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Abstract

We explore the impact of outer stellar companions on the occurrence rate of giant planets detected with radial
velocities. We searched for stellar and planetary companions to a volume-limited sample of solar-type stars within
25 pc. Using adaptive optics imaging observations from the Lick 3 m and Palomar 200″ Telescopes, we
characterized the multiplicity of our sample stars, down to the bottom of the main sequence. With these data, we
confirm field star multiplicity statistics from previous surveys. We additionally combined three decades of radial
velocity (RV) data from the California Planet Search with newly collected RV data from Keck/HIRES and the
Automated Planet Finder/Levy Spectrometer to search for planetary companions in these same systems. Using an
updated catalog of both stellar and planetary companions, as well as detailed injection/recovery tests to determine
our sensitivity and completeness, we measured the occurrence rate of planets among the single- and multiple-star
systems. We found that planets with masses in the range of 0.1–10MJ and with semimajor axes of 0.1–10 au have
an occurrence rate of -

+0.18 0.03
0.04 planets per star when they orbit single stars and an occurrence rate of 0.12± 0.04

planets per star when they orbit a star in a binary system. Breaking the sample down by the binary separation, we
found that only one planet-hosting binary system had a binary separation <100 au, and none had a separation
<50 au. These numbers yielded planet occurrence rates of -

+0.20 0.06
0.07 planets per star for binaries with separation

aB> 100 au and -
+0.04 0.02

0.04 planets per star for binaries with separation aB< 100 au. The similarity in the planet
occurrence rate around single stars and wide primaries implies that wide binary systems should actually host more
planets than single-star systems, since they have more potential host stars. We estimated a system-wide planet
occurrence rate of 0.3 planets per wide binary system for binaries with separations aB> 100 au. Finally, we found
evidence that giant planets in binary systems have a different semimajor-axis distribution than their counterparts in
single-star systems. The planets in the single-star sample had a significantly higher occurrence rate outside of 1 au
than inside 1 au by nearly 4σ, in line with expectations that giant planets are most common near the snow line.
However, the planets in the wide binary systems did not follow this distribution, but rather had equivalent
occurrence rates interior and exterior to 1 au. This may point to binary-mediated planet migration acting on our
sample, even in binaries wider than 100 au.

Unified Astronomy Thesaurus concepts: Radial velocity (1332); Exoplanet catalogs (488); Exoplanet formation
(492); Planet hosting stars (1242)

Supporting material: machine-readable tables

1. Introduction

Nearly half of all solar-type stars have at least one stellar or
brown dwarf companion (Raghavan et al. 2010), and planets
around G- and K-type stars appear to be quite common
(Batalha 2014). Stellar multiplicity may impact planet forma-
tion and evolution in many ways. Gravitational perturbations
from a stellar companion have been proposed to explain the
inward migration and spin–orbit misalignment of hot Jupiters
(Wu et al. 2007; Batygin 2012; Storch et al. 2014), but
observations of misaligned hot Jupiters failed to reveal a
correlation between orbital misalignment and the presence of
an imaged stellar companion (Ngo et al. 2015). Simulations of
planets in orbits around one member of a binary pair indicate

that dynamically stable orbits can exist at semimajor axes
within a few tenths of the binary separation, depending on the
binary mass ratio and eccentricity (Holman & Wiegert 1999;
Quintana et al. 2007). However, simulations also indicate that
even very widely spaced stellar companions can perturb the
orbits of planets, causing migration and possible ejection from
the system (Kaib et al. 2013). Stellar companions may also
truncate protoplanetary disks, limiting planet formation in
binary systems (Jang-Condell et al. 2008).
Observational efforts aimed at characterizing these effects

have primarily focused on the Kepler and TESS samples, since
transit-based surveys do not have a selection bias against stellar
multiplicity (rather, binaries are likely to be overrepresented in
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these flux-limited surveys). For the Kepler field planet hosts,
Kraus et al. (2016) found that stellar multiplicity is lower at
separations < -

+47 23
59 au, relative to stars in the solar neighbor-

hood. Other studies have reported similar suppression of close
binary companions to Kepler planet hosts (e.g., Wang et al.
2014), but the results of multiplicity surveys of the Kepler field
are not yet conclusive, with Horch et al. (2014) and Matson et al.
(2018) failing to find evidence for the reported suppression.

More recently, Ziegler et al. (2020) have performed a similar
search for stellar companions to TESS objects of interest, using
speckle interferometry from HRCam on SOAR. They too
report a deficit of close binary companions within 100 au of
their sample stars.

By combining these disparate observational efforts to
characterize the stellar multiplicity of Kepler planet hosts,
Moe & Kratter (2019) attempted to map out the planet
suppression as a function of binary separation. They found
general consistency between various surveys within their stated
uncertainties and sensitivity regimes and were able to fit a
piecewise linear function to planet suppression Sbin versus

alog bin. They found that planet suppression was negligible for
binaries wider than 200 au, and they found total suppression of
planet formation for binaries within 1 au.

Other studies have focused on giant planet hosts and found
that hot Jupiters seem to form preferentially in binary or
multiple systems. Wang et al. (2015a) and Ngo et al.
(2015, 2016) found that stellar multiplicity is augmented by
nearly a factor of 3 around stars that host transiting hot Jupiters
(a 4.4σ effect), despite the fact that few of these binaries seem
to have configurations favorable for exciting Kozai–Lidov
oscillations in the inner planet.

Altogether, the distances to the Kepler field and the difficulty
in defining a planet-free control sample for comparison make
interpreting this type of multiplicity survey challenging. If the
observational sensitivity to close stellar companions were
overestimated, it might cause these studies to underestimate
binary occurrence at small separations, thus producing the
inferred binary suppression.

On the other hand, the solar neighborhood stars from
Raghavan et al. (2010) do not represent an ideal planet-free
control sample, since planets are common around solar-type
stars. This may cause any major difference between planet
hosts and a hypothetical planet-free control sample to be
diluted when using the solar neighborhood as a control,
possibly leading to an underestimate of the effect of stellar
companions. The precise interplay between these two compet-
ing effects is difficult to determine, and a measurement of the
reported effect using an alternative technique would help to
confirm or reject these conclusions.

One such alternative method for understanding the impacts
of stellar multiplicity on planet formation is to perform a
dedicated survey for planets around a sample of binary stars
and a control sample of single stars. Dividing the sample by the
presence of a stellar companion, rather than by the presence of
planets, allows for a less diluted comparison, since stellar
companions are much easier to find and rule out than planets.
Focusing on nearby stars also allows us to improve our
sensitivity to stellar companions at intermediate separations.

This type of survey can be carried out more easily using the
radial velocity (RV) technique, since RVs are sensitive to
planets at a much wider range of inclinations than transit
surveys. However, the RV technique has its own difficulties

with binary systems. Specifically, double-lined spectroscopic
binaries are difficult to model precisely enough to measure the
meter-per-second-level variations caused by planets orbiting
one stellar component. Most binary systems have therefore
been rejected from historical RV planet surveys. Even binaries
with very faint companions or easily resolved binaries with
separations of several arcseconds were discarded early on to
avoid any risk of spectral contamination. Many binary systems
that are actually feasible RV targets therefore lack the decades-
long RV time baselines of their single-star counterparts.
In this paper, we describe a uniform imaging and RV survey

designed to detect both stellar and planetary companions
orbiting Sun-like stars within 25 pc of the Sun, including both
singles and binaries. In Section 2 we detail our sample selection
and summarize the properties of the stars we have studied.
Section 3 covers our adaptive optics (AO) imaging observa-
tions at Lick and Palomar Observatories. In Section 4 we
describe both the historic and new RV data we have used for
this study. In Sections 5 and 6 we determine the binary and
planet populations within 25 pc. Finally, in Section 7 we
calculate the occurrence rates of planets in both the single and
binary stellar systems in our sample and discuss implications
for planet formation and evolution.

2. The 25 pc Sample

We selected our sample of solar-type stars from the original
Hipparcos catalog (Perryman et al. 1997) in 2013, prior to the
release of the first Gaia astrometric catalog. We first selected all
stars with parallax measurements πHip� 40 mas in the northern
hemisphere (− 10° < decl.< 65°). We required 0.55 mag�
B− V� 1.1 mag, corresponding to a range in spectral type of
approximately F9–K4 (Pecaut & Mamajek 2013).
Our cutoff at the blue end of this range excluded rapidly

rotating F-type stars. At the fainter red end of our B− V
criterion, we aimed to maximize the number of nearby stars
included in the survey while minimizing the number of new
RV survey stars requiring extensive follow-up. We omitted
evolved stars and subdwarfs by performing a fit to the main
sequence in this color range and excluding stars with absolute
magnitudes more than 2 mag brighter or 1.5 mag fainter than
this fit to the main sequence. Since unresolved binaries are
overluminous compared to single stars and therefore lie above
the main sequence, the brighter limit was intentionally more
generous to avoid excluding such systems from the sample.
A small number of sample stars were found to be stellar

multiples with more than one solar-type component falling
within the selection regime of our sample, but sharing a single
Hipparcos number. When possible, we included both solar-type
components in our survey.
Our final sample contained 294 G- and early K-type dwarf

stars. This sample was generally very bright, with V apparent
magnitudes ranging from V≈ 3 to V≈ 9.
We summarize the stellar properties of our survey sample in

Figures 1–3. Figure 1 demonstrates our cuts on the Hipparcos
sample to select our targets. We derived stellar properties for
the stars in our sample using the spectral characterization
package SpecMatch-syn (Petigura et al. 2017). Using a high-
resolution iodine-free spectrum taken with HIRES at Keck
Observatory for each star, Teff, glog , and [Fe/H] were determined
by comparing against model spectra. Finally, we carried out
isochrone fitting using isoclassify (Huber et al. 2017) to
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determine mass and radius. Stellar properties from SpecMatch
are detailed in Table 1.

For 36 double-lined spectroscopic binaries in the sample, the
contamination of the primary starʼs spectrum by the secondary
set of spectral lines ruled the target out for our RV survey, and
as a result, no template spectrum was obtained for spectral
characterization. For these stars, we estimated the mass from
the Hipparcos B− V, although due to the unresolved nature of
these binary targets, their mass determinations are likely biased.
Since we did not include these systems in the planet occurrence
statistics, we did not attempt to determine more precise stellar
parameters for this subset of stars.

The median star in our sample was 0.86Me and had a Teff of
5296 K. Most were approximately solar in metallicity, with a
small tail to low-metallicity stars. These stellar parameters are
plotted in Figure 2.

The cumulative histogram of the Hipparcos distances to our
sample stars is plotted in Figure 3. Along with this distribution,
we calculated the expected cumulative distribution for a
volume-complete sample of uniformly distributed stars, which
was simply a measure of the fractional volume within each
distance. The distribution for our sample stars followed this
expected distribution closely, demonstrating that the sample
was complete out to 25 pc.

Because these represented the nearest, brightest, and best-
studied stars in the northern sky, we did not see much change to
the sample with the release of the Gaia DR2 database. In fact,
for stars at the bright end of this sample, the Hipparcos
astrometric constraints were typically more precise than those
from Gaia. We did find that 18 of our sample stars had Gaia
parallax measurements π 40 mas, pushing them slightly
outside of our 25 pc limit. These 18 stars have updated
distances of 25.1–26.7 pc. Similarly, a query of the Gaia DR2
catalog with identical constraints on parallax and decl., and cuts

in G and BP− RP corresponding to the same spectral types we
surveyed, results in a sample size of 308 stars, 16 more than are
in our sample. Despite this, we proceeded with our sample as
originally defined.
We later determined that the re-reduction of the Hipparcos

catalog by van Leeuwen (2007) would have been a more
appropriate source for selecting our sample, but by that point it
was too late to redefine the sample. Nevertheless, the minimal
sloshing of stars across the 25 pc boundary based on the
different Hipparcos reductions, as well as the new Gaia
astrometry, made little difference to the sample size, and we do
not expect these small differences to affect the outcomes of our
survey.

3. AO Imaging Observations

We undertook a uniform imaging survey of our stellar
sample using the ShaneAO system at the Lick Observatory 3 m
Shane Telescope (Gavel et al. 2014). We obtained follow-up
data for suspected companions using ShaneAO and PHARO
behind the AO system at the 200″ Hale Telescope at Palomar
Observatory (Hayward et al. 2001). The goal of this survey was
to find or rule out new faint or close stellar companions that
might have been missed by previous imaging surveys (e.g.,
Raghavan et al. 2010) and to determine stellar properties using
photometry and relative astrometry for any newly identified
bound companions.
We were also able to use these data to find and rule out

several noncommon proper-motion background stars. Our
observations were conducted over several years between
2015 and 2018, so a baseline of 1–3 yr between imaging
observations was typical. Because of our 25 pc distance limit,
the stars in our sample also had large proper motions. The
median value of proper motion for our sample stars was
0 33 yr−1, and 96% of the sample had >0 1 yr−1 proper
motion. We were therefore able to distinguish between bound
and background companions by comparing the motion of the
companion relative to the primary star over time. We describe
this process in more detail in Section 5.

3.1. Lick/ShaneAO

We began our ShaneAO survey in 2015 September and were
allocated 5–10 nights per semester through 2018 August.
Accounting for weather losses, this resulted in 27 partial or
complete nights of observations on this survey. Typical seeing
measurements for our nights ranged from 1 5 to 4″. We
achieved Strehl ratios of approximately 30%–40% on nights
with good to average seeing.
Our initial survey technique was designed to maximize

survey sensitivity while minimizing integration and readout
time. We therefore obtained images of our bright sample stars
through the Ks filter, allowing the primaries to saturate in 13
integrations of 1.5 s each. We obtained these saturated images
in a four-point dither pattern, with a preliminary, centered
frame included. Stars at the bright end of the sample, with
V< 5, typically saturated out to the first Airy ring of the point-
spread function (PSF), while stars at the fainter end V> 8 often
did not saturate at all, depending on the observing conditions.
The field of view (FOV) of the ShaneAO detector has a

radius of ≈15″, but with our dither algorithm, the effective
FOV was ≈10″, since the outermost regions of the FOV were
included in only a fraction of the exposures taken. The

Figure 1. Color–magnitude diagram showing the selection of our sample from
the Hipparcos catalog. We made vertical cuts at 0.55 � B − V � 1.10 to select
G and early K stars. We then performed a linear fit to the main sequence within
our color limits and excluded stars brighter than 2 mag above and fainter than
1.5 mag below this fit. Though the selection was made from the original
Hipparcos catalog (Perryman et al. 1997), we plot the colors and absolute
magnitudes derived from the new reduction (van Leeuwen 2007).

3

The Astronomical Journal, 161:134 (32pp), 2021 March Hirsch et al.



ShARCS camera has a pixel scale of 32.6± 0.13 mas pixel−1

and a field rotation of 1°.87± 0°.1 (G. Duchêne 2021, private
communication).

