
variance between γ and γ̇. In all cases we assumed that
transit timing variations caused by other known or un-
known companions were negligible. The median param-
eter values and associated 68% confidence intervals from
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the DE-MCMC analysis for all systems are presented in
Table 8.

3.2. Parameter correlations

While vetting the fits for all planets we noticed that
in some cases the two dimensional marginalized distri-
butions when plotted in

√
e sinω⋆ vs.

√
e cosω⋆ took

on non-Gaussian shapes in systems for which we had
many secondary eclipse times to constrain the orbital
phase of the secondary eclipse (and thus e cosω⋆). Sys-
tems for which we had good secondary eclipse priors but
the eccentricity was low took on a star-shaped appear-
ance while a strong correlation between

√
e sinω⋆ and√

e cosω⋆ emerged in systems with significant eccentric-
ity. This correlation was much less pronounced when we
plotted e cosω⋆ versus e sinω⋆ (Figure 2). In order to
check that our DE-MCMC algorithm was behaving as
expected we created hypothetical distributions of e and
ω for two cases.
First, we created a hypothetical distribution of e as

the absolute value of a Gaussian centered around zero
and a uniform distribution of ω between 0 and 2π and
to simulate the posterior distributions for a planet with
no significant eccentricity. We then extracted the points
within the distributions for which the orbital phase of
the secondary eclipse calculated from e and ω was very
close the median value of all secondary eclipse times cal-
culated from the e and ω distributions (near phase=0.5
in this case). When the entire distribution is plotted in√
e sinω⋆ vs.

√
e cosω⋆ we see a smooth distribution with

circular contours, but when the points extracted based
on the secondary eclipse times are plotted we see the star
shape that closely resembles the distributions we obtain
in our fits to the data.
Second, we created a hypothetical distribution of e as a

normal distribution centered around a value of 0.16 with
a width of 0.02 and a normal distribution of ω centered
around 328 degrees with a width of 10 degrees. These
distributions are meant to mimic a planet with significant
eccentricity. When points are extracted based on the
secondary eclipse times in the same way as the first case
we see that the points fall along a locus that matches the
distributions obtained in our fits.
This test shows that our DE-MCMC algorithm is work-

ing as expected, but that the choice of parameterization
to use

√
e sinω⋆and

√
e cosω⋆ may not be optimal for

systems with secondary eclipse measurements. However,
since our DE-MCMC code continuously checks for con-
vergence we know that the chains are converged and well-
mixed. The correlated parameters will slow the conver-
gence, but we decided that the factor of five increase in
runtime was acceptable and did not change parameteri-
zation.

3.3. Contrast Curves from AO Imaging

We use our K band NIRC2 imaging data to place up-
per limits on the allowed masses and orbital semi-major
axes of the perturbers responsible for the measured radial
velocity accelerations. Contrast curves are generated for
each target as follows. First, we calculate the full width
at half max (FWHM) of the central star’s point spread
function in the interpolated and combined image. The
maximum radius for our contrast curves is defined as the

0.1 1.0
Angular Separation (arsec)

-10

-8

-6

-4

-2

0

D
el

ta
 K

 (
5 

si
gm

a)

Fig. 3.— Kp and Ks contrast curves for targets with radial ve-
locity trends. The four curves with the least sensitive limits are
for HAT-P-2, HAT-P-7, HAT-P-32, and WASP-22. HAT-P-20 is
one of our closest targets, and we therefore used non-overlapping
regions from our nodded images to extend our effective field of
view to larger separations. Additional details on the images used
to calculate these contrast curves can be found in Table 2.

largest radial separation for which data is available at all
position angles (i.e., we do not count the corners of the
array). We then create a box with dimensions equal to
the FWHM and step it across the array, calculating the
standard deviation of the pixels within the box at a given
position. We exclude boxes where more than half of the
pixels in the box are masked11 and boxes whose radial
distance from the star is greater than our maximum ra-
dius limit. The 5σ contrast limit is calculated as a func-
tion of radial separation from the star by averaging the
5σ values for boxes within a series of annuli with width
equal to the full width at half max of the stellar pdf (i.e.,
one box width). We convert our absolute flux limits to
relative delta magnitude units by taking the maximum
flux value in the interpolated stellar point spread func-
tion as an estimate of the flux of the central star and
calculating the corresponding relative magnitude limits
for each radial distance. We show the resulting contrast
curves for all of our targets in Fig. 3.
With the exception of GJ 436 and HAT-P-2, none of

our target stars have directly measured parallax esti-
mates. In most cases the discovery paper provides an
estimate of the stellar properties (mass, radius, and age)
from fitting stellar evolution models using constraints on
the surface gravity, effective temperature, and metallicity
from high-resolution optical spectroscopy and (in some
cases) constraints on the stellar density from fits to the
transit light curve. The distance can then be estimated
using the known stellar properties and the measured ap-
parent magnitudes in V , J , H , and K bands. We take
these estimated distances and use them to convert the
units of our contrast curves from separations in arc sec-
onds to projected physical distances in AU

11 We mask out regions containing detectable flux from nearby
candidate stellar companions. Objects with nearby companions
include: HAT-P-7 (Narita et al. 2012), HAT-P-10 (Ngo et al. in
prep), HAT-P-32 (Adams et al. 2013), and WASP-8 (Queloz et al.
2010).
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TABLE 3
Fit Parameters for HAT-P-13 System

Parameter Value Units

RV Step Parameters

log(Pb) 0.46482297 ±3.2e− 07 log(days)
Tc,b 2455176.53878 +0.00026

−0.00027 BJDTDB√
eb cosωb -0.105 +0.026

−0.02√
eb sinωb -0.013 ±0.063

log(Kb) 2.0249 ±0.0032 m s−1

log(Pc) 2.64923 ±0.00011 log(days)
Tc,c 2455312.25 ±0.28 BJDTDB√
ec cosωc -0.81 ±0.002√
ec sinωc 0.0653 ±0.0031

log(Kc) 2.6361 +0.0035
−0.0033 m s−1

γ -37.13 +0.81
−0.84 m s−1

γ̇ 0.0513 ±0.0016 m s−1day−1

γ̈ ≡ 0.0 ±0.0 m s−1day−2

jitter 4.44 +0.55
−0.47 m s−1

RV Model Parameters

Pb 2.916238 +2.2e−06
−2.1e−06 days

Tc,b 2455176.53878 +0.00026
−0.00027 BJDTDB

eb 0.0144 +0.0046
−0.0043

ωb 186.5 +34.8
−31.7 degrees

Kb 105.9 +0.77
−0.79 m s−1

Pc 445.9 ±0.11 days
Tc,c 2455312.25 ±0.28 BJDTDB

ec 0.6601 ±0.0032
ωc 175.34 ±0.22 degrees
Kc 432.6 +3.5

−3.3 m s−1

γ -37.13 +0.81
−0.84 m s−1

γ̇ 0.0513 ±0.0016 m s−1day−1

γ̈ ≡ 0.0 ±0.0 m s−1day−2

jitter 4.44 +0.55
−0.47 m s−1

RV Derived Parameters

e cosω 0.0144 +0.0046
−0.0043

e sinω -0.00014 +0.00086
−0.00095

Mc sin i 14.70 +0.46
−0.47 MJ

ac 1.258 +0.019
−0.020 AU

We convert our contrast curves from delta magnitudes
in either Ks or Kp bands to mass limits for stellar com-
panions using the latest version of the PHOENIX stel-
lar atmosphere models (Husser et al. 2013). We assume
solar metallicities for both the primary and secondary,
and interpolate in the available grid of models to pro-
duce a model that exactly matches the effective tem-
peratures and surface gravities of each star. We uti-
lize the published temperatures and surface gravities for
our primary stars, taking the best available constraints
in each case. We then systematically step through the
table of radius and effective temperature as a function
of secondary mass for a low-mass main-sequence com-
panion from Baraffe et al. (1998) and create matching
PHOENIX models for a corresponding secondary stel-
lar companion with those properties. The corresponding
contrast ratio between the primary and secondary as a
function of mass is calculated by integrating over the ap-
propriate bandpass (either Kp or Ks). Finally, we con-
vert our contrast curves from units of delta magnitude to
secondary mass using the mass versus delta magnitude
relations derived for that system.
Our approach differs from the standard approach
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Fig. 4.— Radial velocity measurements and best-fit curves for
the HAT-P-13 system. Top panel: full radial velocity fit includ-
ing two planets and a linear trend. Top middle panel: residuals
after accelerations from the two inner planets have been removed.
Lower middle panel: phased radial velocity curve for the inner (b)
transiting planet. Bottom panel: phased radial velocity curve for
the middle (c) planet.

for AO imaging searches for stellar companions (e.g.,
Bechter et al. 2013), which typically utilize relative K
magnitude estimates from 2MASS and parallax measure-
ments to calculate an absolute K magnitude for the pri-
mary and then interpolate in a grid of absolute K mag-
nitudes as a function of secondary mass calculated from
standard stellar evolution models at a given age (e.g.,
Girardi et al. 2002). Our method offers two advantages
over this approach: first, we do not need a distance esti-
mate to calculate the contrast ratio between the primary
and secondary, and second, we can calculate contrast ra-
tios in arbitrary bandpasses as needed. We validate our
method by converting the K band contrast curves for
HAT-P-8 and WASP-12b from Bechter et al. (2013) us-
ing our new method, and find results that are consistent
to within 0.02 solar masses in both cases.

4. DISCUSSION

4.1. Trend Detections

We find linear or curved trends in the measured ra-
dial velocities with slopes at least 3σ away from zero
for sixteen systems listed in Table 8. We next checked
these systems to determine if any of the radial veloc-
ity trends were well-correlated with the stellar Ca II

H & K emission index SHK. We find that one sys-
tem, HAT-P-11, does exhibit a correlation with the mea-
sured SHK and therefore conclude that this signal is likely
the result of stellar activity rather than a real compan-
ion. Of the remaining fifteen systems with evidence
for an outer companion, six have previously been re-
ported in the published literature including: HAT-P-2
(Lewis et al. 2013), HAT-P-4 (Winn et al. 2011), HAT-
P-7 (Winn et al. 2009b), WASP-8 (Queloz et al. 2010),
WASP-22 (Maxted et al. 2010; Anderson et al. 2011),
andWASP-34 (Smalley et al. 2011). We present updated
estimates for the trend slopes in Table 8.
Our values for the trend in the HAT-P-2 system are

consistent with but less precise than those reported in
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TABLE 4
Fit Parameters for WASP-8 System

Parameter Value Units

RV Step Parameters

log(Pb) 0.91162221 ±7.6e− 07 log(days)
Tc,b 2454679.33393 ±0.00046 BJDTDB√
eb cosωb 0.04055 +0.00063

−0.00062√
eb sinωb -0.5502 +0.0036

−0.0035

log(Kb) 2.3446 ±0.0022 m s−1

log(Pc) 3.637 +0.077
−0.041 log(days)

Tc,c 2452601 +340
−690 BJDTDB√

ec cosωc ≡ 0.0 ±0.0√
ec sinωc ≡ 0.0 ±0.0

log(Kc) 2.063 +0.074
−0.037 m s−1

γ1 -58.5 +9.8
−21.0 m s−1

γ2 -21 +25
−43 m s−1

γ3 -1 +25
−44 m s−1

γ̇ ≡ 0.0 ±0.0 m s−1day−1

γ̈ ≡ 0.0 ±0.0 m s−1day−2

jitter 2.9 +0.39
−0.34 m s−1

RV Model Parameters

Pb 8.158723 ±1.4e− 05 days
Tc,b 2454679.33393 ±0.00046 BJDTDB

eb 0.3044 ±0.0039
ωb 274.5 ±0.9 degrees
Kb 221.1 ±1.1 m s−1

Pc 4339 +850
−390 days

Tc,c 2452601 +340
−690 BJDTDB

ec ≡ 0.0 ±0.0
ωc ≡ 90.0 ±0.0 degrees
Kc 115.7 +21.0

−9.4 m s−1

γ1 -58.5 +9.8
−21.0 m s−1

γ2 -21 +25
−43 m s−1

γ3 -1 +25
−44 m s−1

γ̇ ≡ 0.0 ±0.0 m s−1day−1

γ̈ ≡ 0.0 ±0.0 m s−1day−2

jitter 2.9 +0.39
−0.34 m s−1

RV Derived Parameters

e cosω 0.2594 +0.0027
−0.0028

e sinω -0.1591 +0.0029
−0.003

Mc sin i 9.5 +2.5
−1.1 MJ

ac 5.30 +0.68
−0.36 AU

Lewis et al. (2013), although we are fitting the same ra-
dial velocity data set in both cases. This is due to our
treatment of the high-cadence data obtained as part of
the Rossiter measurement for this system. While Lewis
et al. chose to give each out-of-transit Rossiter point
equal weight in the fits, we took the error-weighted mean
of the data from this observation and incorporated that
averaged point in our fit. Because we add a constant jit-
ter term to all points, this effectively down-weights the
contribution of the Rossiter data to our determination
of the stellar slope. Although this is a more conserva-
tive strategy that results in larger uncertainties on the
best-fit trend slope, it effectively ensures that our fits are
not biased by short-term trends caused by stellar activity
and other sources of variability.
Our treatment of the Rossiter data sets affects our

slope estimates for several other systems in addition to
HAT-P-2. For HAT-P-4 we find a trend slope consistent
with the value of 0.0246± 0.0026 m s−1 day−1 reported
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Fig. 5.— Radial velocity measurements and best-fit curves for
the WASP-8 system. Top panel: full radial velocity fit including
two planets and a linear trend. Top middle panel: residuals after
accelerations from the two planets have been removed. Lower mid-
dle panel: phased radial velocity curve for the inner (b) transiting
planet. Bottom panel: phased radial velocity curve for the outer
(c) planet.

in Winn et al. (2011), but our slope has errors that are
approximately twice as large as those reported by Winn
et al. Although we extend the baseline of the Winn et al.
measurement from approximately 1300 to 1900 days, we
also allow the eccentricity of the transiting hot Jupiter
to vary as a free parameter in our fits. Winn et al. as-
sume a circular orbit for the inner planet, which they find
reduces the uncertainty on their estimate of the trend
slope. For HAT-P-7 we extend the approximately 600
day baseline from Winn et al. (2009b) to 2100 days, and
find a slope that is approximately 2σ larger with com-
parable uncertainties to those reported by Winn et al.
We find a similar situation for WASP-22 and WASP-34,
where our best-fit slopes are consistent with the previ-
ously reported values but with errors that are factors
of 1.5 − 2 larger. In all cases the planets in question
had Rossiter observations spanning multiple hours that
were included in the published fits to determine the trend
slopes. In our new fits we exclude the in-transit measure-
ments and bin the out-of-transit measurements from each
Rossiter observation into a single point in order to mini-
mize the effect of short-term stellar jitter on our results.
We also report new trend detections for seven systems

including: HAT-P-10, HAT-P-20, HAT-P-22, HAT-P-29,
HAT-P-32, WASP-10, and XO-2. Finally, we do not
find statistically significant accelerations in the follow-
ing systems with previously reported trend detections:
GJ 436 (Maness et al. 2007), HAT-P-31 (Kipping et al.
2011), and HAT-P-34 (Bakos et al. 2012). The non-
detection of the trend in the HAT-P-31 system is par-
ticularly puzzling, as this signal was detected with high
statistical confidence in the original data set. The pri-
mary star in this system has an effective temperature
of approximately 6100 K, v sin i less than 0.5 km s−1,
and SHK equal to -5.3, making it unlikely that activity-
induced jitter could have led to a spurious signal.
HAT-P-13 presents a particularly interesting case, as

our fits indicate evidence for two outer companions
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TABLE 5
Fit Parameters for WASP-34 System

Parameter Value Units

RV Step Parameters

log(Pb) 0.63525026 +4.4e−07
−4.5e−07 log(days)

Tc,b 2454647.55434 ±0.00063 BJDTDB√
eb cosωb 0.016 +0.058

−0.063√
eb sinωb -0.04 ±0.12

log(Kb) 1.855 ±0.011 m s−1

log(Pc) 3.62 +0.21
−0.18 log(days)

Tc,c 2454576 +330
−610 BJDTDB√

ec cosωc ≡ 0.0 ±0.0√
ec sinωc ≡ 0.0 ±0.0

log(Kc) 2.29 +0.38
−0.3 m s−1

γ1 119 +280
−100 m s−1

γ2 147 +280
−97 m s−1

γ̇ ≡ 0.0 ±0.0 m s−1day−1

γ̈ ≡ 0.0 ±0.0 m s−1day−2

jitter 3.29 +0.74
−0.63 m s−1

RV Model Parameters

Pb 4.3176781 +4.4e−06
−4.5e−06 days

Tc,b 2454647.55434 ±0.00063 BJDTDB

eb 0.0121 +0.019
−0.0087

ωb 295 +37
−246 degrees

Kb 71.7 ±1.8 m s−1

Pc 4133 +2500
−1400 days

Tc,c 2454576 +330
−610 BJDTDB

ec ≡ 0.0 ±0.0
ωc ≡ 90.0 ±0.0 degrees
Kc 196 +280

−98 m s−1

γ1 119 +280
−100 m s−1

γ2 147 +280
−97 m s−1

γ̇ ≡ 0.0 ±0.0 m s−1day−1

γ̈ ≡ 0.0 ±0.0 m s−1day−2

jitter 3.29 +0.74
−0.63 m s−1

RV Derived Parameters

e cosω 0.0121 +0.019
−0.0086

e sinω -0.00019 +0.00095
−0.0039

Mc sin i 15.5 +28.0
−8.8 MJ

ac 5.1 +1.9
−1.2 AU

in the system. Previous studies (Bakos et al. 2009b;
Winn et al. 2010a) reported the presence of one compan-
ion with a fully resolved orbit (“c”) and an additional
radial velocity trend (“d”). We provide an updated es-
timate for the properties of companion “c”, which has
a period of 445.87± 0.12 days and an orbital eccentric-
ity of 0.6573 ± 0.0034. We estimate a M sin i of 14.70
+0.48
−0.47 MJ for this companion, and list the full set of fit
parameters in Table 3. Dynamical studies of this sys-
tem (Batygin et al. 2009; Becker & Batygin 2013) pre-
dict that this planet will perturb on the orbit of the inner
hot Jupiter (“b”), resulting in the alignment of the apses
of the two planetary orbits. In this scenario, the eccen-
tricity of the inner planet can be used to constrain the
inner planet’s tidal Love number (a measure of its degree
of central concentration). Our new fits indicate that the
arguments of periapse omega for the orbits of the two in-
ner planets are consistent but with large uncertainties on
omegab, which are primarily due to this planet’s small
orbital eccentricity (also see Winn et al. 2010a). We
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Fig. 6.— Radial velocity measurements and best-fit curves for
the WASP-34 system. Top panel: full radial velocity fit including
two planets and a linear trend. Top middle panel: residuals after
accelerations from the two planets have been removed. Lower mid-
dle panel: phased radial velocity curve for the inner (b) transiting
planet. Bottom panel: phased radial velocity curve for the outer
(c) planet.

show the phased radial velocity curves in Fig. 4, and
provide additional constraints on the properties of com-
panion “d” in §4.3. When we include a second planet in
our fit to HAT-P-17 we obtain the same orbital param-
eters as those reported in (Fulton et al. 2013), with no
evidence for any additional accelerations in this system.
Queloz et al. (2010) reported a linear trend with a

slope of 58.1 ± 1.3 m s−1 yr−1 for the WASP-8 system.
We find that this trend has turned over in our new ob-
servations, allowing us to fit for the orbital properties of
the outer companion rather than assuming a linear trend.
We show our results from these new fits in Table 4 and
Fig. 5. We find that when we assume a circular orbit
for the outer companion we obtain a reasonably well-
constrained orbital solution with a period of 4339+850

−390

days, a radial velocity semi-amplitude K of 115.7+21.0
−9.4 ,

and M sin i equal to 9.5 +2.7
−1.1 MJ. When we allow the

eccentricity to vary freely in the fits our chains do not
converge on a well-defined solution, and both the period
and radial velocity semi-amplitude span a larger range in
values (3971+1100

−900 days and 110+24
−27 m s−1, respectively).

We do not find any improvement in the quality of the fit
when we allow the eccentricity to vary, and we therefore
present the results for the better-constrained circular fit
in Table 4.
Our new measurements also indicate that the linear

trend reported in Smalley et al. (2011) for WASP-34 has
turned over, allowing us to place weak constrains on the
orbital period and mass of the companion for the case of a
circular orbit (see Table 5). We find that the companion
has an orbital period of 4133+2500

−1400 days, a radial velocity

semi-amplitude K of 196+280
−98 , and M sin i equal to 15.5

+28.0
−8.8 MJ.