For each set of saturated imaging observations we obtained
an accompanying set of five dithered images of a region of sky
offset by 30″ from the science target, using the same exposure
time and filter as the target observations. We combined these
images by median through the unaligned stack to serve as a sky
background measurement. We took flat-field exposures in each
science filter at evening twilight on each night of observations,
and accompanying dark images were taken at identical
exposure times. The flats were dark-subtracted and combined,
and then each science and sky frame was divided by the flat
field. Median sky images were then subtracted from the science
frames. We ran a bad-pixel removal routine on each image,
based on a map of bad pixels for the ShARCS detector (R.
McGurk 2021, private communication).

We used a rotational symmetry algorithm, adapted from
Morzinski et al. (2015), to register our saturated images. Each
image was first roughly aligned by moving the peak pixel of a
median-filtered version of the image to the center of the frame.
The median filter had a size of 7 pixels to reject cosmic rays or
other single-pixel peaks. However, due to the heavy saturation
of many of the images, this algorithm was insufficient to align
to better than ≈10 pixels.

We next performed an iterative rotation algorithm to find the
true centers of each saturated star. At each prospective central
pixel, the image was rotated about the pixel by 90°, 180°, and
270°. For each rotation, we subtracted the original image and
summed the absolute value of the residuals. We then summed
over the residuals for each rotation. We performed this process
iteratively for central pixels in a box of size ±10 pixels about
the center of the image. This map of central pixel versus
residuals was then interpolated onto a 0.1-pixel scale, and the
minimum was found. We treated this location as the star center.
In this way, we aligned and co-added all science frames for
each star. We assume a typical precision of 0.5 pixels for this
alignment procedure, as well as for the center position of the
saturated star.

Using the PyKLIP package of Wang et al. (2015b), we
modeled and subtracted the PSF of each image based on a
reference differential imaging library composed of the science
frames of all other stars observed on the same night as the
target frame. We inspected both the PSF-subtracted and the
original images by eye for candidate companions.

When we detected a candidate companion, we used the
DAOStarFinder algorithm implemented in the photutils
package (Bradley et al. 2017) to obtain approximate astro-
metry. We adopted uncertainties of 0.1 pixels for unsaturated

companions and an uncertainty of 0.5 pixels for the location of
the saturated primary based on our rotation algorithm. Flux
ratio measurements could not be obtained for the saturated
images, so any stars with detected companions or candidate
companions were followed up with either the ShaneAO system
in the narrowband Brγ or CH4− 1.2 μm filters or the Palomar/
PHARO AO system in one of the available narrowband filters.
Candidate companions were followed up if they were measured
with signal-to-noise ratio (S/N)� 5 based on local image noise
statistics.
For unsaturated observations on the ShaneAO system, we

calculated requisite exposure times based on the S/N of
the saturated image detection and the ratio of bandpass for the
Brγ versus Ks filters. We performed PSF fits to determine
astrometric offsets and relative photometry for the companions,
using a single star from the same night and imaged in the same
filter as our PSF reference. We injected similar-brightness
synthetic companions into the science images to determine
the uncertainties on the photometry and astrometry. We used
the scatter in the offsets of the recovered photometry and
astrometry from the injected values as the characteristic
uncertainty on our measurements.
For the faintest detected companions, we used aperture

photometry rather than PSF fitting to determine the relative
brightness. We used the DAOStarFinder algorithm for astro-
metry with 0.2-pixel astrometric uncertainty assumed for the
faint companion. We chose an aperture radius of 1 FWHM of
the primary PSF for photometry.

3.2. Palomar/PHARO

We obtained follow-up observations on a case-by-case basis
as a backup program for spare time or suboptimal conditions on
PHARO (Hayward et al. 2001) behind the AO system on the
200″ Hale telescope at Palomar Observatory. Observations of
our sample stars were carried out on 14 nights from 2016A
through 2017B.
Targets were observed in a combination of broad- and

narrowband filters centered at K, selected to avoid saturation on
the bright primaries. We typically used either H2 (λ= 2.248μm,
Δλ= 0.02 μm) or Brγ (λ= 2.166 μm,Δλ= 0.02μm) combined
with Ks, but occasionally H2 combined with Brγ for the brightest
primary stars. If J-band observations were unavailable from
ShaneAO, they were also obtained from PHARO using J and
neutral density filters since no narrowband filters centered at J
were available. The neutral density filter created a ghost image
close to the target star, so we took care to differentiate between
this and the candidate companion, and no new companion
discoveries were based on the Palomar J images.

Table 1
Stellar Properties from SpecMatch for All Stars in the Sample with a HIRES Template Spectrum

HD HIP Teff (±100 K) glog (±0.1 dex) [Fe/H] (±0.06 dex) Mass (Me) Radius (Re)

224930 171 5390 4.6 −0.67 0.71 ± 0.03 0.69 ± 0.03
123 518 5700 4.5 0.13 1.07 ± 0.05 1.33 ± 0.03
166 544 5580 4.6 0.19 0.98 ± 0.03 0.91 ± 0.02
1461 1499 5720 4.2 0.21 1.03 ± 0.05 1.15 ± 0.03
1562 1598 5720 4.5 −0.22 0.88 ± 0.04 0.94 ± 0.02
3651 3093 5240 4.4 0.19 0.89 ± 0.04 0.87 ± 0.02
3765 3206 5040 4.5 0.19 0.85 ± 0.03 0.83 ± 0.02

(This table is available in its entirety in machine-readable form.)
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Images were obtained in sets of 15 using a five-point dither
pattern, with exposure times optimized to avoid saturation on
the bright primary star. When a narrowband filter (H2 or Brγ)
and Ks were combined, typical integration times were only a
few seconds; however, when the primary star was sufficiently
bright to require the combination of two narrowband filters (H2
and Brγ), integration times were increased to several hundred
seconds per exposure. The FOV of the dithered observations
was ≈25″× 25″.

We estimated the sky background by taking a median
through the dithered, unaligned science frames. We obtained
flat-field and corresponding dark observations at evening
twilight on each observing night. Flats were taken through
the broadband filters Ks and J only but were applied to
narrowband images at the same central wavelength. Each
science frame was flat-fielded and sky-subtracted, then aligned
using the same rotational algorithm described in Section 3.1.
We made astrometric and photometric measurements following
the same procedure as was used for the unsaturated follow-up
ShaneAO observations.

Astrometric and photometric measurements of sample stars
with detected stellar companions and nearby background stars
are cataloged in Table 2. In Columns (1)–(2) we list the HD
and HIP names of the target star. Column (3) indicates the

component name of the stellar companion and is left blank for
background or unassociated stars. Column (4)–(6) provide the
epoch, telescope, and filter of the observation. The astrometric
measurements of separation and position angle (PA) east of
north are provided in Columns (7)–(8), and the relative
photometry in the indicated filter is provided in Column (9).
The method we used to derive the photometric measurement is
indicated in Column (10). A flag (X) indicating that the
companion is an unassociated chance alignment of a back-
ground star is provided in Column (11).

4. Radial Velocity Observations

We carried out an RV monitoring campaign to search for
planets around our sample stars. We combined historic RV
measurements made with the Lick/ Hamilton spectrograph
(Fischer et al. 2014) and Keck/HIRES (Marcy et al. 2008) with
new RV observations from HIRES and the APF/Levy
spectrometer for each star. A catalog of historic and new radial
velocities collected for this campaign is available in Table 3.
Our survey goal was to ensure a uniform minimum RV time

baseline of 3 yr and a uniform minimum number of 30
observations for each star in our sample. Among these 30

Figure 2. Histograms of the stellar properties of our sample stars, showing the distributions of Teff, glog , [Fe/H], mass, radius, and distance of stars followed in our
survey. Parameters were derived with SpecMatch and isoclassify using the iodine-free HIRES template spectrum of each star in the sample. The median of
each distribution is indicated with black dashed lines, and the median value is printed at the top of the plot. Stars without high-resolution template spectra available are
not included in this plot.
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observations, we required that 8–10 be taken within a 2-month
period at high cadence to constrain short-period planets.

Of our 294 survey stars, 36 were known or found to be
double-lined spectroscopic binaries. These stars were not
feasible RV targets, since RV precision is severely impacted
by the presence of a second set of bright spectral lines. We
therefore excluded these stars from the RV survey, leaving 258
stars in the RV sample. These excluded stars were binaries with
separations of <1″ and mass ratios of q 0.3. The exclusion of
these stars effectively decreased our statistical sensitivity
to the effects of very close binaries, since we only obtained
RV observations for close binaries with a faint, low-mass
companion. Next-generation AO-fed RV instrumentation will
help to alleviate the difficulties posed by close, equal-mass
binaries, but work to improve our techniques for deriving
precise radial velocities from double-lined spectra is also
merited.

Of the remaining 258 stars, 128 had historic RV time series
surpassing the survey minimum requirement, due to their
inclusion in the California Planet Survey (e.g., Marcy et al.
2008, 2014; Howard et al. 2012, 2014; Wright et al. 2012),
which was carried out at Lick and Keck Observatories starting
in the late 1980s and continues today. These stars were not
targeted for additional follow-up under this program, but many
continue to be observed regularly. These are the best-studied
members of our survey sample, and the majority are single
stars, since most known binaries were excluded from the initial
CPS target lists. These stars are also among the least
magnetically active of our sample stars, since RV surveys
often select for magnetically quiet stars that display less RV
jitter. For this survey, we did not exclude magnetically active
stars but are less sensitive to planets around these noisier

targets. The detailed star-by-star sensitivity was determined by
injection/recovery, as described in Section 6.3.
The remainder of the stars in the sample were divided into

HIRES and APF subsamples, and additional RV observations
were obtained to bring them up to the survey minimum
requirement of 30 observations over 3 yr including a high-
cadence set.
We achieved this survey goal for 242 of the 258 RV target

stars. The new RV measurements are described below. Of the
remaining sample stars, 13 were observed at least 20 times. We
chose to include these stars in the RV analysis as well. The final
three stars had fewer than 20 observations and were therefore
excluded from our analysis. The distributions of the number and
baseline of observations of these stars are displayed in Figure 4,
divided between the single- and binary-star samples. We describe
in Section 5 how we divided our sample based on the presence of
companion stars.
For both the single and binary stars in our sample, two main

categories can be observed in the distribution of observing
baseline: those that have had many years of previous RV
observations, and those that were only added to the RV survey at
the beginning of this project. A larger fraction of binaries than
singles fell into the latter category, as shown in Figure 4. Of these
newly added binaries, most were close, with separations <100 au.

4.1. Keck/HIRES

We obtained new observations with Keck/HIRES (Vogt
et al. 1994) for this program for 59 sample stars. These stars
were chosen from the subsample of stars with incomplete RV
data sets based on our minimum survey requirements. We
observed stars using HIRES rather than the APF if they
satisfied one of two conditions: (1) V> 8.5, making them too
time-consuming to observe with the APF, or (2) 5–10 historic
HIRES observations existed for that star, creating complica-
tions in fitting zero-point offsets and long-period RV trends if
the star was switched to a new instrument. We followed up the
remainder of the stars with the APF/Levy system.
For all stars observed with HIRES, we followed the typical

California Planet Survey observing methods and reductions to
extract radial velocities (e.g., Marcy & Butler 1992; Howard
et al. 2010). Stellar light was passed through the iodine cell, a
glass cell filled with gaseous molecular iodine heated to 50°C,
imprinting a dense spectrum of absorption lines onto the stellar
spectrum. These lines were used to calibrate the wavelength
solution and as a reference for the instrumental PSF.
For this survey, we obtained spectra through the C2 and B5

deckers, which have sizes of 14″× 0 87 and 3 5× 0 87,
respectively, yielding a spectral resolution of R≈ 55,000 for
each star. We timed our exposures to ensure an S/N of
140 pixel–1 at 550 nm. We avoided known close binaries by
rotating the slit on sky. We also obtained an iodine-free
spectrum for each of our target stars to serve as a template in
the forward-modeling process, and for stellar classification of
the primary star with SpecMatch.
Each spectrum was divided into approximately 700 chunks,

and for each chunk, the template spectrum and the known
spectrum of iodine were used to forward-model the Doppler
shift and the instrumental PSF. The final radial velocities were
then calculated by weighted average among these chunks, such
that spectral regions with high velocity dispersion carried less
weight. The statistical uncertainty for each RV measurement
was also calculated from the dispersion of the chunks.

Figure 3. Cumulative distribution of the distances of stars in our sample. The
dashed line shows the curve expected assuming a volume-complete sample of
randomly distributed stars. The agreement between these cumulative
histograms demonstrates the volume-complete nature of our sample. Due to
slight differences in the original and re-reduction of the Hipparcos data, a small
fraction of our sample extends marginally beyond our nominal 25 pc limit
when plotting the van Leeuwen (2007) distances. These are represented by the
rightmost bin in the cumulative distribution.
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4.2. APF/Levy

We targeted an additional 70 stars using the Automated
Planet Finder (APF) and Levy Spectrograph (Radovan et al.
2014). The APF is a 2.4 m dedicated RV telescope at Lick
Observatory. It is fully automated, including target list creation,
observations, and raw reductions.

The APF sample typically contained bright stars (V< 8.5)
that had nevertheless been excluded from previous RV survey
samples and so did not have historic HIRES RV data. Some
were younger and more magnetically active than typical RV
targets, and some had known binary companions.

The procedure for obtaining RV measurements of the APF
stars was very similar to that of our HIRES subsample,
including the iodine calibration method and the RV reduction
pipeline (Fulton et al. 2015).

We observed the APF target stars through the W decker,
with a size of 3″× 1″ and a spectral resolution of R≈ 100,000.
Exposures were timed to achieve S/N = 140 pixel–1 at 550 nm.
We obtained an iodine-free template spectrum through the W
decker for each target. The template was again used to forward-
model the Doppler shift at each epoch, in narrow spectral
chunks. The chunks were combined with a weighted average to
calculate the RV and statistical uncertainty at each epoch.

5. Stellar Companions

Using the combination of literature review, the Gaia DR2
catalog (Gaia Collaboration et al. 2018), our high-resolution
imaging observations, and our RV data sets, we compiled a

catalog of the stellar companions to stars in our sample, along
with estimates for their physical separations and masses. In
total, we compiled a list of 205 stellar, white dwarf, and
brown dwarf companions orbiting 146 Sun-like stars within
25 pc in Table 5 in Appendix A. Of these, 95 were redetected
or newly discovered by our survey. The remainder either
were too wide for the ≈12″ outer working angle of our
imaging observations or were known SB2 binaries, which
were too close to resolve in our imaging observations and
were excluded from our RV survey owing to their complicated
double-lined spectra.
Information from Raghavan et al. (2010), the Washington

Double Star catalog (Mason et al. 2001), and the 9th Catalog of
spectroscopic binaries (Pourbaix et al. 2004) served as the
starting point for our literature review on each target, and
information from these sources is incorporated throughout the
table. Söderhjelm (1999), Makarov et al. (2008), Shaya &
Olling (2011), Malkov et al. (2012), Tokovinin (2014), and
Halbwachs et al. (2018) were all also of great help in compiling
and characterizing the list of companions previously published
in the literature, as well as all of the references mentioned in the
table notes.
We additionally queried the Gaia DR2 catalog for any stars

within 1° of each target star with parallax π> 40 mas. We then
identified companions with equivalent parallax and common
proper motions from this larger subset of Gaia stars. The vast
majority of the companions identified in this way had been
previously discovered and published in the literature, but this
search allowed us to incorporate the Gaia photometry to
independently calculate stellar masses for these companions. A
small number of previously published wide companions were
ruled out by this method, as they had very different astrometric
solutions compared to the primary stars. We also found that a
handful of previously published stellar companions did not
appear in our query, typically because the companions did not
have parallax measurements listed in the DR2 catalog.
From our imaging survey, we redetected 86 previously

published companions and an additional nine new companions
to stars in our sample. Three of these new companions (HD
25893 Bb, HD 34673 Bb, and HIP 91605 Bb) were tertiary
stars in a previously known binary-star system, where we have
newly resolved the companion to itself be a double star. One
new stellar companion, HD 159062 B, was a faint white dwarf,
whose orbit and photometry were modeled and reported in
Hirsch et al. (2019). Another two new companions, HD 165401
B and HD 190771 B, will be characterized in more detail in
future work (R. Tejada et al. 2021, in preparation).
A total of 28 visual companions from our ShaneAO survey

were determined to be unassociated background sources, based

Table 3
Catalog of Historic and New Radial Velocities

Star BJD RV σRV Insta

(days) (m s−1) (m s−1)

10008 2,453,723.905593 2.86 0.85 j
10008 2,454,129.74603 16.31 1.6 j
10008 2,454,343.977894 −5.96 1.4 j
10008 2,454,819.906483 3.82 1.39 j
10008 2,455,426.087705 −16.78 1.43 j
10008 2,455,429.019051 13.49 1.48 j
10008 2,456,168.106191 0.05 1.77 j

Note.
a Sources of radial velocities include—lick: Lick/Hamilton archival data from
Fischer et al. (2014); apf: Automated Planet Finder/ Levy; k: Keck/HIRES pre
CCD Upgrade; j: Keck/HIRES post CCD Upgrade.

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

Table 2
Observing Log of ShaneAO and Palomar Observations of Target Stars

HD HIP Comp Epoch (JD) Telescope Filter Sep (arcsec) PA (deg) Δm (mag) Method Bkg?

224930 171 B 2,457,322.7022 ShaneAO Ks 0.320 ± 0.016 34.5 ± 2.9 L Sat
224930 171 B 2,457,617.8936 ShaneAO BrG 0.411 ± 0.001 70.6 ± 0.2 1.30 ± 0.04 PSF
224930 171 B 2,458,093.7096 ShaneAO BrG 0.602 ± 0.005 96.0 ± 0.5 1.169 ± 0.003 Aper
224930 171 B 2,458,093.7176 ShaneAO CH4 0.594 ± 0.005 95.8 ± 0.4 1.030 ± 0.002 Aper
123 518 Ba 2,457,322.7435 ShaneAO Ks 1.560 ± 0.016 354.9 ± 0.6 L Sat
123 518 Ba 2,457,717.6880 ShaneAO Ks 1.560 ± 0.017 357.6 ± 0.6 L Sat
123 518 Ba 2,457,975.9455 ShaneAO BrG 1.550 ± 0.005 359.0 ± 0.2 0.468 ± 0.003 Aper

(This table is available in its entirety in machine-readable form.)
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on their observed motion over multiepoch imaging observa-
tions, typically spanning 1–2 yr. Since the nearby stars in our
sample all had significant proper motions, a 1–2 yr time
baseline was sufficient to identify background sources. We
compared the relative motion of each new companion to the
expected motion of a background star based on the proper
motion and parallax of the primary. We classified stars whose
motion was in the same direction as expected for a stationary
background star and whose magnitude of motion was
consistent with the expectation within 50% as background
stars. These classifications were typically unambiguous, since
the newly detected companions were at separations of 2″–10″
(corresponding to tens or hundreds of au) from the primary star,
so their expected orbital motion over 1–3 yr was negligible.
Therefore, bound companions had almost no measured motion
over our imaging epochs. These background sources are listed
as such in Column (11) of Table 2 and are not included in
Table 5.

The total number of stars with one or more detected binary
companions, including SB2 systems excluded from our RV
analysis, was 146. This yielded a raw multiplicity fraction for
our sample stars of 0.486± 0.030, consistent with the stellar
multiplicity fraction reported in Raghavan et al. (2010).
Breaking down these multiple systems by multiplicity, we
found that the raw fractions of binary, triple, and higher-order
systems were 0.316± 0.027, 0.138± 0.020, and 0.032± 0.010,
respectively. Again, these values agreed well with the results of
Raghavan et al. (2010).

In Table 5, we list the HD and HIP names of the primary star
(Columns (1)–(2)) and the component name of the binary
companion (Column (3)). The mass of the primary target star
and the method we used to derive it are listed in Columns (4)–
(5). This was by default the most massive star in the system
falling within our color and brightness limits. The majority of
the sample had stellar masses derived from spectroscopic
analysis combined with isochrone models using the

SpecMatch-syn (Petigura et al. 2017) and isoclassify
(Huber et al. 2017) Python packages. These stars have the
designation code “Spec” listed in Column (5). For known
double-lined spectroscopic binaries, we did not obtain HIRES
template spectra to calculate stellar properties, as these stars
were not targeted with our RV survey. Instead, we calculated
somewhat less precise masses by interpolating the stellar
properties table of Pecaut & Mamajek (2013) using Hipparcos
B− V color and assuming a mass uncertainty of ±1 spectral
type from the table. These stars are coded “BV” in Column (5)
of the table.
Companion masses (Columns (6)–(8)) were mostly sourced

from the literature. The methods used to determine companion
masses and the shorthand codes we used to describe them in the
paper are as follows: Companions included in our RV survey
had spectroscopic mass determinations using SpecMatch-
syn, equivalent to the masses determined for the primary stars.
Only secondaries of solar type, within the color and brightness
limits of our survey, were included as RV targets. These masses
are coded “Spec” in Column (7). Dynamical masses and mass
ratios based on orbit fits were the preferred source of
companion masses for those companions without HIRES
template spectra. We incorporated primary star masses to
convert from mass ratios. These masses are coded “Dyn.”
Dynamical mass lower limits (m isin ) from radial velocities
alone are coded “Dyn-.” Many stars had photometric mass
estimates from the literature, and these are coded “Phot.” For
companions with photometry available from GAIA DR2, we
interpolated the stellar properties table of Pecaut & Mamajek
(2013) to determine their masses, first using the primary starʼs
mass to determine absolute Gaia magnitude, then shifting to the
companion starʼs absolute Gaia magnitude using the measured
ΔG, and finally interpolating to the companionʼs mass. This
method worked well down to the bottom of the main sequence
but required extrapolation for stars with masses <0.075 Me
since these masses were not included in the table. This affected

Figure 4. Cumulative distributions of the number of RV observations (left) and RV time baseline (right) for our sample. The left panel demonstrates that a smaller
fraction of the binary systems have >100 observations, as compared to the single stars. In particular, the median number of observations for the close (separation
<100 au) binaries included in the sample is 53.5, and for the wide (separation >100 au) binaries, the median is 79.5. For the single-star systems, the median is 90.5
observations. The right panel demonstrates that a greater fraction of the binary stars have RV data sets spanning <10 yr, compared to the single-star systems. Nearly
half of the close binary systems were never observed prior to the beginning of this survey in 2013, as compared with 20% of the wide binaries and only 10% of the
singles.
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only one stellar companion assessed using this method, HD
79555 B, whose mass was determined to be 0.063± 0.002 Me.
Other low-mass companions had photometric estimates of
the mass available from other literature sources. We used
photometric measurements from our own ShaneAO and
Palomar data for the newly detected companion stars. All of
these secondary masses are coded “Phot” in the table as well.
Finally, for mass estimates based on spectral type we used the
code “Type.” We note that the photometric and spectral type
methods of estimating companion masses assumed that the
companions were on the main sequence and so could result in
inaccurate or overestimated masses for any unknown very
young stars in the sample.

Columns (9)–(11) contain our estimate for the physical
separation of the companion from the target star, the method
used to determine the separation, and the literature reference for
this measurement. The methods employed to determine
separation were spectroscopic orbit fits to determine the
semimajor axis for binaries with short periods (coded as
“Dyn” in Column (10)), or measured projected separation for
wider binaries (coded as “Proj”). We note that the dynamical
semimajor-axis estimates provided here do depend on the
accuracy of the derived total mass of the system.

We plot the separation and mass ratios of the detected or
literature companions in Figure 5. They span separations from
<1 to >104 au and mass ratios from 0.02 to >1 for the few
stars in our sample that are not themselves the primary star in
their system. Companions detected in our survey, regardless of
whether they were previously known, are indicated with filled
markers, while companions that we added in from the literature
are plotted with open markers. Newly discovered companions
are indicated with red stars. Companions whose primary stars
were excluded from our RV planet search are plotted as

triangles. Some of these companions are located at separations
wider than 100 au, as they are tertiary companions in triple
systems where the closer inner companion compelled the
exclusion of the primary star. We note that a few very close and
fairly bright binaries were not excluded, typically due to a
legacy of RV data predating this survey, while a few possibly
feasible targets were nevertheless excluded owing to a faint or
fairly wide companion. Notes on individual systems can be
found in Appendix B.

5.1. Sensitivity to Stellar Companions

The combination of our RV and imaging observations
provided improved sensitivity to stellar companions to our
sample stars, down to the bottom of the main sequence at most
separations. This sensitivity was essential, since our knowledge
of stellar companions was used to guide our division of the
complete sample into “single” and “multiple” subsamples.
Contamination of the single sample by unknown binary
systems would bias the results of our comparison of planet
occurrence rates between these samples.
Judging our sensitivity to stellar companions from our

saturated AO survey was more complicated than simply
creating a standard contrast curve, since the saturated cores
of our survey stars made calculating precise relative photo-
metry more difficult. Instead, we estimated our sensitivity on a
sample-wide level, by determining the outer envelope of the
angular separations and ΔK measurements of all companions
detected in the saturated survey and then redetected in
unsaturated follow-up images.
In Figure 6, we plot the angular separation and contrast of

each Brγ detection of a companion discovered in the saturated
AO survey at S/N> 5. For this plot, we treated ΔBrγ as
equivalent to ΔK. For the faintest companions, consecutive

Figure 5. Mass ratio vs. physical separation for all binary companions in our
sample. Our estimates of mass and separation are detailed in Table 5.
Companions detected or redetected by our imaging survey are plotted as filled
symbols, while companions incorporated only from the literature are plotted as
open symbols. Companions whose primary star was included in our RV planet
search are plotted as circles, while those whose primary was excluded from the
RV search are plotted as triangles. Most companions inward of 10 au excluded
their primaries from our RV survey, with the exception of those companions
with mass ratios below approximately 0.3. The companions plotted as triangles
outward of 100 au all represent tertiary companions to primaries excluded from
our RV survey owing to a closer inner stellar companion. The small number of
companions with q > 1 represent the systems in which our Sun-like target star
was itself the secondary component, as well as systems in which two or more
Sun-like stars were included in the sample.

Figure 6. ShaneAO companion detections are plotted, comparing angular
separations to Ks contrast in magnitudes. We calculated our saturated imaging
survey sensitivity by fitting the envelope of these detections using a fourth-
order polynomial. This fit is plotted as the cyan dashed line. Bound
companions, typically at smaller separations and smaller contrasts, are
indicated with filled circles. Companions determined to be chance alignments
of background stars are indicated with open circles. These background stars
are typically more widely separated and higher contrast than the bound
companions.
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saturated Ks and unsaturated Brγ observations were carried out.
This allowed us to locate the position of the companion using
the deeper saturated Ks image but perform the aperture
photometry on the unsaturated Brγ image. Multiepoch
observations of the same companions were all included, as
were companions determined to be background stars.

Using this catalog of companion detections, we calculated
the 95th percentile of the measured ΔK values at each position,
using a running histogram box containing 30 surrounding
detections. Due to the lower density of detections at wider
separations, the box size was larger at wide separations than at
small separations. From these 95th percentile measurements at
each separation, we fit a fourth-order polynomial, which we
overplot in Figure 6.

To determine the physical limits on companions, we
converted the relative photometry into companion masses and
angular separations into projected separations for each starʼs
mass and distance. We assumed that sensitivity was unity
above the contrast curve and zero below the curve for each star.
We then summed over the contrast curves for each star to
estimate the sample-wide sensitivity to binary companions in
our imaging observations.

For the RV observations, we estimated detectability of stellar
companions as a function of companion mass and semimajor
axis by using the analytic RV sensitivity curve from Howard &
Fulton (2016), which was based on the number, precision, and
time baseline of our RV observations. We performed injection/
recovery tests in the planetary regime to more accurately assess
our sensitivity to planetary companions, but for computational
efficiency, we did not inject companions more massive than
≈30MJ. Thus, we relied on the analytic approximation in the
stellar companion regime.

Since our RV observations were aimed at detecting giant
planets, our sensitivity to stellar companions (with masses two
or more orders of magnitude larger than typical giant planets)
was complete out to approximately twice the observing time
baseline. For each star, we determined the number and baseline
of observations and used the rms of the RV residuals to a best-
fitting orbit, trend, or flat line as an estimate of the typical
precision. See Section 6 for a description of the process used to
determine the best-fit model for each system. We again
assumed that sensitivity was unity above the threshold and
zero below it. We converted the RV sensitivity curve from
units of orbital period and RV semi-amplitude to semimajor
axis and companion m isin using the primaryʼs stellar mass.
Together with the imaging limits, our sample-wide complete-
ness to stellar companions is plotted in Figure 7.

The combination of imaging and radial velocities provided
essentially complete sensitivity to stellar companions with
masses >0.09 Me at all separations out to the outer working
angle of our images, except for a small wedge of parameter
space around 10 au where completeness was 70%–80%. For
companions below 0.09 Me and at separations >20 au,
completeness dropped significantly. However, because of the
shape of the AO contrast curve, this transition from near
completeness to incompleteness was below the bottom of the
main sequence for companions outside of 30 au.

Based on the lognormal period distribution and flat mass
ratio distribution of Raghavan et al. (2010), we have
determined that our sensitivity to stellar companions is ≈98%
complete within 100 au. In combination with the ≈50-day
binary rate, we therefore expect that for our 290-star sample we

may have missed no more than three stellar companions owing
to lack of sensitivity in this regime.
For the remainder of this study, we divided our sample based

on these results into single- and binary-star samples. Among
the stars surveyed with radial velocities (excluding the double-
lined spectroscopic binaries), there were a total of 146 single
stars, and 109 stars in binary or multiple systems. Ten of the
lower-mass binary companions to our sample stars fell into our
survey color and luminosity limits and were included as RV
targets, and the remainder of our RV observations were limited
to only one of the stars in each multiple system. The secondary
stars included in our RV survey were typically nearly equal in
mass to their primaries and were therefore included because
their planet formation and dynamical environment should be
nearly identical to the primary star. Many of these companions
also had a history of RV observations predating this survey and
so were essentially free to include. Three sample stars had a
more massive stellar companion outside of our survey limits
and so were themselves the secondaries in their respective
systems.