4.2. AO Companions in Trend Systems
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Fig. 7.— Radial velocity data and best-fit accelerations for fifteen systems with known transiting hot Jupiters and evidence for an outer
companion whose orbit is not fully resolved. The radial velocity signals from the hot Jupiters have been subtracted from the data shown
in this plot. The middle planet in the HAT-P-13 system, which has a complete orbit, is shown separately in Fig. 4 and is also subtracted
from this plot. HIRES measurements are shown as black filled circles and measurements from other telescopes are shown as open purple
squares. Best-fit linear radial velocity accelerations are shown as a blue solid line, with 1σ errors as dashed grey lines. The accelerations
in the HAT-P-17, WASP-8 and WASP-34 systems all exhibit some curvature, and in these cases we over plot the best-fit solution for a
companion with a circular orbit in blue (see Tables 4, 5, and Fulton et al. (2013) for more details on these systems).

Four of our targets with detected radial velocity accel-
erations also host candidate AO-detected companions; in
this section we consider whether such companions could
explain the observed radial velocity trend. For the cases
where estimated spectral types are not available, we esti-
mate the masses of the companions based on their bright-
ness in K band relative to the primary using the same
methods described in §3.3. We convert their projected
separations on the sky to a minimum semi-major axis
using the estimated distances of these systems, and then
compare the estimated masses and minimum separations
to the lower limit on the companion mass at that sep-
aration from the measured radial velocity trend. We
calculate this lower limit using the following expression
(Torres 1999; Liu et al. 2002):

Mcomp = 5.34× 10−6M⊙

(

d

pc

ρ

arcsec

)2

×
∣

∣

∣

∣

v̇

m s−1 yr−1

∣

∣

∣

∣

F (i, e, ω, φ) (1)

where d is the distance to the system, ρ is the projected
separation of the companion on the sky, v̇ is the best-fit
radial velocity trend, and F (i, e, ω, φ) is an equation that
depends on the unknown orbital parameters of the com-
panion. Liu et al. find that this equation has a minimum
value of

√
27/2, which we use in our calculations here.

HAT-P-7 is known to have a common proper motion
companion with a projected separation of 3.′′9 and spec-
tral type of M5.5 (Narita et al. 2012), corresponding to a
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Fig. 8.— “Wright diagrams” showing the probability contours for the companions causing linear radial velocity accelerations. We show
the 1, 2, and 3σ confidence intervals as dotted, dashed, and solid lines, respectively. We exclude HAT-P-11, where the measured trend is
likely due to stellar activity, and HAT-P-10, where there is a directly imaged stellar companion that can explain the trend, from this figure.
We also exclude the companions to HAT-P-17, WASP-8, and WASP-34 from this plot, as these three bodies display enough curvature in
their measured radial velocities to provide strong constraints on their orbits (see Fig. 9. The middle (“c”) companion to HAT-P-13 has a
fully resolved orbit with properties given in Table 3. For all of these systems, we could, in theory, place additional constraints on very high
mass, small separation companions from the lack of detectible lines in the visible-light HIRES spectra, but such companions are already
disfavored by our current data.

mass of approximately 0.2 M⊙. We convert this angular
separation to a physical separation of 1240 AU using the
estimated distance of 320+50

−40 pc from Pál et al. (2008).
At this distance the minimum mass of the companion re-
quired to produce the measured radial velocity trend of
25.4± 1.3 m s−1 yr−1 is 540 M⊙. We therefore conclude
that the observed companion cannot be responsible for
the trend in this system, in agreement with the conclu-
sion of Narita et al. (2012).
Adams et al. (2013) reported the discovery of a can-

didate companion to HAT-P-32 with a projected sepa-
ration of 2.′′9 and a delta magnitude of 3.4 in the Ks

band. If we assume that this is a bound companion
at the same distance as the primary, we find an esti-
mated mass of 0.4 M⊙. We take our distance estimate
of 285± 5 pc from Hartman et al. (2011c), and calculate
a corresponding physical separation of 830 AU for the
companion. We compare this value this to the minimum
mass of 318 M⊙ required to explain the radial velocity
trend slope of −33 ± 10 m s−1 yr−1 at this separation
and conclude that the companion cannot be responsible
for the measured trend in this system.
Queloz et al. (2010) report a common proper motion

companion to WASP-8 with a sky-projected separation
of 4.′′83± 0.′′01 and a relative K magnitude of 2.1 from
2MASS photometry. Assuming a distance of 87 ± 7 pc
(Queloz et al. 2010), we find that this companion has a
physical separation of 390 AU and an estimated mass of
0.5 M⊙. This is much less than the minimum mass of 125
M⊙ needed to explain the radial velocity trend of 58.1+1.2

−1.3

m s−1 yr−1 from Queloz et al. We note that our new
radial velocity data show a downward slope, indicating
that the radial velocity trend reached a maximum in the
past few years; this provides additional support for the
hypothesis that the radial velocity trend is caused by a
third, close-in body in the system.
Our preliminary K band AO imaging also resulted

in the detection of a previously unknown companion
to HAT-P-10 with a sky-projected separation of 0.′′34
and a relative magnitude of 2.4 in the Kp band (Ngo et
al. in prep). Assuming a distance of 122 ± 4 pc from
(Bakos et al. 2009a), we find that this corresponds to
a sky-projected separation of 42 AU and a companion
mass of 0.36 M⊙. This is easily consistent with the min-
imum mass of 0.12 M⊙ needed to explain the measured
radial velocity trend of −5.1± 1.4 m s−1 yr−1; we there-
fore conclude that HAT-P-10 is the only system where
an AO companion might explain the presence of the ra-
dial velocity trend, and we exclude this system from our
subsequent analysis of the frequency of substellar com-
panions in §4.4.

4.3. Constraints on Companion Properties

We next simulate RV observations of each of our stars
to determine what constraints we may place on the prop-
erties of the companions responsible for the observed ra-
dial velocity accelerations. We refer to these plots as
“Wright diagrams” Wright et al. (2007). For each star,
we develop a logarithmically spaced 50× 50 grid of pos-
sible companion masses and semi-major axes spanning
the range 0.2MJ < m sin i < 500MJ and 1AU < a <
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Fig. 9.— “Wright diagrams” showing the probability contours for the three companions causing curved radial velocity accelerations. We
show the 1, 2, and 3σ confidence intervals as dotted, dashed, and solid lines, respectively.

75AU. At each mass and semi-major axis, we inject a
simulated planet with a fixed eccentricity and determine
the orbital parameters which allow for the best fit to
the RV observations. We calculate a χ2 value at each
grid point for each eccentricity simulated, assuming our
RV uncertainties (calculated as the quadrature sum of
the reported errors and the best-fit jitter value) are ran-
dom, uncorrelated, and Gaussian. We convert these like-
lihood values to a normalized probability, then marginal-
ize over eccentricity. Here, we assume the long-period gi-
ant planet eccentricity distribution is well-replicated by
the beta distribution (Kipping 2013):

Pβ(e; a, b) =
Γ(a+ b)

Γ(a)Γ(b)
ea−1(1 − e)b−1 (2)

where Pβ is the probability of a given eccentricity, Γ
is a Gamma function, and a and b are constants that
are fitted to the known population of long-period giant
planets (a = 1.12 and b = 3.09 here).
If the trend is truly linear, we would not expect to

break the degeneracy between the companion mass and
semi-major axis, as the two are degenerate. For a given
trend, the mass of a companion is proportional to the
square of the companion’s semi-major axis. In these
cases, from the RV observations alone we can only place
a lower limit on the mass and separation of a compan-
ion, as the orbit must be significantly longer than the
RV baseline in order to produce a strictly linear trend.
We place an outer limit on the companion’s orbit using
the contrast curves derived from our K-band AO imag-
ing described in §3.3, by injecting and “imaging” arti-
ficial companions in the same manner as described by
Montet et al. (2013).
A non-detection does not necessarily imply that the

star does not host a giant companion; the companion
may simply be too small or distant to induce a detectable
RV acceleration. We can determine the likelihood of
detecting a companion as a function of mass and semi-
major axis. To accomplish this, we simulate planets over
the grid described previously. For all stars, we inject 1000
planets at each mass and semi-major axis included in our
grid. We randomly assign all other parameters following

the distributions described above. We then “observe”
each star by integrating the companion’s orbit and calcu-
lating the magnitude of the RV signal at the times of our
RV observations. Each velocity is then perturbed from
the expected value by a normal variate with zero mean
and standard deviation σ equal to the RV uncertainty.
If the best-fit to the RV acceleration is 3σ different from
zero, we consider this companion to be detected.
The end result of this analysis is a map (the Wright di-

agram) showing either the range of companions in mass
versus semi-major axis space that are consistent with the
measured radial velocity acceleration, or a map show-
ing the region of this space where companions are ex-
cluded by the current measurements (Fig. 8). Although
we also presented separate two-planet fits for the HAT-
P-13, HAT-P-17 (see Fulton et al. 2013), WASP-8, and
WASP-34 systems, in the case of the latter two systems
we assumed that the outer companion had a circular
orbit in order to avoid degeneracies between the com-
panion’s eccentricity, mass, and semi-major axis in our
fits. Our new maps (Fig. 9) allow these partially resolved
companions to have a non-zero orbital eccentricity, allow-
ing for a broader range of orbital solutions. We do not
calculate a map for the middle (“c”) companion in the
HAT-P-13 system, as this planet has a fully resolved or-
bit with well-constrained properties listed in Table 3. We
list the constraints on each companion from this analysis
in Table 6.