6. Planetary Companions

6.1. Blind Planet Search

We carried out a blind search for planetary companions to
our sample stars using the RVSearch pipeline, based on the
infrastructure of the publicly available RV analysis package
RadVel (Fulton et al. 2018). The complete algorithm is

Figure 7. This plot demonstrates our survey sensitivity to stellar companions as
a function of companion mass and physical/projected separation, for the
combination of ShaneAO imaging and HIRES or APF radial velocities. The
imaging observations allow nearly complete sensitivity down to the bottom of
the main sequence at projected separations of 20 au or more. Within ≈20 au,
our 20 yr median RV baseline allows us to fit orbits for all stellar companions.
For stars with shorter RV baselines, the gap between coverage from RVs and
imaging grows larger. The overall color scaling demonstrates nearly complete
sensitivity to companions with masses �0.09 Me, except in a triangular
window around 10 au, where sensitivity is 70%–80%. Below 0.09 Me and at
separations >20 au, sensitivity drops down to essentially zero as the
companions drop below the imaging contrast curve. Outside of 30 au, we are
sensitive to companions down to the bottom of the main sequence (taken as
0.075 Me). We note that this plot does not include sensitivity to double-lined
spectroscopic binary systems, which were mostly excluded from the sample
before these data were collected.
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described in detail in a forthcoming paper (L. Rosenthal et al.
2021, in preparation), but a short description of our procedure
follows.

First, we selected a nominal model for each stellar system,
based on its radial velocities. In the case of an obvious high-
amplitude RV curve due to a stellar companion, the nominal
model was a fit to this single Keplerian orbit, performed in
advance of the planet search pipeline. Otherwise, the nominal
model was chosen to be either flat or the best-fit linear trend
with curvature. These three nominal model options allowed the
flexibility to capture all types of potential influence from a
binary companion: none (flat), acceleration due to a long-
period binary (trend+curvature), or a full Keplerian orbit due to
a closer binary companion (single Keplerian).

Once the nominal model was chosen, we performed a grid
search for an additional planet to our model, with eccentricity
fixed to zero. The RV semi-amplitude and time of conjunction
of the additional planet, as well as the RV jitter and zero-point
offsets of each instrument, were allowed to float. If a nominal
model with a trend and curvature was chosen, the slope and
curvature were also allowed to vary for these fits.

We constructed a grid of periods ranging from 3 to 104 days.
We calculated the optimal grid spacing by requiring that each
subsequent period resulted in a difference of less than one
quarter phase over the time baseline of the data. This resulted in
a grid typically containing several thousand periods, depending
on the time span of each sample starʼs RV data.

At each point in this grid, we fixed the model planet period
to the test period and performed a maximum a posteriori fit
using the likelihood function (Fulton et al. 2018):
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where vi, σi, and ti refer to the offset-subtracted RV
measurements and their uncertainties and time stamps, vm is
the n-planet model velocity, and σjit is the white-noise jitter
term added in quadrature to the measurement uncertainty. We
imposed a physical prior of Kn> 0.0 m s−1 on the RV semi-
amplitude Kn for each planet we fit.

At each test period, we calculated the BIC value of the best-
fit orbit solution and compared it to the BIC of the nominal
model to obtain ΔBIC=BICn−1− BICn. We then constructed
a periodogram by plotting test period versus ΔBIC and
searched for significant peaks.

To determine the requisite significance of a peak in order to
consider it a planet detection, we used the methodology of
Howard & Fulton (2016) to determine an empirical false-alarm
probability threshold: we selected the 50th–95th percentile of
the ΔBIC values for each system and fit an exponential
function to the distribution of ΔBIC values. We then
extrapolated this fit to a relative occurrence of 0.1% for an
eFAP= 0.1% threshold. If the peak value of the ΔBIC
periodogram exceeded this eFAP= 0.1% threshold, it was
considered a significant planet detection.

If a planet was detected via a significant peak, we added an
additional planet to the model and repeated the same procedure,
this time comparing against the one-planet model. We
continued this process, including one more additional planet
on each iteration and comparing to the preferred n− 1 planet
solution with the BIC criterion, until the periodogram failed to
show any additional peaks that surpassed the ΔBIC threshold.

For these subsequent iterations, only the nth planet’s
eccentricity was fixed to zero. We freed the eccentricities of
the n− 1 previously detected significant periodicities to allow a
more accurate fit for these signals. A prior of e< 0.99 was used
for computational efficiency for these fits. This process is
demonstrated in Figure 8 for the known two-planet system, HD
114783 (Bryan et al. 2016).
We chose to perform this search blind with respect to known

planets, in order to avoid biasing our planet occurrence rate
statistics. We therefore did not input information on known
planetary companions to our sample stars, but instead allowed
our algorithm to search for and detect these planets when it was
able to do so. All known planets in the survey were recovered
with this algorithm. For the sake of computational time, this
survey was limited to searching for planets with periods of
�3 days.
Upon discovery of a potential planet, we performed a

detailed Markov Chain Monte Carlo (MCMC) analysis of the
system using RadVel (Fulton et al. 2018) to assess its
properties and significance further. In total, we detected 135
significant periodicities in our data set. Of these, we classified
53 as false positives, of which 35 were found to be due to
stellar activity or rotation by a corresponding periodicity in the
SHK time series. This category also included annual aliases of
long-period stellar activity cycles seen in the SHK time series.
Fifteen false positives were found to be yearly harmonics or
aliases of the same. Two false positives in the HD 123 system
were caused by contamination of the spectrum by a pair of
stellar companions (see Appendix D).
The final false positive, detected in the data on HD 217014

(51 Peg), was caused by a zero-point offset in the Lick data at
the epoch of the final upgrade of the spectrograph in 2001
(Fischer et al. 2014). This jump in the median RV was
interpreted as a long-period, highly eccentric planet by our
algorithm. We have undertaken a visual inspection of the RV
data for other long-period signals and have found no other
systems with false positives of this nature. Although we
originally suspected that HD 95128 d (Gregory & Fischer 2010)
might be a false positive due to this effect, we have determined
that a drastically different pattern of γ values for the Lick
instrument configurations was needed to remove the long-
period power in this system. More details on this false-positive
source can be found in Appendix D.
Twenty-eight periodicities were removed because they were

caused by stellar companions, rather than planets. Of these
single-lined spectroscopic binaries, two had additional periodi-
cities detected, both of which were classified as false positives.
No planetary signals were detected in these close spectroscopic
binary systems. All of these binaries are included in the list of
binary companions in Table 5, and these sample stars were
included in the occurrence statistics as part of the binary
subsample. More details on these systems can also be found in
Appendix D.
The remaining 54 periodicities were classified as planets and

candidate planets, orbiting 31 of our RV sample stars. Of these,
44 were previously published and were included in the
Exoplanet Archive.10 Ten additional signals were classified
as planet candidates.
All significant periodicity detections are detailed in Table 6

in Appendix C, along with a note indicating whether the signal

10 https://exoplanetarchive.ipac.caltech.edu/
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Figure 8. Example of our iterative periodogram search for planets around our sample stars, for HD 114783, a two-planet system. Panels (a) and (b) show the final two-
planet fit to the RV time series data and residuals to this fit. Panels (c) and (d) show the first (one-planet) fit and the associated periodogram in which the first
periodicity is identified. Likewise, panels (e) and (f) show the second planet fit and periodogram identifying the second periodicity. Panel (g) shows a running
periodogram for each planet, demonstrating how the significance of each grows with increasing number of observations. Finally, panel (h) shows the three-planet
periodogram, which exhibits no additional significant peaks. In each periodogram panel, the 0.1% FAP line, plotted as a horizontal dotted line, is calculated based on
the distribution of periodogram peaks and differs for each panel owing to the differing periodogram statistics.

12

The Astronomical Journal, 161:134 (32pp), 2021 March Hirsch et al.



is due to a star, a published planet, or a candidate planet, or
caused by stellar activity. Notes on all planet candidates and
false positives can be found in Appendix D.

6.2. New Planet Detections

We included 10 “planet candidates” in our analysis. These
candidates represented significant periodic signals detected in
our blind planet search that had not previously been published.
None could be ruled out as stellar activity or rotation based on
the SHK time series data available from HIRES or the APF.
These candidates are denoted “PC” in Table 6.

For each system, we performed an MCMC analysis of the
orbit using RadVel and report the median and 68% confidence
intervals for each orbital parameter. We included our best-fit
RadVel orbits in our occurrence rate analysis. More detailed
vetting and characterization of these new planets are forth-
coming in L. Rosenthal et al. (2021, in preparation).

6.3. Sensitivity to Planets

To assess our sensitivity to planets of various masses and
semimajor axes, we performed injection/recovery tests using
our planet search pipeline. We injected 3000 synthetic
planetary orbits into each starʼs individual RV data set.
Injected planet orbits were selected to have periods from 3 to
106 days and RV semi-amplitudes of 0.1–1000 m s−1. We
chose injected planet eccentricities at random from a beta
distribution according to the observed eccentricity distribution
of exoplanets described in Kipping (2013). For each orbit, the
argument of periastron ω and the time of conjunction tc were
chosen from uniform distributions spanning 2π for ω and the
planetʼs orbital period for tc.

We then used a truncated version of our planet search pipeline
to determine whether an injected planet was recovered. Due to
computational constraints, constructing a full periodogram for

each injection was not feasible for this project. Instead, we
performed a least-squares minimization over ω, tc, and RV semi-
amplitude K at the period grid point closest to the injected planetʼs
period. If the measured ΔBIC of this fit exceeded the 0.1%
FAP limit defined by the final iteration of the original planet
search periodogram, then we considered the injected planet
to be recovered. Otherwise, we considered the injection to be
missed.
To ensure that this truncated procedure produced reasonable

completeness contours, we compared this approach to the
creation of a full search periodogram for one star, HD 114613.
We found that the completeness results were nearly identical
from each approach, except for injected planets with periods at
or below the 3-day search lower limit, which were unrealis-
tically “recovered” using the truncated methodology, causing
an overestimate of our sensitivity to planets in this regime.
However, this should not significantly affect our occurrence
statistics since we do not attempt to calculate planet occurrence
rates at or below 3 days (except in Section 8.4, where we
discuss hot Jupiter occurrence). Additionally, the computa-
tional time for the full periodogram method was more than 100
times longer than for the truncated method. We therefore
proceeded with the truncated injection-recovery method to
assess our sensitivity to planets.
In the case of stars with previously detected planets or other

Keplerian signals, we performed our BIC comparison against
the best n-planet model and fit for the additional planetary
parameters and the injected planetary parameters during the
recovery phase. This method mimics the behavior of the search
pipeline when searching for multiple Keplerian signals.
We did not include a step in the sensitivity analysis to mimic

the false-positive rejection procedure for our planet search.
While we do not expect any false positives among the injected
planets, our procedure was not able to estimate the false-
negative rate (e.g., real planets that we spuriously rejected from

Figure 9. Results of the injection/recovery tests for the single- and binary-star systems in our sample. Blue injections were recovered, and red injections were missed.
A total of 3000 injections were performed for each star in both the single and binary subsamples. The black dashed lines show the 25%, 50%, and 75% completeness
contours for each sample.
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our planet catalog, possibly due to a chance similarity to a
stellar activity or rotation period).

From our injection/recovery tests, we were able to construct
a map of our sample-wide planet sensitivity as a function of
planet mass and semimajor axis. In Figure 9, we plot the
sample-wide injected planet recovery results for the single and
binary subsamples, with points color-coded based on whether
the injected planet was recovered (blue) or not (red). These
maps could be used to determine the fractional sensitivity to
planets by dividing the number of recovered injections by the
total number of injections in a bin surrounding a given location
in planet mass versus semimajor-axis space.

We overplotted the 25%, 50%, and 75% completeness
contours on the injection/recovery results in Figure 9. We note
that our overall completeness was better for the single stars
than the binaries, but this discrepancy was measured and
accounted for using the injection/recovery tests.

7. Planet Occurrence in Single and Binary Systems

We calculated the planet occurrence rate in bins of
semimajor axis and planet mass for both the single- and
binary-star samples. For all calculations of occurrence, we
included both known planets and our new planet candidates.
We followed the methodology described by Bowler et al.
(2015).

For a given range of planetary parameter space, we first
counted the number of detected planets, npl. We next
determined the effective number of stars with sensitivity to
planets in that parameter space, nå,eff. This second value was
calculated by multiplying the fraction of recovered injections
within the region of interest by the number of stars in the
sample. Injections were distributed uniformly in log space, and
we assumed that the planet occurrence rate density was also
uniform in m ilog sin and alog . We calculated both npl and
nå,eff separately for the single and binary samples.

We then used binomial statistics to estimate occurrence.
Given npl and nå,eff, we calculated the posterior probability for
occurrence f using the generalized binomial likelihood taken

from Equation (7) in Bowler et al. (2015):

=
G +

G + G - +
- +-P k f n

n

k n k
f f n,
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1 1
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where n= nå,eff is the number of trials, k= npl is the number of
successes, and f is the occurrence rate in number of planets per
star (NPPS).
We adopted a Jeffreys prior on occurrence, which for

Bernoulli trials takes the form = - -p f f f1 1 2( ) [ ( )] . Our
final posterior for occurrence then took the form

µ *P f n k P k f n p f, , , 3( ∣ ) ( ∣ ) ( ) ( )

which we normalized to integrate to unity.
For our single and binary samples, we divided parameter space

into sparse cells, covering the range of 0.1–10 au in planetary
semimajor axis and 0.03–10 MJ in planet mass and spanning
0.5 dex per cell. This yielded a total of 20 cells. Due to the
relatively small number of planet detections, we chose not to
divide the sample up more finely. These 20 cells covered the
majority of the parameter space in which we were sensitive to
planetary companions, as well as a significant portion of
parameter space in which our sensitivity was low. The lower
semimajor-axis limit of 0.1 au was chosen to be well within the
RV search space of >3 days, which corresponds to 0.03–0.05 au
depending on the host star mass. For our binned occurrence rates,
we calculated statistics only in cells with at least 20% fractional
sensitivity at the center of the cell. This excluded the regime of
mass between 0.03 and 0.1 MJ at semimajor axis greater than
0.3 au, as well as the next mass bin up (0.1–0.3 MJ) in the
outermost separation bin (>3 au). This left us with 16 cells over
which we were able to determine planet occurrence, in which the
fractional sensitivity was >20%.
The detected planets and binned occurrence rates are displayed

in Figure 10. Many of the cells contained zero planets, so we
display the 95% upper limit in those cells. For ease of
interpretation, we print the number of planets per 100 stars. The

Figure 10. Binned planet occurrence rates calculated for each cell based on the number of detected planets and the number of stars with sensitivity in a particular cell.
Uncertainties reported here are calculated based on the Jeffreys interval, and results represent the average number of planets per star per cell.
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values for occurrence ranged from 0 to 8.7 planets per 100 stars
per cell.

The binned occurrence rates were generally consistent
between the single and binary samples. We saw the most
significant differences (>1σ) near the regions of lowest
sensitivity. In particular, in the lower right corner of our
selected parameter space, where Mp< 1 MJ and a> 3 au, the
occurrence rate of planets in single-star systems was higher
than in binaries at a 94% confidence level. In contrast, in the
lower left corner with 0.1MJ<Mp< 0.3MJ and a< 0.3 au, the
occurrence rate was higher in the binary systems than the single
systems at the 93% confidence level. We hypothesize that this
might be due to inward planet migration caused by a binary
companion, although this trend does not seem to hold at higher
or lower masses. More detailed analysis and modeling of the
planet distribution in parameter space in each subsample may
help to confirm or refute this more qualitative observation.

Using the same methodology, we computed the total
occurrence rate over a much larger region of parameter space,
for planets with masses between 0.1 and 10 MJ and semimajor
axes between 0.1 and 10 au. Because lower-mass (<0.1 MJ)
planets were detectable only at the smallest separations, we
omitted this region of parameter space from our summation.

This method yielded an estimate for the occurrence rate of
planets in our mass and semimajor-axis range of -

+0.18 0.03
0.04

planets per star in the single-star systems and an occurrence of
0.12± 0.04 planets per star in the binary systems. These rates
are documented in Table 4. These values differ at the 84%
confidence level, with a higher occurrence around singles than
the binary sample as a whole for planets with masses between
0.1 and 10 MJ and semimajor axes of 0.1–10 au.

Finally, we calculated the overall planet occurrence rate for
all stars in our sample in the same region of planet parameter
space. For planets with masses of 0.1–10 MJ and semimajor
axes of 0.1–10 au, the overall planet occurrence rate around
Sun-like stars within 25 pc was 0.16± 0.03 planets per star, for
the specified stellar subsample.

7.1. Effects of Binary Separation

Up to this point, we have treated the binary and multiple
stars as one subsample, comparing them against the single stars
to determine the overall effect of a binary companion on planet
formation and evolution. However, previous theoretical and
observational work has shown that the particular configuration
of the binary companion makes a difference to this question.
We therefore explored how breaking up the binary sample
based on binary separation affected our results.

The distribution of binary separation for our sample binary
stars spanned the range of 1–104 au. It did not follow the full
binary separation distribution of Raghavan et al. (2010), since
the closer binaries were underrepresented in our RV sample,
due to the continued exclusion of double-lined spectroscopic
binaries. Figure 11 shows the RV sample binary separation
distribution in the black histogram. Here we plot only the
minimum binary separation, choosing the closest stellar
companion in cases of triple or higher-order multiples.

Only eight binary-star systems in our sample were found to
host planets, including one planet falling outside our 20%
completeness limit and three additional planets not included in our
0.1–10 MJ, 0.1–10 au total occurrence statistics (see white planet
detections plotted in Figure 10). The distribution of the minimum
binary separations of all eight of these planet-hosting stellar

multiples is plotted in the magenta histogram in Figure 11. Only a
single planet-hosting binary star, HD 19994 A, had a binary
separation of <100 au. Its binary separation was approximately
50 au, near the peak of the overall binary separation distribution of
Raghavan et al. (2010). The remainder of the planet-hosting
binary systems had binary separations >100 au.
Dividing the binary sample at 100 au, we repeated the

summed planet occurrence calculation for planets with masses
of 0.1–10 MJ and semimajor axes of 0.1–10 au on each
subsample and found a statistically significant difference in the
planet occurrence rate for close versus wide binaries. We found
an occurrence rate of -

+0.20 0.06
0.07 planets per star for binary hosts

with aB> 100 au and -
+0.04 0.02

0.04 planets per star for binaries with
companions closer than 100 au.
For the wide (aB> 100 au) binary hosts, the planet

occurrence rate was similar to that of the single stars. For
closer binary systems (aB< 100 au), the planet occurrence rate
differed from the wide binaries at a 94% confidence level and
from the single stars at a confidence level of 99%. We plot the
posterior distributions of the occurrence in the single, binary,
close binary, and wide binary subsamples in Figure 12.
To test the sensitivity of this calculation on the threshold we

used to divide the sample into “close” and “wide” binaries, we
calculated the planet occurrence rate in binary systems closer
and wider than a given separation for various values of aB from
50 to 200 au, using the same method. We found that these
occurrence rates were only weakly dependent on the separation
chosen to divide the sample, varying by less than 1σ as the
threshold was varied from 50 to 200 au. Figure 13 demonstrates
the slightly increasing “wide binary” planet occurrence rate and
slightly declining “close binary” occurrence rate as the binary
separation threshold was increased. For separation thresholds
>50 au, no planets moved between the “close” and “wide”
binary samples, so the changes only reflect slight variations in
nå,eff for each slightly modified sample. The number of planets,
number of stars, and occurrence rates are provided in Table 4.

8. Discussion

8.1. System-wide Planet Occurrence in Wide Binary Systems

Based on our observations and the occurrence rates we have
determined, we have found evidence that planet formation
proceeds in the same way around each member of a wide
binary (aB> 100 au) as it does around a single star. Thus,
interactions between binary companions and their respective
disks appear not to be significant to giant planet formation
interior to 10 au for binaries at separations of 100 au or more. In
other words, planet occurrence around each star in a wide
binary system appears to be independent of the effect of the
other stellar components.
For this study, we primarily targeted only a single star in each

binary system, with the exception of a handful of binary systems
with multiple Sun-like components. Thus, our occurrence rates as
reported here pertained to the number of planets per star, not per
system. For binary or multiple stellar systems, multiple host stars
should then increase the system-wide planet occurrence rate. We
expect that the occurrence rate of planets in each binary system
should be greater than the 20% measured here, given the addition
of a second (or third, etc.) host star.
We note that our sample consisted of only Sun-like stars,

within a specified range of colors and masses. Since the mass
ratio distribution of binary systems is fairly flat, many binaries
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including a Sun-like star also include a significantly lower mass
companion star. In single systems, low-mass stars have
intrinsically lower giant planet occurrence rates, so the total
occurrence in binary systems is not expected to be a simple
factor of two higher.

Previous studies of giant planet occurrence rates in single-
star systems have shown an approximately linear dependence
of planet occurrence on stellar host mass (Johnson et al. 2010).
For the lower-mass companion stars, we therefore extrapolated
our wide binary occurrence rate to lower host star masses as
= f 0.20 M

M0.87 
, using the median stellar mass of 0.87 Me for

our sample as the denominator to scale the calculated
occurrence rate.

For the binaries in our sample with aB> 100 au, we
estimated the system-wide planet occurrence rate by summing
over the number of planets per star in each system (again in the

range of 0.1–10 MJ in mass and 0.1–10 au in semimajor axis)
and dividing by the number of systems. We excluded
hierarchical triples from this analysis, since in these systems,
although the solar-type primary was considered a “wide”
binary with its companions more than 100 au away, the
companions were typically within 100 au of one another in
their hierarchical configuration. This limited our estimate to a
total of 29 true wide binary systems and yielded a system-wide
occurrence rate of ≈0.3 planets per wide binary system.
This estimate is very rough, and more observations will be

needed to probe the effect of host star mass on the conclusions
in this work. Dedicated RV observations of all components in a
sample of multiple stellar systems would provide insight on the
relative likelihood of each component to host planets, based on
the mass ratios between the stars, as well as their orbits.
In addition, RV observations of a larger sample of binary

systems with binary separations in the range of 10–100 au

Table 4
Occurrence Rates Calculated for Different Ranges of Planetary Parameter Space and for Different Subsets of the Full 25 pc Sample

ap (au) m isin (MJ) Subsample Npl Nå,eff focc (NPPS)

Overall Planet Occurrence

0.1–10 0.1–10 Singles 18 101.8 -
+0.18 0.03

0.04

0.1–10 0.1–10 All binaries 8 66.6 -
+0.12 0.04

0.04

0.1–10 0.1–10 Wide binaries (aB > 100 au) 7 34.9 -
+0.20 0.06

0.07

0.1–10 0.1–10 Close binaries (aB < 100 au) 1 31.7 -
+0.04 0.02

0.04

0.1–10 0.1–10 All stars 26 168.4 -
+0.16 0.03

0.03

Planet Occurrence versus Binary Separation

0.1–10 0.1–10 Wide binaries (aB > 50 au) 8 44.1 -
+0.18 0.05

0.06

0.1–10 0.1–10 Close binaries (aB < 50 au) 0 22.5 -
+0.01 0.01

0.03

0.1–10 0.1–10 Wide binaries (aB > 75 au) 7 37.1 -
+0.19 0.06

0.07

0.1–10 0.1–10 Close binaries (aB < 75 au) 1 29.5 -
+0.04 0.03

0.04

0.1–10 0.1–10 Wide binaries (aB > 100 au) 7 34.9 -
+0.20 0.06

0.07

0.1–10 0.1–10 Close binaries (aB < 100 au) 1 31.7 -
+0.04 0.02

0.04

0.1–10 0.1–10 Wide binaries (aB > 125 au) 7 32.9 -
+0.22 0.06

0.08

0.1–10 0.1–10 Close binaries (aB < 125 au) 1 33.7 -
+0.04 0.02

0.04

0.1–10 0.1–10 Wide binaries (aB > 150 au) 7 30.5 -
+0.23 0.07

0.08

0.1–10 0.1–10 Close binaries (aB < 150 au) 1 36.1 -
+0.03 0.02

0.04

0.1–10 0.1–10 Wide binaries (aB > 175 au) 7 29.6 -
+0.24 0.07

0.08

0.1–10 0.1–10 Close binaries (aB < 175 au) 1 37.0 -
+0.03 0.02

0.04

0.1–10 0.1–10 Wide binaries (aB > 200 au) 7 28.9 -
+0.25 0.07

0.08

0.1–10 0.1–10 Close binaries (aB < 200 au) 1 37.6 -
+0.03 0.02

0.04

Planet Occurrence versus Planet SMA

0.1–1 0.1–10 Singles 3 121.4 -
+0.03 0.01

0.02

1–10 0.1–10 Singles 15 82.2 -
+0.18 0.04

0.04

0.1–1 0.1–10 All binaries 4 82.9 -
+0.05 0.02

0.03

1–10 0.1–10 All binaries 4 50.2 -
+0.08 0.03

0.04

0.1–1 0.1–10 Wide binaries (aB > 100 au) 4 41.7 -
+0.10 0.04

0.05

1–10 0.1–10 Wide binaries (aB > 100 au) 3 28.1 -
+0.11 0.05

0.07

0.1–1 0.1–10 Close binaries (aB < 100 au) 0 41.2 <0.05
1–10 0.1–10 Close binaries (aB < 100 au) 1 22.1 -

+0.05 0.03
0.06

Hot Jupiter Occurrence

P (days) m isin (MJ) Subsample Npl Nå,eff focc (NPPS)

3–10 0.1–10 Singles 2 134.4 -
+0.02 0.01

0.01

3–10 0.1–10 Binaries 0 94.5 <0.02

Note. Each row represents a planet occurrence calculation for planets between the given lower and upper values of planetary semimajor axis ap and mass m isin .
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would help to resolve the transition in planet occurrence rate as
a function of binary separation. Because of the number and
distribution of the close and wide binaries in our survey
sample, it was not possible to determine the precise binary
separation at which binary companions begin to have an
inhibiting effect on planet occurrence.

However, our results are in good qualitative agreement with
previous multiplicity studies of the Kepler field planet host
stars. In particular, Kraus et al. (2016) identified a binary
separation of = -

+a 47crit 23
59 au as the critical separation, within

which binary companions significantly inhibit planet forma-
tion. In this study, we found a corresponding fall-off in the
giant planet occurrence rate for binaries with separations
100 au, and we found no planets (and an occurrence rate of
only -

+0.01 0.01
0.03 planets per star) around components of binaries

with separations <50 au.
Although we were able to estimate the system-wide planet

occurrence rate for wide binary systems, we did not attempt to
do so for all binary systems. The total system-wide planet
occurrence rate for all binaries will depend on the details of
planet suppression as a function of binary separation and mass
ratio, as well as the overall binary separation and mass ratio
distributions (Raghavan et al. 2010).

In the future, the Gaia catalog will allow for the creation of a
larger volume-complete sample of stars for similar observations
and analysis, and 30 m class telescopes will provide access to
fainter stars, allowing us to extend this survey to lower-mass
stars and more distant targets. However, this type of survey will
take many years, since very few low-mass stars or stars beyond
25 pc have the long history of RV observations that many stars
in our 25 pc Sun-like sample had.

8.2. Planet Properties in Single and Binary Systems

A comparison between the binned planet occurrence rates in
single versus binary systems in Figure 10 shows a noticeable
discrepancy in the locations of the detected planets in the mass
versus semimajor-axis plane. In particular, the large majority of

planets detected in single-star systems were located between 1
and 10 au from their host stars. Contemporaneous studies of
giant planet occurrence have found a peak in the separation
distribution of RV-detected planets at approximately 3 au,
consistent with this behavior (Cumming et al. 2008; Fernandes
et al. 2019; B. Fulton et al. 2021, in preparation).
However, the distribution of planets in the binary systems in

this survey did not appear to follow this trend. Instead, more
than half of the planets in binary systems were located within
1 au of their host stars.
We calculated the total occurrence rates interior and exterior

to 1 au (but still between 0.1 and 10 MJ in mass) in both the
single-star sample and the wide binary sample. We found that
for the single stars the occurrence rate was higher in the
1–10 au bin than in the 0.1–1 au bin with >99% confidence. In
the wide binaries, by contrast, we found that the occurrence rate
was approximately equivalent in the 0.1–1 au and 1–10 au bins.
Table 4 provides occurrence rates interior and exterior to

1 au for each subsample. Only the single-star sample has such a
pronounced difference in occurrence for planets interior and
exterior to 1 au. Although small number statistics may be at
work here, with only 12 total planet detections around binary
components, this qualitative trend may also be indicative of
planet migration from wide to small separations, mediated by
interaction with a (wide) binary companion.
A more detailed quantitative comparison of the orbital period

distribution of planets in single versus binary systems was
beyond the scope of this paper but will be forthcoming in a
follow-up paper using the same sample and sensitivity analysis.

8.3. Double-lined Spectroscopic Binaries

In our stellar sample, 36 close binary systems were excluded
from our RV planet search owing to the risk of stellar spectral
contamination by the companion star. These systems effec-
tively factored into our planet occurrence statistics as having
zero planet detections and zero sensitivity to planets (since we
did not collect any RV data on these stars). All 36 of these
systems had binary separations smaller than 50 au and so
would have been included in our “close binary” sample if
observed.
To probe the potential effect of excluding these systems, we

explored how our planet occurrence rates for close binary
systems would change in the scenario that these stars had been
surveyed with equivalent sensitivity to the rest of the close
binary sample and no planets had been detected. We therefore
used the injection-recovery results from the existing close
binary sample but applied them to a total number of stars
increased by 36 to obtain an updated Nå,eff= 51.3. The number
of planets, Npl= 1, was unchanged. This yielded a planet
occurrence rate of -

+0.02 0.01
0.03 planets per close binary star.