4.4. The Distribution of Wide Companions

We have determined the parameter space in mass and
semi-major axis where a companion could reside for each
of our fifteen systems exhibiting RV accelerations corre-
sponding to companions whose orbits are not yet fully
resolved. We can combine this information to determine
the most likely underlying giant companion distribution
for systems hosting hot Jupiters.
We assume giant planets are distributed in planet mass

and semi-major axis subject to the double power law

f(m, a) = Cmαaβd lnmd ln a. (3)

The likelihood of the data for a star with an RV trend
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TABLE 6
1σ Constraints on Companion Properties for
Systems with Detected RV Accelerationsa

Companion Mc sin i (MJup) a (AU) Ref.d

HAT-P-2c 8− 150 4− 24 1,2
HAT-P-4c 1.5− 310 5− 55 2,3,4
HAT-P-7c 9− 500 7− 35 5,6
HAT-P-13cb 14.23− 15.18 1.24− 1.28 2,7,8
HAT-P-13d 15 − 200 12− 37 2,7,8
HAT-P-17cc 2.8− 3.7 4.7− 8.3 2,9
HAT-P-20c 0.45− 3.4d 2.1− 9.0 2,10
HAT-P-22c 0.6− 125 2.3− 21 2,10
HAT-P-29c 1− 500 2− 20 2,11
HAT-P-32c 5− 500 3.5− 21 12
WASP-8c 7.7− 21.0 4.5− 9.3 2,13,14
WASP-10c 4− 100 6− 30 2,13,14
WASP-22c 7− 500 6− 40 15
WASP-34c 4− 53 2− 6 16
XO-2c 0.7− 11 3− 13 2,17

a We exclude HAT-P-10 from this list, as the radial
velocity trend in this system may be due to a distant
directly imaged low-mass stellar companion (see §4.2).
The trend in the HAT-P-11 system is likely the result of
stellar activity, and is not included here either.
b This planet is the only companion with a fully resolved
orbit, and its parameters are taken directly from the fit
presented in Table 3.
c Also see Fulton et al. (2013).
d The 2σ contours for this planet extend to considerably
higher masses.
d REFERENCES FOR STELLAR PROPERTIES -
(1) Pál et al. (2010); (2) Torres et al. (2012); (3)
Kovács et al. (2007); (4) Winn et al. (2011); (5)
Pál et al. (2008); (6) Van Eyken et al. (2012); (7)
Bakos et al. (2009b); (8) Southworth et al. (2012a); (9)
Howard et al. (2012); (10) Bakos et al. (2011); (11)
Buchhave et al. (2011); (12) Hartman et al. (2011c);
(13) Christian et al. (2009); (14) Johnson et al. (2009b);
(15) Anderson et al. (2011); (16) Smalley et al. (2011);
(17) Burke et al. (2007)

detection is

Li =

∫

d lnm

∫

d ln a f(m, a) pi(m, a), (4)

where pi(m, a) is the probability of a planet at mass
m and orbital semi-major axis a, as calculated using
the technique of the previous section. For HAT-P-13c
we have a well constrained orbit, and we approximate
pi(m, a) ≈ δ(mi, ai). In this case, the likelihood of the
data is simply Li = f(mi, ai).
For a non-detection, we are able to rule out high-mass,

close-in companions, subject to our detectability simula-
tions (D(m, a)) of the previous section. Since it remains
possible that the star has a companion below our de-
tectability limit, the likelihood of the data given a non-
detection is

Li = 1−
∫

d lnmd ln aDi(m, a) f(m, a) (5)

Therefore, the total likelihood for a system of Nd detec-
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Fig. 10.— Covariance plots showing the likelihood of any two
parameters C, α, and β given data d for the full set of fifty one
systems. X marks on the plot correspond to the values of the
parameters which correspond to the maximum likelihood value of
L.

tions around N stars is

L =

Nd
∏

i=1

(
∫

d lnm

∫

d ln a f(m, a) pi(m, a)

)

×
N−Nd
∏

j=1

(

1−
∫

d lnmd ln aDj(m, a) f(m, a)

)

.

(6)

We then vary α, β, and our normalization factor C
to maximize L. This is similar to the approach taken
by Cumming et al. (2008), although with their well-
characterized planets, pi was approximated by these au-
thors as a δ function. Here, we can only assume a δ
function in mass and semi-major axis for the few sys-
tems with well-characterized orbits. This approach is
also functionally identical to injecting artificial planets
following some distribution and matching the observed
distribution to the simulated planets, in the limit as the
number of injected planets approaches infinity. We cal-
culate constraints on C, α, and β using our likelihood
function described above and the emcee package devel-
oped by Foreman-Mackey (2013). The distribution of
acceptable values of C, α, and β are shown in Fig. 10
and listed in Table 7. An estimated value of the planet
occurrence rate can be found by integrating f over a do-
main of interest. If we take a range of 1−13MJup in mass
and 1−20 AU in orbital semi-major axes, we find a total
occurrence rate of 55+11

−10% for our sample. This suggests

that there may be an additional 13+5
−6 companions in this

range that were missed by our observations. If we con-
sider a smaller range of 1 − 10 AU with the same mass
range, the total occurrence rate is 30% ± 6%, which is
lower than in our previous example but also more tightly
constrained. Finally, if we consider a broader range of
0.2 − 13 MJup and 1 − 20 AU we estimate a higher oc-

currence rate of 60+13
−11% with modestly increased uncer-

tainties. One caveat to these integrated occurrence rates
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TABLE 7
Maximally Likely Values for Distribution Parametrs.a

Parameter Max L 1σ 2σ 3σ

All Targets
C 8.0× 10−4 [1.4× 10−3,0.017] [2.3× 10−4, 0.040] [3.6× 10−5, 0.07]
α 1.7 [0.4, 1.5] [0.0, 2.3] [-0.3, 3.1]
β 0.9 [0.3, 1.0] [-0.1, 1.0] [-0.4, 1.8]

“Misaligned”b

C 1.4× 10−3 [2.6× 10−3,0.030] [4.6× 10−4, 0.071] [7.3× 10−5, 0.14]
α 1.8 [0.5, 1.6] [0.1, 2.4] [-0.3, 3.3]
β 0.6 [-0.1, 0.7] [-0.6, 1.1] [-1.0, 1.6]

“Control”b

C 3.4× 10−6 [3.5× 10−4,0.055] [1.1× 10−6 ,0.13] [8.6× 10−8,0.27]
α 3.5 [-0.6,1.4] [-1.1,4.0] [-1.5,5.4]
β 1.6 [0.0,1.5] [-0.6,2.4] [-1.3,3.5]

a C is a normalization factor which depends on the total giant planet occurrence rate, α is
the power law exponent for frequency as a function of mass, and β is the power law exponent
for frequency as a function of semi-major axis. Because some distributions are significantly
skewed, the maximum likelihood value is not included inside the 1σ confidence interval for
all parameters.
b See Table 8 for a list of the systems included in the “Misaligned” and “Control” samples,
and §4.4 for a description of how the two samples were devised.

is that our choice of a power law distribution may not
remain accurate from Saturn mass objects all the way
up to the deuterium burning limit. We chose this for-
malism and domain in order to facilitate comparison to
previous analyses of planet occurrence rates, which have
often made the same assumptions.
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Fig. 11.— Expected number of detected RV accelerations, assum-
ing our full sample of fifty-one stars is represented by the planet dis-
tribution function as calculated from the full sample (solid black),
the “misaligned” sub-sample (red dashed) or “control” sub-sample
(blue dot-dashed). The two sub-samples are consistent to within
1σ, and we therefore conclude that there is no evidence to suggest
that they are drawn from different populations.

We compare our “misaligned” sub-sample, which con-
tains planets with misaligned and/or eccentric orbits, to
our “control” sub-sample of well-aligned planets on cir-
cular orbits. We find that the companion occurrence

rates in the two sub-samples are consistent within the
uncertainties, suggesting that the spin-orbit alignments
of hot Jupiters are not affected by the presence of these
massive companions. All well-characterized outer plan-
ets exist in our misaligned sub-sample, so it is perhaps
not surprising that the companion distribution parame-
ters are better constrained in this sub-sample than in the
control sub-sample. We investigate the consistency of
the two samples by calculating the number of RV trends
we would expect to observe if the giant planets in both
samples were represented by the underlying planet distri-
bution of the “misaligned” sub-sample. For each value of
C, α, and β, we calculate the number of trends we would
expect to observe, given the assumed underlying planet
population and our calculated ability to detect compan-
ions around each star as a function of companion mass
and semimajor axis. We then weight each value accord-
ing to the relative likelihood of that particular choice of
parameters. In the full sample, we would expect to detect
16.3 ± 2.8 third companions based on our planet distri-
bution function (Fig. 11). If the full sample of stars is
described by the parameterizations of the “misaligned”
(or “control”) sub-sample, then we would expect to de-
tect 18.3± 3.5 (14.2± 3.2) companions, consistent with
each other and with the main sample. Thus, there is
no evidence to suggest these two sub-samples are drawn
from different populations.
We also plotted histograms of the distribution of stel-

lar masses and metallicities for systems with and without
long-period companions (see Fig. 12). Although there is
no obvious correlation with stellar mass, companions do
appear to occur preferentially in systems with metal-rich
stars. It is worth noting that HAT-P-13 is the most
metal-rich star in our sample ([Fe/H]= +0.46 ± 0.07;
Torres et al. 2012). and the only system where there is
evidence for two outer companions to the transiting hot
Jupiter.