Compared to the number we calculated without these SB2
systems ( -

+0.04 0.02
0.04 planets per star), this value is smaller

by ≈1σ.
This occurrence calculation assumed that the double-lined

spectroscopic binaries we excluded could have been surveyed
with the same sensitivity as the close binaries that were
included in our RV survey sample, which is not currently
possible. To address this gap in our understanding, we are
currently working to understand and mitigate the effects of
double-lined spectroscopic binaries on our RV pipeline, in the
hopes of performing a sensitive planet survey on these systems
in the future. RV instruments that do not use the iodine cell

Figure 11. Distribution of binary separation for all binary systems included in
our RV planet survey, compared with the distribution of binary separation for
those systems found to host planets. Only a single planet-hosting binary has a
binary separation <100 au: HD 19994, which has a hierarchical pair of
companions at 50 au and a ≈1 MJ planet orbiting at 457 days.
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method for wavelength calibration may also have a better
chance of fitting for spectral contamination and obtaining more
accurate RV data for these SB2 systems.

8.4. Hot Jupiter Occurrence Rates

For the analysis described above, we chose to limit our
occurrence calculations to >0.1 au to ensure that we remained
well within the parameter space explored by our injection-
recovery tests. However, previous work has indicated a
difference in the stellar multiplicity of hot Jupiter host stars
(Ngo et al. 2015, 2016; Wang et al. 2015a), so here we attempt
to estimate planet occurrence rates at planet periods of 3–10 days
in our single- and binary-star samples for comparison.
In our sample, there were seven detected planets with

periods between 3 and 10 days. All orbited single-star hosts. Of
these, only two (HD 217014 b and HD 217107 b) fell within
the 0.1–10 MJ giant planet regime, while the remainder had

»m i Msin 0.01 0.02 J– . There were also two previously known
hot Jupiters with periods shorter than 3 days in our sample (HD
189733 b and 55 Cnc e), both of which were in wide binary
systems. We were unable to probe to these shorter periods
without significantly increasing the computational time
required for this calculation. However, we did not see evidence
for a significant population of shorter-period planets based on
the RV scatter of our sample stars.
We caution that our abbreviated injection-recovery

approach, described in Section 6.3, was found to be unreliable
very close to the 3-day planet search cutoff, so our sensitivity
may have been overestimated in this regime. Nevertheless, we
used our injection-recovery results to calculate the hot Jupiter
occurrence rates in our single and binary systems. These
occurrence rates should be treated with some skepticism until
more rigorous injection-recovery tests are run at short periods.

Figure 12. Normalized posterior distributions for the planet occurrence rates (number of planets per star) in different subsamples. Here we consider planets with
masses of 0.1–10 MJ and semimajor axes spanning 0.1–10 au. These probability density functions are based on the likelihood function from Bowler et al. (2015) and
include a Jeffreys prior on occurrence. In addition to the posterior distributions, we show the occurrence and 68% confidence intervals for each subsample to
demonstrate the overlap between planet occurrence estimates in each subsample.

Figure 13. Planet occurrence rate in “wide” and “close” binaries as a function
of the binary separation threshold used to divide the binary sample. Planet
occurrence is only weakly dependent on the binary separation threshold
between 50 and 200 au, with an overall variation of 1σ as the separation
threshold is varied for both the wide and close binary subsamples.
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We found that for giant planets ( < <m i M0.1 sin 10 J) with
orbits of 3–10 days, the occurrence rate was -

+0.02 0.01
0.01 planets

per single star and <0.02 planets per star in a binary system.
These rates are statistically indistinguishable, mainly due to the
small number of detected planets in this regime. These
occurrence rates are also broadly consistent with previous hot
Jupiter statistics from the literature. Due to the low occurrence
of hot Jupiter planets, a larger sample would help to probe the
possible differences between the single- and binary-star
samples.

9. Conclusions

We have undertaken a joint RV and imaging survey of the
nearest Sun-like stars, to assess the impacts of stellar
multiplicity on planet occurrence rates. We have compiled an
extensive list of stellar binary systems, based on our imaging
and RV observations, as well as previous multiplicity surveys
published in the literature over the past decade. We have
determined that 48.4%± 2.9% of our nearby stars have binary
companions, a figure in good agreement with the results of
Raghavan et al. (2010).

Of our 290 sample stars, ≈260 have been followed up with
RV observations to attempt to detect planetary companions. Of
these, 255 had sufficient follow-up data to meet our survey
requirements, 146 of which were single stars and 109 of which
had binary companions. We have assessed our sensitivity to
planets around each of these 255 stars and reported on the
planet and planet candidate detections resulting from our data.
In total, we have detected 44 planets and 10 candidates, and we
have reported their best-fit orbits and masses.

Based on the planets detected and our sensitivity assessment,
we have calculated total planet occurrence rates for planets with
masses in the range of 0.1–10 MJ and semimajor axes in the
range of 0.1–10 au for our single and binary samples. We have
found that the single-star systems had a planet occurrence rate
of -

+0.18 0.03
0.04 planets per star at these masses and separations,

while the binary stars had a planet occurrence rate of
0.12± 0.04 planets per star.

Dividing the binary sample by binary separation at 100 au,
we have determined that the occurrence rate for wide
(aB> 100 au) binaries was -

+0.20 0.06
0.07 planets per star, and for

close (aB< 100 au) binaries it was -
+0.04 0.02

0.04 planets per star.
We therefore concluded that wide binaries had an equivalent
giant planet occurrence rate to single stars, while close binaries

had a suppressed planet occurrence rate relative to the single
stars, detected at the 99% confidence level.
We have also calculated binned planet occurrence rates over

the range of parameter space to which we had more than 20%
fractional sensitivity. We have found evidence for a difference
in the semimajor-axis distribution of planets in single- versus
binary-star systems.
Finally, we have estimated that for wide binary systems with

a typical distribution of companion masses, the total system-
wide giant planet occurrence rate should be approximately 0.3
planets per system.
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Appendix A
Binary Companions

Table 5 lists the 205 stellar, white dwarf, and brown dwarf
companions orbiting 146 Sun-like stars within 25 pc.
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Table 5
Binary Companions to 25 pc Stars

HD HIP Comp M0 (Me) Source Mc (Me) Source Mass References a/Sep (au) Source Sep References

224930 171 B 0.72 ± 0.03 Spec 0.78 ± 0.09 Dyn 2, 3 10.23 ± 0.23 Dyn 3
123 518 Ba 1.01 ± 0.04 Spec 0.91 ± 0.09 Phot 4 32.39 ± 0.42 Proj 4, 5
123 518 Bb 1.01 ± 0.04 Spec 0.46 ± 0.05 Phot 4 32.39 ± 0.42 Proj 4, 5
3196 2762 Ab 1.12 ± 0.05 BV 0.37 ± 0.04 Dyn- 4 0.04 ± 0.00 Dyn 4
3196 2762 B 1.12 ± 0.05 BV 0.97 ± 0.10 Phot 4 4.64 ± 0.32 Dyn 2, 6
3651 3093 B 0.89 ± 0.03 Spec 0.05 ± 0.01 Phot 7 477.79 ± 4.45 Proj 7
4614 3821 B 0.91 ± 0.04 Spec 0.59 ± 0.02 Spec 4, 8, 9 70.08 ± 1.13 Dyn 9
6101 4849 B 0.73 ± 0.03 Spec 0.40 ± 0.11 Dyn 10, 8 9.84 ± 0.35 Dyn 10
6101 4849 C 0.73 ± 0.03 Spec 0.37 ± 0.05 Phot 11 19410.11 ± 170.99 Proj 12, 5
6582 5336 Ab 0.69 ± 0.03 Spec 0.20 ± 0.05 Dyn 13 7.39 ± 0.17 Dyn 13, 14
8997 6917 Ab 0.79 ± 0.04 BV 0.63 ± 0.06 Dyn, Phot 15 0.11 ± 0.00 Dyn 16
10307 7918 Ab 1.03 ± 0.06 Spec 0.29 ± 0.07 Dyn 17 8.03 ± 0.18 Dyn 16
13789 10416 B 0.78 ± 0.03 Spec 0.22 ± 0.01 Phot 1 62.63 ± 6.26 Proj 1
13974 10644 Ab 1.07 ± 0.03 BV 0.86 ± 0.09 Dyn 4 0.11 ± 0.00 Dyn 18
14214 10723 Ab 1.23 ± 0.11 Spec 0.46 ± 0.01 Dyn 19 0.48 ± 0.01 Dyn 19
16160 12114 Ab 0.73 ± 0.03 Spec 0.12 ± 0.01 Dyn 20 14.55 ± 0.94 Dyn 20, 6
16160 12114 B 0.73 ± 0.03 Spec 0.22 ± 0.02 Phot 5 1187.79 ± 3.28 Proj 21, 5
16287 12158 Ab 0.87 ± 0.03 Spec 0.12 ± 0.00 Dyn 22, 8 0.12 ± 0.00 Dyn 22
16739 12623 Ab 1.10 ± 0.04 BV 1.18 ± 0.12 Phot 22 1.23 ± 0.02 Dyn 18, 6
16909 12709 Ab 0.75 ± 0.03 Spec 0.29 ± 0.01 Dyn 16 2.27 ± 0.02 Dyn 16
17382 13081 Ab 0.91 ± 0.04 Spec 0.20 ± 0.01 Dyn 16 6.66 ± 0.23 Dyn 16
17382 13081 B 0.91 ± 0.04 Spec 0.19 ± 0.01 Phot 23 468.61 ± 2.18 Proj 23, 24, 5
18143 13642 B 0.91 ± 0.04 Spec 0.65 ± 0.02 Phot 5 108.12 ± 3.89 Proj 5
18143 13642 C 0.91 ± 0.04 Spec 0.31 ± 0.02 Phot 5 987.05 ± 5.21 Proj 25
18757 14286 D 0.85 ± 0.03 Spec 0.03 ± 0.00 Dyn- 26 22.00 ± 2.31 Dyn 26
18757 14286 C 0.85 ± 0.03 Spec 0.32 ± 0.03 Phot 4 6212.78 ± 4.51 Proj 4
19994 14954 Ba 1.32 ± 0.09 Spec 0.52 ± 0.05 Phot 4 50.33 ± 16.87 Proj 25, 5
19994 14954 Bb 1.32 ± 0.09 Spec 0.06 ± 0.01 U 4 50.33 ± 16.87 Proj 25, 5
22879 17147 B 0.74 ± 0.03 Spec 0.09 ± 0.00 Phot 5 498.05 ± 10.95 Proj 25, 5
23439 17666 Ba 0.62 ± 0.02 Spec 0.77 ± 0.08 Dyn 27 164.72 ± 2.95 Proj 25, 5
23439 17666 Bb 0.62 ± 0.02 Spec 0.12 ± 0.01 Dyn 27 164.72 ± 2.95 Proj 25, 5
24496 18267 B 0.92 ± 0.04 Spec 0.53 ± 0.05 U 4 72.81 ± 5.07 Proj 4, 5
24409 18413 D 0.93 ± 0.04 Spec 0.63 ± 0.06 Phot 4 12.29 ± 0.86 Dyn 4
24409 18413 E 0.93 ± 0.04 Spec 0.33 ± 0.03 Phot 4 216.39 ± 6.48 Proj 25
25893 19255 Ba 0.97 ± 0.04 Spec 0.68 ± 0.02 Phot 1 59.05 ± 1.40 Proj 25
25893 19255 Bb 0.97 ± 0.04 Spec 0.68 ± 0.02 Phot 1 61.11 ± 6.11 Proj 1
25893 19255 E 0.97 ± 0.04 Spec 1.31 ± 0.05 Spec 8 15834.80 ± 88.87 Proj 25, 28, 5
26965 19849 B 0.73 ± 0.03 Spec 0.57 ± 0.02 Dyn 29 393.33 ± 16.43 Proj 5
26965 19849 C 0.73 ± 0.03 Spec 0.20 ± 0.01 Dyn 29 393.33 ± 16.43 Proj 5
26923 19859 B 1.04 ± 0.05 Spec 0.97 ± 0.04 Spec 4, 8 1418.08 ± 3.62 Proj 25, 4
26913 19855 A 0.97 ± 0.04 Spec 1.03 ± 0.05 Spec 4, 8 1419.17 ± 3.50 Proj 25, 4
32850 23786 Ab 0.84 ± 0.03 Spec 0.30 ± 0.03 Dyn- 30 0.71 ± 0.01 Dyn 30
32923 23835 Ab 0.95 ± 0.06 Spec 0.94 ± 0.09 Phot 8 2.86 ± 0.29 Proj 4
34673 24819 Ba 0.71 ± 0.03 Spec 0.47 ± 0.01 Phot 1 26.32 ± 39.96 Proj 5
34673 24819 Bb 0.71 ± 0.03 Spec 0.30 ± 0.06 Phot 1 32.43 ± 3.24 Proj 1
35112 25119 B 0.77 ± 0.03 Spec 0.50 ± 0.05 Dyn 6, 8 21.82 ± 1.49 Dyn 31
37394 26779 B 0.93 ± 0.04 Spec 0.56 ± 0.02 Phot 5 1204.00 ± 1.74 Proj 25, 28, 5
39587 27913 Ab 1.05 ± 0.04 Spec 0.15 ± 0.01 Dyn 32 6.23 ± 0.08 Dyn 32
40397 28267 B 0.87 ± 0.03 Spec 0.27 ± 0.03 Phot 4 60.84 ± 6.08 Proj 25, 5
40397 28267 D 0.87 ± 0.03 Spec 0.12 ± 0.01 Phot 4 2168.22 ± 216.82 Proj 25, 5
43587 29860 Ab 1.06 ± 0.03 BV 0.54 ± 0.05 Phot 33 12.33 ± 0.16 Dyn 19
43587 29860 Ea 1.06 ± 0.03 BV 0.25 ± 0.06 Dyn 34 1991.66 ± 53.07 Proj 25, 4
43587 29860 Eb 1.06 ± 0.03 BV 0.12 ± 0.02 Dyn 34 1991.66 ± 53.07 Proj 25, 4
45088 30630 Ab 0.80 ± 0.04 BV 0.63 ± 0.06 Dyn 35 0.08 ± 0.00 Dyn 16
45088 30630 B 0.80 ± 0.04 BV 0.27 ± 0.03 Phot 35 47.69 ± 4.77 Proj 25
263175 32423 B 0.69 ± 0.03 Spec 0.41 ± 0.03 Phot 5 795.98 ± 79.60 Proj 25, 5
50281 32984 Ba 0.76 ± 0.03 Spec 0.48 ± 0.03 Phot 5 513.58 ± 51.36 Proj 25, 5
50281 32984 Bb 0.76 ± 0.03 Spec 0.39 ± 0.10 Phot 1 513.58 ± 51.36 Proj 25, 5
54371 34567 Ab 0.97 ± 0.01 BV 0.50 ± 0.00 Dyn 36 0.23 ± 0.00 Dyn 36
hip36357 36357 A 0.79 ± 0.03 Spec 1.40 ± 0.05 Phot 37 13722.92 ± 10.65 Proj 25, 5
hip36357 36357 B 0.79 ± 0.03 Spec 0.09 ± 0.01 Type 23 13728.78 ± 1372.88 Proj 25
61606 37349 B 0.81 ± 0.03 Spec 0.65 ± 0.01 Phot 5 816.45 ± 3.03 Proj 25, 5
64606 38625 Ab 0.67 ± 0.03 Spec 0.18 ± 0.01 Dyn 38 1.09 ± 0.01 Dyn 38
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Table 5
(Continued)