4.5. The Multiplicity Rate of Hot Jupiters As Compared
to Other Planet Populations
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We next consider how the multiplicity rate C for our
hot Jupiter sample compares to those of planetary sys-
tems detected by the Kepler transit survey and by ra-
dial velocity surveys, where we define multiplicity as
the fraction of planetary systems containing more than
one planet. Batalha et al. (2013) report the detection of
369 systems with multiple transiting planet candidates
out of a total of 1797 stars with at least one transit-
ing planet candidate. This corresponds to a multiplic-
ity rate of approximately 21% for the Kepler sample.
Tremaine & Dong (2012) perform a more detailed sta-
tistical analysis of the Kepler planet sample and find a
multiplicity rate ranging between 20%− 50% depending
on the distribution of mutual inclinations assumed in the
calculation. Although both of these numbers are broadly
consistent with our multiplicity rate for hot Jupiters,
we note that the characteristics of the Kepler multi-
planet systems are dramatically different than in our
sample. Our systems consist of a short-period, Jupiter
mass planet with another massive companion on a very
long period (typically several years or more) orbit. In
contrast to hot Jupiters, the Kepler multi-planet sys-
tems typically consist of tightly-packed sets of low-mass
(smaller than Neptune) planets on orbits less than 100
days (e.g., Latham et al. 2011, Fabrycky et al. 2012,
Steffen et al. 2013). Steffen et al. (2012) used the Ke-
pler data set to demonstrate that hot Jupiters are no-
tably lacking in nearby, low-mass companions. For the
majority of the Kepler systems, the frequency of mas-
sive long-period companions is unknown; these planets
are unlikely to transit and radial velocity follow-up is
challenging for most Kepler targets.
The sample of radial velocity planets provides a bet-

ter basis for comparison, as it includes many sys-
tems with long-term radial velocity monitoring capa-
ble of detecting massive companions on long-period or-
bits (e.g., Fischer et al. 2001; Wright et al. 2007, 2009).
Tremaine & Dong (2012) find a total of 162 single-planet
systems and 33 multi-planet systems detected orbiting
FGK dwarf stars as of August 2010. This corresponds to
a multiplicity fraction of 17%±3%, but this number only
includes planets with fully resolved orbits. Wright et al.
(2009) carry out a similar analysis including radial ve-
locity accelerations, where they exclude accelerations in
systems where there is a known stellar companion. They
find that 14% of the 205 planetary systems known at
the time have multiple confirmed planets, with another
14% showing evidence for an additional distant compan-
ion. They also note that this number is most likely an
underestimate, as the occurrence rates for planets in-
crease sharply towards smaller masses and radii (e.g.,
Howard et al. 2010; Petigura et al. 2013) where their sur-
vey has a high level of incompleteness. Our survey has
a similar lack of sensitivity to very small, distant plan-
ets, and we find evidence for at least one companion
around 27% of our target stars. Even after accounting
for planets we might have missed, our multiplicity rate
of 55+11

−10% for large companions in hot Jupiter systems
is still in reasonably good agreement with their result.
Wright et al. (2009) also note that the observed excess
of giant planets at short orbital periods (the “three-day
pile-up”) disappears for multi-planet systems, indicating
that nearby gas giant companions are rare in systems

with hot Jupiters. Our results support this finding, as
there is no evidence for any gas giant companions interior
to 1 AU for the systems in our survey.
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Fig. 12.— Histogram of the stellar masses (upper panel) and
metallicities (lower panel) for objects in our sample with (red
dashed line) and without (black solid line) long-period radial ve-
locity companions. Values for individual systems and associated
references are given in Table 12.

5. CONCLUSIONS

We combine K band AO imaging and long-term radial
velocity monitoring to place constraints on the presence
of distant, massive companions to a sample of 51 tran-
siting hot Jupiters. We find evidence for fifteen compan-
ions in fourteen systems, including new detections in six
systems: HAT-P-20, HAT-P-22, HAT-P-29, HAT-P-32,
WASP-10, and XO-2. Although we detect a radial ve-
locity trend in the HAT-P-10 system, we conclude that
it is likely due to a directly imaged stellar companion at
larger separations and therefore exclude it from our sub-
sequent analysis. We also detect a trend in the HAT-P-11
system that is well-correlated with the Ca II H & K emis-
sion line strength, suggesting that it is likely the result
of stellar activity and not a long-period companion. We
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find no evidence for companions in three systems with
previously reported radial velocity trends, including: GJ
436, HAT-P-31, and HAT-P-34.
For the systems with radial velocity accelerations con-

sistent with the presence of a long-period companion,
we place upper limits on the mass and period of the
companion using K band AO images. One companion
(HAT-P-13c) has a fully resolved orbit, while three addi-
tional companions (HAT-P-17c, WASP-8c, and WASP-
34c) display noticeable curvature in their radial veloc-
ity accelerations. For the remaining systems, the linear-
ity of the trend places a lower limit on the mass and
semi-major axis of the companion’s orbit. Combining
these two constraints, we find that the companions in
these systems typically have masses constrained to lie
between 1 − 500 MJup and orbital semi-major axes be-
tween 1 − 75 AU. A significant majority of these com-
panions are constrained to have minimum masses that
are larger than those of the transiting hot Jupiters in
these systems. The companions in our sample appear
to occur preferentially in the systems with metal-rich
host stars, in agreement with the overall correlation
between stellar metallicity and giant planet occurrence
(Fischer & Valenti 2005; Wang & Fischer 2013).
We estimate a total occurrence rate of 55+11

−10% for
companions with masses between 1 − 13 MJup and or-
bital semi-major axes between 1 − 20 AU in our sam-
ple. We find no statistically significant difference be-
tween the frequency of companions in hot Jupiter sys-
tems with misaligned or eccentric orbits and those with
well-aligned, circular orbits. This is still consistent with
the hypothesis that spin-orbit misalignments are the re-
sult of dynamical interactions with a distant outer com-
panion, as Albrecht et al. (2012b) have proposed that
all hot Jupiters are initially misaligned and that stellar
tides bring a subset of the sample back into alignment.
In this case we would expect companions to be common
in all hot Jupiter systems, regardless of their present-day
orbital alignment. We also find that the companions in
our sample appear to occur preferentially in systems with
metal-rich host stars, in agreement with the overall corre-
lation between stellar metallicity and giant planet occur-
rence (Fischer & Valenti 2005; Wang & Fischer 2013).
The total companion frequency in our sample is com-

parable to the multiplicity rates from the Kepler mission
and from radial velocity surveys. However, the compact,
low-mass multi-planet systems detected by Kepler can
have up to five sub-Neptune-sized planets with orbital
periods less than fifty days. In contrast to these sys-
tems, the companions we find in our sample all have pe-
riods of a year or longer and masses that are invariably
larger than those of the inner transiting hot Jupiters.
HAT-P-13 is particularly noteworthy in our sample as
the only system with two massive outer companions, re-
sulting in potentially interesting dynamical interactions
(e.g., Batygin et al. 2009; Becker & Batygin 2013). This
star is also the most metal-rich target in our sample
([Fe/H]= +0.46 ± 0.07), providing additional support
for our conclusion that companions are found more fre-
quently in systems with metal-rich stars.
We note that the presence of distant massive

stellar companions, such as those around HAT-P-
7 (Narita et al. 2012), HAT-P-10 (Ngo et al. in

prep), HAT-P-32 (Adams et al. 2013), and WASP-8
(Queloz et al. 2010), may also play an important role in
driving the dynamical evolution of these systems. In the
case of HAT-P-7, HAT-P-32, and WASP-8, the directly
imaged stellar companion is too distant to explain the
measured radial velocity trend, indicating that these hot
Jupiters have not one but two massive outer companions.
In our next paper we will present the results of a com-
prehensive AO survey of all 51 systems in our sample,
which will allow us to evaluate the frequency of stellar
companions on wide-separation orbits beyond approxi-
mately 50 AU This comprehensive study will complete
our picture of these systems and provide an invaluable
test of competing theories for the underlying cause of hot
Jupiter migration and spin orbit misalignments.
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TABLE 8
Results from Radial Velocity Fits

Planet e ω⋆ e cosω⋆ e sinω⋆ K γ̇ jitter Mp Spin-Orbit λ Sampleb Ref.a

(degrees) (m s−1) (m s−1day−1) (m s−1) MJup (degrees)

GJ436b 0.1488 +0.015
−0.0095 351.2 +4.8

−4.1 0.147 +0.013
−0.0081 -0.023 +0.013

−0.014 17.04 ±0.54 -0.00138 ±0.00062 3.74 +0.32
−0.29 0.0676 ±0.0025 Misaligned 1

HD149026b 0.0027 +0.016
−0.0023 9.1 +350.0

−7.5 0.0027 +0.016
−0.0023 1e-05 +0.002

−0.00012 37.7 ±1.2 -0.00101 +0.00083
−0.00084 5.08 +0.7

−0.59 0.323 +0.012
−0.011 12± 7 Control 2,3

HAT-P-2b 0.50823 +0.00094
−0.0008 355.53 +0.8

−0.78 0.50669 +0.00042
−0.00039 -0.0396 +0.0071

−0.007 931 ±12 -0.0928 +0.007
−0.0073 32.4 +4.6

−3.7 8.63 +0.21
−0.2 9± 10 Misaligned 3,4

HAT-P-4b 0.0037 +0.016
−0.0029 167 +102

−76 0.0037 +0.016
−0.0029 1e-06 +0.001

−0.00066 76.7 ±3.2 0.0219 +0.0037
−0.0036 9.9 +2.0

−1.5 0.638 +0.044
−0.043 −4.9± 11.9 Control 1,5

HAT-P-6b 0.027 +0.023
−0.022 93 +27

−2 0.026 ±0.022 0.0043 +0.0065
−0.0042 121.1 +2.5

−2.4 0.005 ±0.002 6.5 +2.0
−1.7 1.11 ±0.041 165± 6 Misaligned 1,3

HAT-P-7b 0.0054 +0.0071
−0.0032 207 +52

−90 0.0054 +0.0071
−0.0032 -5e-05 +0.00034

−0.00096 214.2 ±2.5 0.0647 +0.0039
−0.0041 12.8 +1.7

−1.4 1.697 ±0.027 155± 37 Misaligned 3,6

HAT-P-8b 0.0024 +0.011
−0.0019 8 +350

−7 0.0024 +0.011
−0.0019 3e-06 +0.00073

−0.00021 161.7 +3.8
−4.0 -0.0006 +0.0038

−0.004 9.0 +3.0
−2.2 1.298 ±0.062 −17+9.2

−11.5 Control 7,8

HAT-P-10b 0.028 +0.029
−0.019 149 +101

−56 0.027 +0.029
−0.019 0.0009 +0.0074

−0.0024 76.1 ±2.9 -0.0138 +0.0039
−0.0037 6.5 +2.4

−1.6 0.512 ±0.023 Control 9

HAT-P-11b 0.246 +0.052
−0.051 5.7 +9.8

−11.0 0.242 +0.048
−0.05 0.023 +0.047

−0.042 10.7 ±1.1 0.0111 ±0.0015 6.2 +0.58
−0.5 0.0748 +0.0079

−0.0081 103+26
−10 Misaligned 10,11

HAT-P-12b 0.026 +0.026
−0.018 99 +224

−65 0.026 +0.026
−0.018 0.0004 +0.0066

−0.0028 35.4 ±1.6 -0.0005 +0.0018
−0.0019 4.26 +1.1

−0.91 0.21 ±0.01 Control 12

HAT-P-13b 0.0144 +0.0046
−0.0043 186.5 +34.8

−31.7 0.0144 +0.0046
−0.0043 -0.00014 +0.00086

−0.00095 105.9 +0.77
−0.79 0.0513 ±0.0016 4.44 +0.55

−0.47 0.902 ±0.029 1.9± 8.6 Misaligned 13

HAT-P-14b 0.116 +0.014
−0.016 98.8 +5.5

−5.0 0.11 +0.013
−0.014 0.0384 ±0.0074 222.5 ±3.6 -0.0137 +0.0064

−0.0063 9.0 +3.1
−2.1 2.301 +0.069

−0.07 −170.9± 5.1 Misaligned 14,15

HAT-P-15b 0.204 +0.025
−0.026 262.9 +2.3

−2.4 0.184 +0.02
−0.021 -0.088 ±0.016 187.5 +5.2

−5.3 0.0154 ±0.0063 17.1 +3.0
−2.4 2.016 +0.081

−0.08 Misaligned 16

HAT-P-16b 0.0419 +0.011
−0.0081 214 +15

−23 0.0417 +0.01
−0.0079 -0.0045 +0.0034

−0.004 534.6 +6.6
−6.1 0.005 ±0.011 11.2 +6.1

−3.6 4.22 ±0.11 −10± 16 Control 8,17

HAT-P-17b 0.3405 +0.004
−0.0039 201.5 ±1.6 0.3329 ±0.0034 -0.0713 +0.0059

−0.0057 58.98 +0.75
−0.73 -0.0045 +0.0091

−0.01 1.5 ±0.45 0.536 ±0.018 19+14
−16 Misaligned 18,19

HAT-P-18b 0.115 +0.16
−0.082 122 +136

−58 0.111 +0.13
−0.078 0.011 +0.1

−0.021 25.1 +4.7
−4.3 -0.0004 +0.0077

−0.0075 17.3 +2.8
−2.2 0.18 +0.032

−0.031 Control 20

HAT-P-20b 0.021 ±0.002 314.3 +5.2
−3.7 0.02 ±0.002 -0.00211 +0.00043

−0.00042 1246.9 ±2.5 -0.019 +0.004
−0.0038 5.4 +2.3

−1.6 7.25 ±0.18 Misaligned 21

HAT-P-22b 0.0078 +0.01
−0.0056 105 +184

−47 0.0077 +0.01
−0.0056 0.00026 +0.0019

−0.00038 314.4 ±3.3 -0.0162 +0.0051
−0.0054 9.9 +2.4

−1.8 2.15 ±0.06 Control 21

HAT-P-24b 0.033 +0.026
−0.022 180 +69

−62 0.033 +0.026
−0.021 1e-07 +0.0057

−0.0051 86.4 ±3.6 -0.0098 +0.0071
−0.0074 10.7 +3.2

−2.6 0.715 +0.035
−0.034 20± 16 Control 3,22

HAT-P-26b 0.139 +0.12
−0.084 71 +240

−38 0.134 +0.1
−0.079 0.023 +0.089

−0.029 9 ±1 0.002 ±0.002 3.07 +0.78
−0.66 0.0588 +0.0074

−0.0072 Control 23

HAT-P-29b 0.062 +0.045
−0.037 207 +42

−63 0.061 +0.042
−0.036 -0.0033 +0.0076

−0.019 77.9 +4.8
−4.9 0.055 ±0.013 11.0 +4.4

−2.9 0.775 ±0.052 Control 24

HAT-P-30b 0.019 +0.022
−0.013 199 +94

−129 0.019 +0.022
−0.013 0.0001 +0.0046

−0.0022 89.8 +2.6
−2.8 0.011 +0.0068

−0.0067 7.6 +1.9
−1.3 0.724 +0.027

−0.028 73.5± 9.0 Misaligned 25

HAT-P-31b 0.2419 +0.0096
−0.0098 276.3 ±1.8 0.2136 +0.0073

−0.0075 -0.1135 +0.0066
−0.0067 231.6 +2.5

−2.6 0.0053 +0.0072
−0.0071 6.5 +1.7

−1.3 2.161 +0.086
−0.087 Misaligned 26

HAT-P-32b 0.19 +0.18
−0.13 80 +71

−27 0.18 +0.14
−0.12 0.058 +0.13

−0.059 112 +21
−20 -0.096 +0.022

−0.023 63.5 +11.0
−9.1 0.76 +0.13

−0.14 85± 1.5 Misaligned 3,27

HAT-P-33b 0.134 +0.18
−0.094 107 +200

−62 0.129 +0.15
−0.089 0.017 +0.12

−0.028 70 ±15 -0.023 +0.023
−0.022 52.4 +9.7

−7.3 0.63 ±0.14 Control 27

HAT-P-34b 0.41 +0.029
−0.027 21.0 +8.4

−7.9 0.405 ±0.027 0.062 +0.034
−0.033 368 ±25 0.078 +0.057

−0.054 53 +16
−11 3.63 ±0.26 0± 14 Misaligned 3,28

TrES-2b 0.004 +0.017
−0.003 90 +213

−30 0.004 +0.017
−0.003 1e-05 +0.0014

−0.0005 179.7 +6.0
−5.9 -0.0041 +0.0063

−0.0062 18.2 +4.2
−3.1 1.153 ±0.056 −9± 12 Control 1,29

TrES-3b 0.17 +0.033
−0.031 271 +6

−19 0.156 ±0.027 -0.068 +0.018
−0.02 312 ±12 0.078 +0.052

−0.054 103 +55
−29 1.588 +0.082

−0.081 Control 30

TrES-4b 0.013 +0.069
−0.011 91 +190

−13 0.013 +0.066
−0.011 0.00023 +0.02

−0.00085 92.2 +9.4
−9.3 0.021 ±0.014 20.5 +10.0

−6.2 0.844 +0.095
−0.091 6.3± 4.7 Control 31,32

WASP-1b 0.0081 +0.026
−0.0071 93 +178

−10 0.008 +0.025
−0.007 0.00055 +0.0057

−0.00057 119.6 +3.2
−3.3 0.0027 +0.0059

−0.0058 8.7 +2.9
−2.4 0.79 ±0.033 −59± 99 Control 33,34

WASP-2b 0.0052 +0.0087
−0.0043 253 +30

−163 0.0052 +0.0087
−0.0042 -0.00035 +0.00035

−0.0013 156.7 ±1.2 0.0068 +0.0088
−0.0087 2.67 +0.72

−0.58 0.918 +0.027
−0.028 153+11

−15 Misaligned 35

WASP-3b 0.0067 +0.016
−0.0053 108 +177

−33 0.0066 +0.016
−0.0053 0.00041 +0.0031

−0.00042 284.0 +5.8
−6.0 -0.0128 +0.009

−0.0084 15.5 +4.6
−3.7 1.943 +0.041

−0.042 3.32.5
−4.4 Control 36,37

WASP-4b 0.0033 +0.0075
−0.0024 266 +24

−180 0.0033 +0.0074
−0.0024 -7e-05 +0.00011

−0.00099 234.6 ±2.2 -0.01 +0.0053
−0.0054 1.92 +0.29

−0.24 1.159 +0.062
−0.064 −1+14

−12 Control 35,38

WASP-7b 0.035 +0.047
−0.025 126 +167

−68 0.035 +0.044
−0.025 0.0016 +0.017

−0.0037 111.3 +7.4
−7.5 0.033 +0.04

−0.042 34.5 +4.2
−3.7 1.131 +0.093

−0.09 86± 8 Misaligned 3, 39

WASP-8b 0.3044 ±0.0039 274.5 ±0.9 0.2594 +0.0027
−0.0028 -0.1591 +0.0029

−0.003 221.1 ±1.1 ≡ 0.0 ±0.0b 2.9 +0.39
−0.34 2.14 ±0.11 −123+3.4

−4.4 Misaligned 40

WASP-10b 0.0472 +0.0035
−0.003 141.0 +4.9

−4.1 0.0472 +0.0034
−0.003 0.0025 +0.0019

−0.0017 568.9 +7.0
−6.9 -0.048 ±0.013 5.4 +1.9

−1.3 3.36 ±0.11 Misaligned 41

WASP-12b 0.028 +0.013
−0.014 273.5 +4.2

−1.8 0.027 +0.013
−0.014 -0.0046 +0.003

−0.0037 221.2 ±2.9 0.0004 +0.0096
−0.0095 16.7 +2.6

−2.2 1.4 ±0.13 59+15
−20 Misaligned 3,42

WASP-14b 0.0823 +0.003
−0.0029 251.63 ±0.71 0.0793 ±0.0027 -0.0221 +0.0012

−0.0013 987.1 ±1.8 0.006 ±0.004 5.71 +1.1
−0.92 7.78 +0.45

−0.47 −33.1± 7.4 Misaligned 43,44

WASP-15b 0.039 +0.042
−0.027 149 +128

−75 0.038 +0.04
−0.027 -0.0001 +0.0086

−0.01 61.7 +4.7
−4.8 0.052 +0.047

−0.044 4.4 +2.5
−2.4 0.577 +0.045

−0.044 −139.64.3
−4.2 Misaligned 35

WASP-16b 0.015 +0.013
−0.01 97 +50

−19 0.015 +0.012
−0.01 0.0016 +0.0028

−0.0016 118.9 ±1.6 0.0056 +0.0073
−0.0072 2.38 +0.58

−0.59 0.846 ±0.033 11+26
−19 Control 3,45

a
The misaligned sample consists of planets with either eccentric or misaligned orbits, the control sample contains planets that appear to have circular and/or well-aligned orbits.

b
Because the acceleration in the WASP-8 system has some curvature, we fit it with a two-planet solution where the linear trend slope term is fixed to zero (see Table 4 for the full solution).
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TABLE 9
Results from Radial Velocity Fits Continued

Planet e ω⋆ e cos ω⋆ e sinω⋆ K γ̇ jitter Mp Spin-Orbit λ Sampleb Ref.a

(degrees) (m s−1) (m s−1day−1) (m s−1) MJup (degrees)

WASP-17b 0.056 +0.07
−0.039 180 +129

−130 0.054 +0.065
−0.038 2e-07 +0.018

−0.019 56.0 ±5.4 -0.014 +0.028
−0.029 20.1 +4.7

−4.0 0.504 ±0.053 −148.7+7.7
−6.7 Misaligned 35,46

WASP-18b 0.0067 +0.0026
−0.0029 261.2 +5.6

−8.0 0.0067 +0.0026
−0.0028 -0.00054 +0.00031

−0.00035 1816.6 +6.1
−6.6 -0.003 +0.0075

−0.0076 5.2 +2.6
−1.9 10.47 +0.48

−0.5 13± 7 Control 3,35

WASP-19b 0.0025 +0.0099
−0.002 261 +14

−172 0.0025 +0.0098
−0.002 -2.8e-05 +7.4e−05

−0.0013 253.8 ±3.4 0.065 ±0.034 17.8 +3.3
−2.7 1.122 ±0.036 1.0± 1.2 Control 47,48