HD HIP Comp M0 (Me) Source Mc (Me) Source Mass References a/Sep (au) Source Sep References

64606 38625 B 0.67 ± 0.03 Spec 0.31 ± 0.01 Phot 1 13.58 ± 1.36 Proj 1
64468 38657 Ab 0.79 ± 0.03 BV 0.13 ± 0.11 Dyn 16, 5 0.57 ± 0.02 Dyn 16
64468 38657 E 0.79 ± 0.03 BV 0.11 ± 0.01 Phot 1 93.37 ± 9.34 Proj 1
65277 38931 B 0.70 ± 0.03 Spec 0.33 ± 0.03 Phot 5 94.73 ± 5.56 Proj 25, 5
65430 39064 Ab 0.80 ± 0.03 Spec 0.08 ± 0.01 Dyn 38, 8 4.32 ± 0.15 Dyn 38, 39
68017 40118 Ab 0.78 ± 0.03 Spec 0.16 ± 0.02 Phot 40 15.46 ± 1.50 Dyn 1
72760 42074 Ab 0.93 ± 0.04 Spec 0.13 ± 0.01 Dyn 1 31.19 ± 6.35 Dyn 1
72946 42173 Bb 1.01 ± 0.04 Spec 0.07 ± 0.00 Dyn 41 6.49 ± 0.10 Dyn 41
72946 42173 Aa 1.01 ± 0.04 Spec 1.24 ± 0.12 Phot 4 259.94 ± 4.41 Proj 25, 5
72946 42173 Ab 1.01 ± 0.04 Spec 0.46 ± 0.05 Dyn 4 259.94 ± 4.41 Proj 25, 5
72946 42173 G 1.01 ± 0.04 Spec 0.35 ± 0.03 Phot 5 3376.25 ± 5.40 Proj 5
75767 43557 Ab 1.03 ± 0.04 BV 0.28 ± 0.01 Dyn 4, 42, 43 0.10 ± 0.00 Dyn 42, 44
75767 43557 Ba 1.03 ± 0.04 BV 0.37 ± 0.04 U 4, 44 72.64 ± 4.45 Proj 35, 44, 5
75767 43557 Bb 1.03 ± 0.04 BV 0.37 ± 0.04 U 4, 44 72.64 ± 4.45 Proj 35, 44, 5
75732 43587 B 0.99 ± 0.04 Spec 0.28 ± 0.03 Phot 5 1067.86 ± 3.63 Proj 25, 5
79096 45170 Ab 0.94 ± 0.03 BV 0.85 ± 0.03 Dyn 18 2.36 ± 0.02 Dyn 16
79096 45170 Ea 0.95 ± 0.03 BV 0.05 ± 0.02 Spec 45 874.89 ± 87.49 Proj 25, 45
79096 45170 Eb 0.94 ± 0.03 BV 0.05 ± 0.02 Phot 46 874.89 ± 87.49 Proj 25, 45
79028 45333 Ab 1.07 ± 0.03 BV 0.66 ± 0.15 Dyn 36 0.15 ± 0.00 Dyn 36
79555 45383 Ab 0.76 ± 0.03 Spec 0.50 ± 0.05 Dyn 47 17.04 ± 0.56 Dyn 47
79555 45383 B 0.76 ± 0.03 Spec 0.06 ± 0.00 Phot 5 11793.76 ± 48.82 Proj 5
79969 45617 B 0.77 ± 0.04 BV 0.74 ± 0.07 Phot 2 12.09 ± 0.82 Dyn 2, 6
80715 45963 Ab 0.78 ± 0.04 BV 0.79 ± 0.05 Dyn 16 0.06 ± 0.00 Dyn 16
82443 46843 B 0.90 ± 0.04 Spec 0.12 ± 0.01 Phot 4 1175.30 ± 4.67 Proj 25, 5
82885 47080 B 1.06 ± 0.05 Spec 0.32 ± 0.03 Phot 5 38.25 ± 2.55 Dyn 48
86728 49081 Ba 1.11 ± 0.07 Spec 0.10 ± 0.01 Type 49 2005.90 ± 22.57 Proj 25, 5
86728 49081 Bb 1.11 ± 0.07 Spec 0.10 ± 0.01 Type 49 2005.90 ± 22.57 Proj 25, 5
90508 51248 B 0.85 ± 0.03 Spec 0.25 ± 0.01 Phot 5 72.30 ± 16.82 Dyn 50
96064 54155 B 0.95 ± 0.04 Spec 0.60 ± 0.10 Dyn 2, 6 312.23 ± 31.22 Proj 25
96064 54155 C 0.95 ± 0.04 Spec 0.60 ± 0.10 Dyn 2, 6 312.23 ± 31.22 Proj 25
97334 54745 Ea 1.10 ± 0.05 Spec 0.05 ± 0.00 Dyn, Phot 51 2032.04 ± 203.20 Proj 25, 5
97334 54745 Eb 1.10 ± 0.05 Spec 0.05 ± 0.00 Dyn, Phot 51 2032.04 ± 203.20 Proj 25, 5
99491 55846 B 1.03 ± 0.05 Spec 0.86 ± 0.03 Spec 8 513.10 ± 7.56 Proj 25, 5
99492 55848 A 0.86 ± 0.03 Spec 1.03 ± 0.05 Spec 8 513.21 ± 7.72 Proj 25, 5
100180 56242 B 1.06 ± 0.05 Spec 0.74 ± 0.07 Phot 4, 5 366.67 ± 7.75 Proj 25, 5
101177 56809 Ba 0.93 ± 0.05 Spec 0.82 ± 0.08 Phot 4 195.53 ± 13.90 Dyn 52
101177 56809 Bb 0.93 ± 0.05 Spec 0.39 ± 0.04 Dyn 4 176.89 ± 11.76 Dyn 52
101206 56829 Ab 0.66 ± 0.02 Spec 0.31 ± 0.03 Dyn- 53 0.11 ± 0.00 Dyn 22, 53
109011 61100 B 0.77 ± 0.03 Spec 0.64 ± 0.01 U 54 2.60 ± 0.02 Dyn 16, 54
110833 62145 Ab 0.86 ± 0.03 Spec 0.02 ± 0.01 Dyn- 16 0.78 ± 0.01 Dyn 16
112758 63366 Ab 0.70 ± 0.03 Spec 0.03 ± 0.00 Dyn- 16 0.39 ± 0.00 Dyn 16
112758 63366 B 0.70 ± 0.03 Spec 0.48 ± 0.10 Type 23 10.77 ± 1.08 Proj 25
112914 63406 Ab 0.70 ± 0.03 Spec 0.21 ± 0.01 Dyn 55 1.51 ± 0.02 Dyn 55
113449 63742 Ab 0.85 ± 0.03 BV 0.41 ± 0.01 Dyn- 56 0.76 ± 0.01 Dyn 56
115404 64797 B 0.80 ± 0.04 BV 0.55 ± 0.10 Type 23 92.87 ± 6.78 Dyn 52
116442 65352 B 0.73 ± 0.03 Spec 0.71 ± 0.03 Spec 8 434.89 ± 3.40 Proj 25, 5
116443 65355 A 0.71 ± 0.03 Spec 0.73 ± 0.03 Spec 8 434.27 ± 3.39 Proj 25, 5
122742 68682 Ab 0.93 ± 0.04 Spec 0.55 ± 0.03 Dyn 57 5.25 ± 0.07 Dyn 39
125455 70016 B 0.80 ± 0.03 Spec 0.18 ± 0.01 Phot 5 312.32 ± 5.94 Proj 25, 5
130948 72567 B 1.08 ± 0.05 Spec 0.06 ± 0.00 U 58 47.35 ± 4.74 Proj 25
130948 72567 C 1.08 ± 0.05 Spec 0.05 ± 0.00 U 58 45.90 ± 4.59 Proj 25
131156 72659 B 0.89 ± 0.03 Spec 0.65 ± 0.03 Spec 8 32.70 ± 2.04 Dyn 2
131511 72848 Ab 0.93 ± 0.04 Spec 0.48 ± 0.01 Dyn- 16 0.55 ± 0.01 Dyn 16
131582 72875 Ab 0.67 ± 0.02 Spec 0.09 ± 0.00 Dyn- 1 2.61 ± 0.03 Dyn 1
133640 73695 Ba 0.84 ± 0.03 Spec 0.91 ± 0.09 Phot 4 42.55 ± 0.90 Dyn 2, 59, 6, 60
133640 73695 Bb 0.84 ± 0.03 Spec 0.48 ± 0.05 Dyn 4, 61 38.72 ± 0.65 Dyn 2, 59, 6
135204 74537 B 0.91 ± 0.04 BV 0.90 ± 0.10 Type 23 1.73 ± 0.17 Proj 25
137107 75312 B 1.11 ± 0.04 BV 1.10 ± 0.04 Dyn 4, 62 15.56 ± 1.00 Dyn 2, 6, 62
137107 75312 E 1.11 ± 0.04 BV 0.06 ± 0.01 Spec 4, 63 4666.98 ± 466.70 Proj 25, 63
137763 75718 Ab 0.89 ± 0.04 BV 0.57 ± 0.06 Dyn 16, 23 2.05 ± 0.03 Dyn 16
137763 75718 B 0.89 ± 0.04 BV 0.91 ± 0.04 Spec 23, 8 1020.96 ± 34.01 Proj 25, 5
137763 75718 C 0.89 ± 0.04 BV 0.16 ± 0.01 Phot 5, 64 23803.16 ± 343.25 Proj 5
137778 75722 Aa 0.91 ± 0.04 Spec 0.90 ± 0.09 Type 23 1079.23 ± 32.46 Proj 25, 5
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139477 76315 B 0.75 ± 0.03 Spec 0.33 ± 0.03 Phot 5 831.64 ± 1.75 Proj 5
139341 76375 B 0.80 ± 0.04 BV 0.77 ± 0.02 Phot 5, 6 27.16 ± 1.32 Proj 5
139341 76382 C 0.81 ± 0.04 BV 0.91 ± 0.04 Spec 6, 8 2779.04 ± 14.09 Proj 5
139323 76375 A 0.92 ± 0.03 Spec 0.95 ± 0.03 Phot 5 2725.21 ± 6.74 Proj 5
140538 77052 Ba 0.98 ± 0.01 BV 0.28 ± 0.05 Phot 65 67.94 ± 6.79 Proj 25
140538 77052 Bb 0.98 ± 0.01 BV 0.28 ± 0.05 Phot 65 67.94 ± 6.79 Proj 25
141272 77408 B 0.90 ± 0.04 Spec 0.26 ± 0.07 Phot, Spec 66 384.62 ± 0.74 Proj 25, 5
142267 77801 Ab 0.83 ± 0.03 Spec 0.12 ± 0.01 Dyn- 1, 67 0.51 ± 0.01 Dyn 1, 67
144287 78709 Ab 0.86 ± 0.03 Spec 0.34 ± 0.01 Dyn- 22, 68 5.63 ± 0.06 Dyn 22, 68
144579 78775 B 0.69 ± 0.03 Spec 0.13 ± 0.01 Phot 5 1006.00 ± 1.93 Proj 25, 5
145958 79492 B 0.91 ± 0.04 BV 0.89 ± 0.04 Spec 8 148.82 ± 10.07 Dyn 69, 70
146361 79607 Ab 1.08 ± 0.04 BV 1.09 ± 0.04 Dyn 71 0.03 ± 0.00 Dyn 71
146361 79607 B 1.08 ± 0.04 BV 1.03 ± 0.04 Spec 8 103.70 ± 5.73 Dyn 71
146361 79607 Ea 1.08 ± 0.04 BV 0.40 ± 0.04 Phot 23, 4 14383.29 ± 28.42 Proj 5
146361 79607 Eb 1.08 ± 0.04 BV 0.13 ± 0.01 Phot 23, 4 14383.29 ± 28.42 Proj 5
146362 79607 A 1.03 ± 0.04 Spec 1.14 ± 0.04 Dyn 71 104.30 ± 5.67 Dyn 71
148653 80725 B 0.74 ± 0.03 Spec 0.72 ± 0.03 Spec 6, 8 42.58 ± 0.53 Dyn 2, 6, 9
149806 81375 Ba 0.95 ± 0.04 Spec 0.43 ± 0.03 Phot 5 127.76 ± 6.96 Proj 1, 5
149806 81375 Bb 0.95 ± 0.04 Spec L L 127.76 ± 6.96 Proj 1, 5
153557 83020 B 0.79 ± 0.03 Spec 0.30 ± 0.03 Dyn 72 50.12 ± 2.73 Dyn 72
153557 83020 C 0.79 ± 0.03 Spec 0.78 ± 0.03 Spec 8 1862.77 ± 392.67 Dyn 72
153525 83006 A 0.78 ± 0.03 Spec 0.79 ± 0.03 Spec 8 1869.83 ± 384.25 Dyn 72
154363 83591 B 0.60 ± 0.02 Spec 0.40 ± 0.02 Phot 5 1930.18 ± 3.09 Proj 25, 5
156985 84616 B 0.73 ± 0.03 Spec 0.22 ± 0.02 Phot 5 3388.81 ± 2.05 Proj 25, 5
157347 85042 B 0.94 ± 0.04 Spec 0.29 ± 0.03 Phot 4 963.45 ± 96.34 Proj 23
157347 85042 C 0.94 ± 0.04 Spec 0.29 ± 0.03 Phot 4 963.45 ± 96.34 Proj 73
159062 85653 B 0.76 ± 0.03 Spec 0.65 ± 0.12 Dyn 74 44.11 ± 15.86 Dyn 74
158614 85667 B 1.02 ± 0.05 Spec 0.90 ± 0.04 Dyn 18 16.04 ± 0.19 Dyn 18, 22
160269 86036 B 1.03 ± 0.05 Spec 0.70 ± 0.07 Phot 4 21.52 ± 1.45 Dyn 2
160269 86036 C 1.03 ± 0.05 Spec 0.55 ± 0.06 Phot 4 10298.56 ± 55.35 Proj 25, 5
160346 86400 Ab 0.79 ± 0.04 BV 0.11 ± 0.01 Dyn- 16, 75 0.36 ± 0.00 Dyn 16
161198 86722 Ab 0.74 ± 0.03 Spec 0.34 ± 0.07 Dyn 57 3.74 ± 0.09 Dyn 57, 76
161198 86722 B 0.74 ± 0.03 Spec 0.11 ± 0.01 Phot 5 581.10 ± 3.49 Proj 25, 5
161797 86974 Ab 1.22 ± 0.10 Spec 0.17 ± 0.02 Dyn 4, 77 18.03 ± 1.28 Dyn 6
161797 86974 B 1.22 ± 0.10 Spec 0.39 ± 0.04 Phot 4 296.45 ± 21.87 Proj 25, 5
161797 86974 C 1.22 ± 0.10 Spec 0.33 ± 0.03 Phot 4 296.45 ± 21.87 Proj 25, 5
165341 88601 B 0.84 ± 0.03 BV 0.73 ± 0.01 Dyn 78 23.05 ± 0.14 Dyn 78
165401 88622 Ab 0.87 ± 0.04 Spec L L 24.40 ± 2.44 Proj 1
165401 88622 B 0.87 ± 0.04 Spec 0.17 ± 0.01 Phot 5 364.10 ± 0.94 Proj 5
hip91605 91605 Ba 0.69 ± 0.03 Spec 0.35 ± 0.01 Phot 1 221.83 ± 22.18 Proj 1
hip91605 91605 Bb 0.69 ± 0.03 Spec 0.33 ± 0.01 Phot 1 226.14 ± 22.61 Proj 1
175742 92919 Ab 0.82 ± 0.03 Spec 0.37 ± 0.01 Dyn- 79 0.04 ± 0.00 Dyn 79
176051 93017 B 1.03 ± 0.05 Spec 0.71 ± 0.07 Dyn 4, 62 18.72 ± 0.30 Dyn 62
178428 93966 Ab 1.03 ± 0.06 Spec 0.19 ± 0.00 Dyn- 19 0.16 ± 0.00 Dyn 19
179958 94336 B 0.97 ± 0.04 Spec 0.95 ± 0.06 Spec 8 264.19 ± 17.91 Dyn 52
179957 94336 A 0.95 ± 0.04 Spec 0.97 ± 0.06 Spec 8 263.91 ± 17.11 Dyn 52
182488 95319 B 0.96 ± 0.04 Spec 0.04 ± 0.02 Dyn 80, 81, 82 20.97 ± 3.07 Dyn 80
184467 95995 B 0.84 ± 0.03 BV 0.81 ± 0.03 Dyn 54 1.45 ± 0.01 Dyn 54
185414 96395 Ab 0.94 ± 0.05 Spec 0.10 ± 0.00 Dyn- 1 6.21 ± 0.10 Dyn 1
185414 96395 B 0.94 ± 0.05 Spec 0.28 ± 0.03 Phot 4 242.22 ± 1.70 Proj 25, 5
186408 96895 Ab 1.06 ± 0.07 Spec 0.17 ± 0.02 Phot 4 68.74 ± 14.89 Proj 25, 5
186408 96895 B 1.06 ± 0.07 Spec 0.99 ± 0.05 Spec 8 840.84 ± 1.46 Proj 25, 5
186427 96901 A 0.99 ± 0.05 Spec 1.06 ± 0.08 Spec 8 840.95 ± 1.41 Proj 25, 5
186858 97222 G 0.72 ± 0.03 Spec 0.77 ± 0.08 Phot 4 43.15 ± 3.16 Dyn 2
186858 97222 A 0.72 ± 0.03 Spec 1.16 ± 0.07 Spec 8 16614.97 ± 11.69 Proj 25, 5
186858 97222 B 0.72 ± 0.03 Spec 0.71 ± 0.07 Phot 4 16614.97 ± 11.69 Proj 25, 5
187691 97675 C 1.24 ± 0.10 Spec 0.22 ± 0.02 Phot 4 419.85 ± 6.19 Proj 25, 5
189340 98416 B 1.08 ± 0.04 BV 0.91 ± 0.09 Dyn 83 3.61 ± 0.06 Dyn 83
189733 98505 B 0.83 ± 0.03 Spec 0.21 ± 0.01 Phot 5 226.18 ± 2.23 Proj 5
190067 98677 B 0.78 ± 0.03 Spec 0.10 ± 0.02 Phot 84 62.23 ± 0.01 Proj 1, 25, 85
190360 98767 B 1.04 ± 0.06 Spec 0.20 ± 0.02 Phot 5 2851.11 ± 3.56 Proj 25, 5
190406 98819 Ab 1.07 ± 0.05 Spec 0.07 ± 0.00 Dyn 86 18.27 ± 0.54 Dyn 86, 87
190771 98921 Ab 1.10 ± 0.05 Spec 0.09 ± 0.01 Dyn- 1 7.65 ± 0.12 Dyn 1
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Appendix B
Notes on Binary Companions