WASP-22b 0.0096 +0.012
−0.0068 149 +139

−85 0.0095 +0.012
−0.0067 5e-05 +0.0018

−0.00082 70.8 ±1.5 0.0714 +0.0095
−0.009 6.7 +1.6

−1.4 0.568 ±0.015 22± 16 Control 49,50

WASP-24b 0.0035 +0.013
−0.0027 120 +172

−52 0.0035 +0.013
−0.0027 5e-05 +0.002

−0.00012 152.1 +3.1
−3.2 -0.061 +0.052

−0.051 3.63 +0.9
−0.79 1.119 ±0.029 −4.7± 4 Control 7,33

WASP-34b 0.0121 +0.019
−0.0087 295 +37

−246 0.0121 +0.019
−0.0086 -0.00019 +0.00095

−0.0039 71.7 ±1.8 ≡ 0.0 ±0.0b 3.29 +0.74
−0.63 0.588 +0.033

−0.032 Control 51

WASP-38b 0.033 +0.01
−0.009 61 +23

−27 0.0329 +0.01
−0.0089 0.0012 +0.0038

−0.0028 252.1 ±4.3 -0.077 ±0.058 11.9 +2.5
−2.0 2.705 ±0.075 7.5+4.7

−6.1 Control 52

XO-2b 0.044 +0.036
−0.035 266 +9

−24 0.043 ±0.034 -0.0092 +0.0089
−0.013 93.2 +2.2

−2.1 0.0141 +0.004
−0.0038 8.9 +2.6

−1.9 0.623 ±0.017 10± 72 Control 1,53

XO-3b 0.2817 +0.0056
−0.0055 343.4 +2.8

−2.4 0.2784 ±0.0049 -0.0424 +0.0073
−0.007 1449 +21

−20 -0.046 +0.028
−0.026 47 +15

−11 11.67 ±0.46 37.3± 3.0 Misaligned 54,55

XO-4b 0.0026 +0.013
−0.0022 260 +20

−177 0.0026 +0.013
−0.0022 -4e-06 +0.0002

−0.0012 163.9 +4.5
−4.4 0.009 +0.011

−0.01 7.4 +2.5
−1.9 1.556 +0.046

−0.044 −46.7± 8.1 Misaligned 56

XO-5b 0.0126 +0.015
−0.0088 187 +90

−96 0.0126 +0.015
−0.0088 -1e-05 +0.0015

−0.0018 144.3 +2.8
−2.9 0.004 +0.003

−0.0029 10.6 +2.3
−1.7 1.052 ±0.032 Control 57

a
The misaligned sample consists of planets with either eccentric or misaligned orbits, the control sample contains planets that appear to have circular and/or well-aligned orbits.

b
Because the acceleration in the WASP-34 system has some curvature, we fit it with a two-planet solution where the linear trend slope term is fixed to zero (see Table 5 for the full solution).

c
REFERENCES FOR ORBITAL INCLINATIONS AND SPIN-ORBIT ANGLES - (1) Torres et al. (2008); (2) Carter et al. (2009); (3) Albrecht et al. (2012b); (4) Pál et al. (2010); (5) Winn et al. (2011); (6) Winn et al.

(2009b); (7) Simpson et al. (2011); (8) Moutou et al. (2011); (9) West et al. (2009b); (10) Bakos et al. (2010); (11) Winn et al. (2010c); (12) Hartman et al. (2009); (13) Winn et al. (2010a); (14) Torres et al. (2010);

(15) Winn et al. (2011); (16) Kovács et al. (2010); (17) Buchhave et al. (2010); (18) Howard et al. (2012); (19) Fulton et al. (2013); (20) Hartman et al. (2011a); (21) Bakos et al. (2011); (22) Kipping et al. (2010); (23)

Hartman et al. (2011b); (24) Buchhave et al. (2011); (25) Johnson et al. (2011); (26) Kipping et al. (2011)); (27) Hartman et al. (2011c); (28) Bakos et al. (2012); (29) Winn et al. (2008a); (30) Sozzetti et al. (2009); (31)

Mandushev et al. (2007); (32) Narita et al. (2010); (33) Simpson et al. (2011); (34) Albrecht et al. (2011); (35) Triaud et al. (2010); (36) Gibson et al. (2008); (37) Tripathi et al. (2010); (38) Sanchis-Ojeda et al. (2011);

(39) Hellier et al. (2008); (40) Queloz et al. (2010); (41) Johnson et al. (2009b); (42) Maciejewski et al. (2011a); (43) Joshi et al. (2009); (44) Johnson et al. (2009a); (45) Lister et al. (2009); (46) Anderson et al. (2010); (47)

Hellier et al. (2011); (48) Tregloan-Reed et al. (2012); (49) Maxted et al. (2010); (50) Anderson et al. (2011); (51) Smalley et al. (2011); (52) Brown et al. (2012b); (53) Narita et al. (2011); (54) Johns-Krull et al. (2008);

(55) Hirano et al. (2011); (56) Narita et al. (2010); (57) Maciejewski et al. (2011b)



2
1

TABLE 10
Priors Used in Radial Velocity Fits

Planet Period Tmid Ephemeris reference Secondary eclipse times Secondary eclipse references
days BJDTDB-2450000 BJDTDB-2450000

GJ436b 2.6438979 ± 3e-07 4865.083873 ± 4.2e-05 Knutson et al. (2011) 4282.3336 ± 0.0016
4628.6857 ± 0.0017
4631.3288 ± 0.0021
4633.9723 ± 0.0013
4636.6169 ± 0.0021
4660.4119 ± 0.0019
4663.054 ± 0.004

4858.7054 ± 0.0026
4861.3467 ± 0.0015
4863.9896 ± 0.0017
4866.6362 ± 0.0023

Stevenson et al. (2010)

HD149026b 2.8758916 ± 1.4e-06 4597.70712 ± 0.00016 Stevenson et al. (2012) 4535.8768 ± 0.0012
4596.268 ± 0.004
4325.941 ± 0.011
4633.65 ± 0.01

4903.990 ± 0.013
3606.964 ± 0.002
4567.512 ± 0.004
4599.132 ± 0.003
4912.614 ± 0.002
4317.311 ± 0.005
4343.194 ± 0.005

Stevenson et al. (2012)

HAT-P-2b 5.6334729 ± 6.1e-06 5288.8498 ± 0.0006 Pál et al. (2010) 5284.2966 ± 0.0014
5751.8794 ± 0.0011
4354.7757 ± 0.0022

Lewis et al. (2013)

HAT-P-4b 3.0565254 ± 1.2e-06 4245.8152 ± 0.0002 Sada et al. (2012) 5298.7864 ± 0.0026
5442.4437 ± 0.0032

Todorov et al. (2013)

HAT-P-6b 3.8530030 ± 1.2e-06 4035.67616 ± 0.00025 Todorov et al. (2011) 5451.652 ± 0.004
5459.3565 ± 0.0017

Todorov et al. (2011)

HAT-P-7b 2.204737 ± 1.7e-05 4954.357462 ± 5e-06 Morris et al. (2013) 4768.0520 ± 0.0035
4770.2640 ± 0.0039

Christiansen et al. (2010)

HAT-P-8b 3.0763402 ± 1.5e-06 4437.67657 ± 0.00034 Todorov et al. (2011) 5211.3750 ± 0.0016
5208.3010 ± 0.0024

Todorov et al. (2011)

HAT-P-10b 3.7224793 ± 7e-07 4759.68753 ± 0.00011 Sada et al. (2012)
HAT-P-11b 4.8878056 ± 1.5e-06 4605.89123 ± 0.00013 Sada et al. (2012)
HAT-P-12b 3.21305929 ± 3.4e-07 4187.85558 ± 0.00011 Todorov et al. (2013)
HAT-P-13b 2.9162383 ± 2.2e-06 5176.53878 ± 0.00027 Southworth et al. (2012a)
HAT-P-14b 4.627669 ± 5e-06 5314.91866 ± 0.00066 Winn et al. (2011)
HAT-P-15b 10.863502 ± 2.7e-05 4638.56094 ± 0.00048 Kovács et al. (2010)
HAT-P-16b 2.775960 ± 3e-06 5027.59369 ± 0.00031 Buchhave et al. (2010)
HAT-P-17b 10.338523 ± 9e-06 4801.1702 ± 0.0003 Howard et al. (2012)
HAT-P-18b 5.508023 ± 6e-06 4715.0224 ± 0.0002 Hartman et al. (2011a)
HAT-P-20b 2.875317 ± 4e-06 5080.92737 ± 0.00021 Bakos et al. (2011)
HAT-P-22b 3.212220 ± 9e-06 4930.22077 ± 0.00025 Bakos et al. (2011)
HAT-P-24b 3.355240 ± 7e-06 5216.97743 ± 0.00028 Kipping et al. (2010)
HAT-P-26b 4.234516 ± 1.5e-05 5304.65198 ± 0.00035 Hartman et al. (2011b)
HAT-P-29b 5.723186 ± 4.9e-05 5197.57616 ± 0.00181 Buchhave et al. (2011)
HAT-P-30b 2.810595 ± 5e-06 5456.46637 ± 0.00037 Johnson et al. (2011)
HAT-P-31b 5.005425 ± 9.2e-05 4320.8865 ± 0.0052 Kipping et al. (2011)
HAT-P-32b 2.150008 ± 1e-06 4420.44712 ± 9e-05 Hartman et al. (2011c)
HAT-P-33b 3.474474 ± 1e-06 5110.92671 ± 0.00022 Hartman et al. (2011c)
HAT-P-34b 5.452654 ± 1.6e-05 5431.59705 ± 0.00055 Bakos et al. (2012)
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Priors Used in Radial Velocity Fits Continued

Planet Period Tmid Ephemeris reference Secondary eclipse times Secondary eclipse references
days BJDTDB-2450000 BJDTDB-2450000

TrES-2b 2.47061320 ± 2e-08 4955.7625504 ± 5.6e-06 Barclay et al. (2012) 4994.0607 ± 0.0033
4324.5227 ± 0.0026

4070.04880 ± 0.00086

Croll et al. (2010a)
O’Donovan et al. (2010)

TrES-3b 1.3061854 ± 1e-07 4185.91289 ± 6e-05 Turner et al. (2013) 4985.9550 ± 0.0014
4668.545 ± 0.002

4665.9350 ± 0.0027
4668.550 ± 0.002
4665.937 ± 0.002

Croll et al. (2010b)
Fressin et al. (2010)

TrES-4b 3.5539303 ± 1.9e-06 4230.90574 ± 0.00043 Sada et al. (2012) 4392.604 ± 0.011
4396.1687 ± 0.0055

Knutson et al. (2009)

WASP-1b 2.5199425 ± 1.4e-06 3912.51531 ± 0.00032 Sada et al. (2012) e cosω=0.0000 ±
0.0011

Wheatley et al. (2010)

WASP-2b 2.1522213 ± 4e-07 3991.51536 ± 0.00018 Sada et al. (2012) e cosω=0.0000 ±
0.0013

Wheatley et al. (2010)

WASP-3b 1.8468332 ± 4e-07 4143.85193 ± 0.00017 Sada et al. (2012) 5130.985 ± 0.002
4728.3759 ± 0.0027

Beerer et al., in prep

WASP-4b 1.3382314 ± 3.2e-06 4697.798311 ± 4.6e-05 Nikolov et al. (2012) 5174.87807 ± 0.00087
5172.2018 ± 0.0013

Beerer et al. (2011)

WASP-7b 4.9546416 ± 3.5e-06 5446.6349 ± 0.0003 Albrecht et al. (2012a)
WASP-8b 8.158715 ± 1.6e-05 4679.33393 ± 0.00047 Queloz et al. (2010) 5401.4989 ± 0.0028

4822.2308 ± 0.0031
4814.0739 ± 0.0033
5409.6663 ± 0.0023

Cubillos et al. (2013)

WASP-10b 3.0927293 ± 3.2e-06 4664.038089 ± 4.8e-05 Barros et al. (2013)
WASP-12b 1.0914224 ± 3e-07 4508.97683 ± 0.00019 Sada et al. (2012) 4773.6480 ± 0.0006

4769.2818 ± 0.0008
Campo et al. (2011)

WASP-14b 2.2437704 ± 2.8e-06 4963.93752 ± 0.00025 Johnson et al. (2009a) 5274.6617 ± 0.0007
4908.9295 ± 0.0011

Blecic et al. (2012)

WASP-15b 3.7520656 ± 2.8e-06 4584.69823 ± 0.00029 West et al. (2009a)
WASP-16b 3.11860 ± 1e-05 4584.42951 ± 0.00029 Lister et al. (2009)
WASP-17b 3.7354845 ± 1.9e-06 4592.8015 ± 0.0005 Southworth et al. (2012c)
WASP-18b 0.9414523 ± 3e-07 5265.5525 ± 0.0001 Maxted et al. (2013) 4820.7159 ± 0.0007

4824.4807 ± 0.0006
Nymeyer et al. (2010)

WASP-19b 0.78883942 ± 3.3e-07 4775.33754 ± 0.00018 Tregloan-Reed et al. (2012) Φs=0.50005 ± 0.00048 Anderson et al. (2013)
WASP-22b 3.5327313 ± 5.8e-06 5497.40042 ± 0.00025 Anderson et al. (2011)
WASP-24b 2.3412162 ± 1.4e-06 5081.3803 ± 0.0001 Sada et al. (2012) Φs=0.50027 ± 0.00056 Smith et al. (2012)
WASP-34b 4.3176782 ± 4.5e-06 4647.55434 ± 0.00064 Smalley et al. (2011)
WASP-38b 6.871815 ± 4.4e-05 5335.92128 ± 0.00074 Barros et al. (2011)
XO-2b 2.61586178 ± 7.5e-07 5981.46035 ± 0.00013 Sing et al. (2012) 4421.104 ± 0.021

4423.723 ± 0.018
Machalek et al. (2009)

XO-3b 3.1915289 ± 3.2e-06 4864.7668 ± 0.0004 Winn et al. (2009a) 4908.402 ± 0.017
4943.50 ± 0.02

Machalek et al. (2010)

XO-4b 4.1250823 ± 3.9e-06 4485.93306 ± 0.00036 Todorov et al. (2011) 5181.0175 ± 0.0062
5172.7595 ± 0.0016

Todorov et al. (2011)

XO-5b 4.1877545 ± 1.6e-06 4485.66875 ± 0.00028 Sada et al. (2012)
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TABLE 12
Stellar Parameters

Star Mass (M⊙) [Fe/H] Reference

GJ436 0.452± 0.013 −0.03± 0.20 Von Braun et al. (2012); Bonfils et al. (2005)
HD149026 1.345± 0.020 0.24± 0.07 Carter et al. (2009); Torres et al. (2012)
HAT-P-2 1.36± 0.04 0.14± 0.08 Pál et al. (2010)
HAT-P-4 1.26± 0.1 0.20± 0.08 Winn et al. (2011); Torres et al. (2012)
HAT-P-6 1.29± 0.06 −0.11± 0.08 Noyes et al. (2008); Torres et al. (2012)
HAT-P-7 1.361± 0.021 0.15± 0.08 Van Eylen et al. (2012); Torres et al. (2012)
HAT-P-8 1.192± 0.075 −0.04± 0.08 Mancini et al. (2013a); Torres et al. (2012)
HAT-P-10 0.83± 0.03 0.25± 0.07 Bakos et al. (2009a); Torres et al. (2012)
HAT-P-11 0.81± 0.03 0.33± 0.07 Bakos et al. (2010); Torres et al. (2012)
HAT-P-12 0.733± 0.018 −0.29± 0.05 Hartman et al. (2009)
HAT-P-13 1.320± 0.062 0.46± 0.07 Southworth et al. (2012a); Torres et al. (2012)
HAT-P-14 1.418± 0.054 0.07± 0.08 Southworth et al. (2012b); Torres et al. (2012)
HAT-P-15 1.013± 0.043 0.31± 0.08 Kovács et al. (2010); Torres et al. (2012)
HAT-P-16 1.218± 0.039 0.12± 0.08 Buchhave et al. (2010); Torres et al. (2012)
HAT-P-17 0.857± 0.039 0.06± 0.08 Howard et al. (2012); Torres et al. (2012)
HAT-P-18 0.77± 0.03 0.14± 0.08 Hartman et al. (2011a); Torres et al. (2012)
HAT-P-20 0.756± 0.028 0.26± 0.11 Bakos et al. (2011); Torres et al. (2012)
HAT-P-22 0.916± 0.035 0.29± 0.08 Bakos et al. (2011); Torres et al. (2012)
HAT-P-24 1.191± 0.042 −0.21± 0.08 Kipping et al. (2010); Torres et al. (2012)
HAT-P-26 0.816± 0.033 0.10± 0.08 Hartman et al. (2011b); Torres et al. (2012)
HAT-P-29 1.207± 0.046 0.14± 0.08 Buchhave et al. (2011); Torres et al. (2012)
HAT-P-30 1.242± 0.041 0.13± 0.08 Johnson et al. (2011)
HAT-P-31 1.218± 0.07 0.15± 0.08 Kipping et al. (2011)
HAT-P-32 1.16± 0.04 −0.04± 0.08 Hartman et al. (2011c)
HAT-P-33 1.38± 0.04 0.07± 0.08 Hartman et al. (2011c)
HAT-P-34 1.392± 0.047 0.21± 0.10 Bakos et al. (2012)
TrES-2 0.94± 0.05 −0.01± 0.08 Barclay et al. (2012); Torres et al. (2012)
TrES-3 0.928± 0.038 −0.20± 0.07 Sozzetti et al. (2009); Torres et al. (2012)
TrES-4 1.339± 0.086 0.14± 0.09 Sozzetti et al. (2009)
WASP-1 1.27± 0.05 0.14± 0.07 Southworth et al. (2012b); Torres et al. (2012)
WASP-2 0.85± 0.05 0.06± 0.07 Southworth et al. (2012b); Torres et al. (2012)
WASP-3 1.20± 0.01 −0.06± 0.08 Pollacco et al. (2008); Torres et al. (2012)
WASP-4 0.92± 0.07 0.0± 0.2 Doyle et al. (2013); Wilson et al. (2008)
WASP-7 1.34± 0.09 0.0± 0.1 Doyle et al. (2013); Hellier et al. (2008)
WASP-8 1.04± 0.08 0.17± 0.07 Doyle et al. (2013); Queloz et al. (2010)
WASP-10 0.75± 0.03 0.05± 0.08 Johnson et al. (2009b); Torres et al. (2012)
WASP-12 1.38± 0.19 0.07± 0.07 Southworth et al. (2012b); Torres et al. (2012)
WASP-14 1.35± 0.12 −0.13± 0.08 Southworth et al. (2012b); Torres et al. (2012)
WASP-15 1.305± 0.051 0.0± 0.1 Southworth et al. (2013)
WASP-16 0.98± 0.05 0.07± 0.10 Southworth et al. (2013)
WASP-17 1.286± 0.079 −0.02± 0.09 Southworth et al. (2012a); Torres et al. (2012)
WASP-18 1.28± 0.09 0.11± 0.08 Doyle et al. (2013); Torres et al. (2012)
WASP-19 0.935± 0.041 0.15± 0.07 Mancini et al. (2013b); Torres et al. (2012)
WASP-22 1.109± 0.026 0.05± 0.08 Anderson et al. (2011)
WASP-24 1.184± 0.027 −0.02± 0.10 Street et al. (2010); Torres et al. (2012)
WASP-34 1.01± 0.07 −0.02± 0.10 Smalley et al. (2011)
WASP-38 1.23± 0.04 −0.02± 0.10 Brown et al. (2012b); Torres et al. (2012)
XO-2 0.98± 0.02 0.35± 0.08 Burke et al. (2007); Torres et al. (2012)
XO-3 1.213± 0.066 −0.05± 0.08 Winn et al. (2008b); Torres et al. (2012)
XO-4 1.32± 0.02 −0.03± 0.08 McCullough et al. (2008); Torres et al. (2012)
XO-5 0.88± 0.03 0.05± 0.06 Pál et al. (2009)