HD 224930=HIP 171: Photometric and dynamical con-
straints on the companion are inconsistent. Griffin (2004)
suggests that B may be a binary.
HD 123=HIP 518: The Ba/Bb binary orbital period of
47.685± 0.003 days (Griffin 1999) shows up in the RV data
for component A, indicating spectroscopic contamination.
HD 6101=HIP 4849: The common proper-motion compa-
nion C is a white dwarf (Bergeron et al. 2001) and has been
suggested to be a double-degenerate white dwarf binary
(Maxted et al. 2000).
HD 13789=HIP 10416: Newly detected binary companion
from ShaneAO survey. At B− V= 1.08, this star was
slightly too red to be included in Raghavan et al. (2010).
Based on our differential photometry in Brγ, we estimate the
mass of the companion to be 0.22± 0.01 Me and the
projected separation to be 63± 6 au.
HD 19994=HIP 14954: Röll et al. (2010) estimate the masses
of Ba/Bb as 0.4 and 0.06 Me respectively, but Roell et al.
(2012) give a total mass of 0.9 Me for the Ba/Bb pair.
HD 22879=HIP 17147: This faint binary companion is not
present in the catalog of Raghavan et al. (2010). The Gaia DR2
differential magnitudes of the companion are not consistent
with the relative photometry listed in the WDS catalog.
HD 25893=HIP 19255: A newly detected close companion to
component B from ShaneAO makes this a quadruple-star

system. Photometry in the literature for component B is blended
with the previously unresolved Bb component. Our ShaneAO
and Palomar photometry is consistent with the Ba and Bb
components being an equal-brightness pair, so we adopt equal
masses for these components based on their Brγ differential
magnitudes. A third very wide comoving companion designated
E is actually the most massive component of this quadruple
system.
HD 26965=HIP 19849: Components B and C, the widely
separated companions to this target star, are a DA2.9 white
dwarf and a dM4e flare star, respectively. The BC orbital
period is 230.3± 0.68 yr (Mason et al. 2017).
HD 26913=HIP 19855 and HD 26923=HIP 19859: One
of the few systems of two Sun-like stars, both of which are
included in our target sample. The stars are separated by
more than an arcminute and are very similar in mass and
effective temperature. Only the primary star is considered in
our analysis of stellar multiplicity in Section 5, but both
stars’ radial velocities are analyzed as part of the planet
search and occurrence statistics in Sections 6 and 7.
HD 32923=HIP 23835: The binary companion is highly
disputed (see notes in WDS entry on this star). Following
Raghavan et al. (2010), we include this system in our
binaries list but remain suspicious of its binary status.
HD 34673=HIP 24819: The B component is newly
resolved as two stars (Ba/Bb) in our ShaneAO observations.
We estimate the masses of the components based on their

Table 5
(Continued)

HD HIP Comp M0 (Me) Source Mc (Me) Source Mass References a/Sep (au) Source Sep References

191499 99316 B 0.82 ± 0.03 Spec 0.63 ± 0.01 Phot 5 101.31 ± 0.94 Proj 25, 5
191785 99452 E 0.80 ± 0.03 Spec 0.22 ± 0.01 Phot 5 2125.68 ± 9.98 Proj 25, 5
195987 101382 Ab 0.89 ± 0.04 BV 0.66 ± 0.00 Dyn 54, 88 0.34 ± 0.00 Dyn 54, 88
197076 102040 Ca 0.97 ± 0.05 Spec 0.30 ± 0.03 Phot 4 2612.75 ± 21.99 Proj 25, 5
197076 102040 Cb 0.97 ± 0.05 Spec 0.30 ± 0.03 Phot 4 2612.75 ± 21.99 Proj 25, 5
198425 102766 B 0.79 ± 0.03 Spec 0.13 ± 0.01 Phot 5 803.12 ± 3.38 Proj 25, 5
198550 102851 B 0.77 ± 0.03 Spec 0.48 ± 0.01 Phot 1 19.14 ± 0.02 Proj 1
hip103256 103256 Ab 0.74 ± 0.03 Spec 0.06 ± 0.00 Dyn- 16 3.05 ± 0.05 Dyn 16
200560 103859 B 0.87 ± 0.03 Spec 0.44 ± 0.02 Phot 1 52.56 ± 2.61 Proj 5
201091 104214 B 0.64 ± 0.02 Spec 0.59 ± 0.02 Spec 8 82.71 ± 2.91 Dyn 70
206860 107350 B 1.06 ± 0.04 Spec 0.02 ± 0.01 Phot 7 783.13 ± 7.25 Proj 7
211472 109926 T 0.90 ± 0.04 Spec 0.27 ± 0.02 Phot 5 1689.02 ± 2.33 Proj 25, 5
216448 112915 B 0.75 ± 0.04 BV 0.73 ± 0.10 Type 89 25.62 ± 1.87 Dyn 2
217580 113718 Ab 0.84 ± 0.03 Spec 0.07 ± 0.00 Dyn- 16 1.12 ± 0.01 Dyn 16
218868 114456 B 1.00 ± 0.05 Spec 0.16 ± 0.02 Phot 4 1187.34 ± 4.81 Proj 25, 5
224465 118162 Ab 1.00 ± 0.05 Spec 0.19 ± 0.01 Dyn- 1 0.29 ± 0.00 Dyn 1

References. (1) This work; (2) Söderhjelm 1999; (3) Griffin 2004; (4) Tokovinin 2014; (5) Gaia Collaboration et al. 2018; (6) Malkov et al. 2012; (7) Luhman et al.
2007; (8) Petigura et al. 2017; (9) Prieur et al. 2017; (10) Balega et al. 2006; (11) Bergeron et al. 2001; (12)Makarov et al. 2008; (13) Lippincott 1981; (14) Agati et al.
2015; (15) Griffin 1987; (16) Halbwachs et al. 2018; (17) Henry et al. 1992; (18) Pourbaix 2000; (19) Katoh et al. 2013; (20) Martin & Ianna 1975; (21) Roberts &
Mason 2018; (22) Pourbaix et al. 2004; (23) Raghavan et al. 2010; (24) Salim & Gould 2003; (25) Mason et al. 2001; (26) Bouchy et al. 2016; (27) Tokovinin et al.
1994; (28) Shaya & Olling 2011; (29) Mason et al. 2017; (30) Griffin 2013; (31) Heintz 1984; (32) Irwin et al. 1992; (33) Catala et al. 2006; (34) Pravdo et al. 2006;
(35) Tokovinin et al. 2006; (36) Fekel et al. 2015; (37) Nordström et al. 2004; (38) Latham et al. 2002; (39) Nidever et al. 2002; (40) Crepp et al. 2012b; (41) Maire
et al. 2020; (42) Griffin 1991; (43) Wraight et al. 2012; (44) Fuhrmann et al. 2005; (45) Wilson et al. 2001; (46) Burgasser et al. 2005; (47) Tokovinin 2016; (48)
Heintz 1988; (49) Gizis et al. 2000; (50) Drummond 2014; (51) Dupuy et al. 2014; (52) Hale 1994; (53) Sanford 1925; (54) Kiefer et al. 2018; (55) Griffin 2002; (56)
Griffin 2010; (57) Martin et al. 1998; (58) Dupuy et al. 2009; (59) Abt & Willmarth 2006; (60) Zirm 2011; (61) Lu et al. 2001; (62) Muterspaugh et al. 2010; (63)
Kirkpatrick et al. 2001; (64) Reid et al. 1995; (65) Rodriguez et al. 2015; (66) Eisenbeiss et al. 2007; (67) Beavers & Salzer 1985; (68) Duquennoy & Mayor 1991;
(69) Hopmann 1964; (70) Hartkopf et al. 2001; (71) Raghavan et al. 2009; (72) Kiselev et al. 2009; (73) Riddle et al. 2015; (74) Hirsch et al. 2019; (75) Luck 2017;
(76) Duquennoy et al. 1996; (77) Heintz 1994; (78) Eggenberger et al. 2008; (79) Imbert 1979; (80) Bowler et al. 2018; (81) Nilsson et al. 2017; (82) Currie et al.
2010; (83) Tokovinin 2017; (84) Chakraborty et al. 2002; (85) Turner et al. 2001; (86) Crepp et al. 2012a; (87) Liu et al. 2002; (88) Torres et al. 2002; (89) Perryman
et al. 1997.

(This table is available in machine-readable form.)
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Brγ differential magnitudes to be 0.47 and 0.3 Me,
respectively.
HD 50281=HIP 32984: The wide B component has recently
been resolved as two stars (Ba/Bb) by Mason et al. (2018).
They report a relative magnitude of 0.5 mag between the Ba
and Bb components. The Gaia photometry for B is blended, but
based on their similar brightnesses, Ba and Bb are likely to have
similar masses and temperatures as well. We therefore estimate
the masses of both Ba and Bb from the Gaia Teff. However,
continued follow-up to quantify the masses and orbits of Ba/Bb
would help to refine these parameters. A fourth companion,
designated C in the WDS catalog, is ruled out as a background
star by Gaia DR2.
HIP 36357: One of the rare cases where our Sun-like target
star is not the primary in its system but is instead designated
E. Raghavan et al. (2010) cite E as a spectroscopic binary,
but no trend or binary orbit is detected in the HIRES data
used in this analysis. Wide companions A (HD 58946,
system primary) and B are therefore treated as the only stellar
companions to our target star.
HD 64606=HIP 38625: A/Ab is a spectroscopic binary
with a period of 450.4± 4.3 days (Mazeh et al. 2000;
Latham et al. 2002). A new companion at 0 8 is newly
detected in ShaneAO observations. Its separation and lack of
orbital motion over several years of imaging observations
indicate that the imaged companion is not the source of the
450-day modulation, making this a triple system. The new
companion was not detected in Raghavan et al. (2010).
Based on its differential photometry, we estimate the mass of
the new B component to be 0.31± 0.01 Me and its projected
separation to be 13.6± 1.4 au.
HD 64468=HIP 38657: A/Ab is a known spectroscopic
binary with a period of 161.119± 0.079 days (Halbwachs
et al. 2018). A new, more distant companion is detected at
4 7 from ShaneAO data. We designate this companion E,
since C and D are background stars listed in the WDS
catalog. The new companion was not detected in Raghavan
et al. (2010). Based on its differential photometry, we
estimate the mass of the new E component to be 0.11± 0.01
Me and its projected separation to be 94± 10 au.
HD 65277=HIP 38931: Companion C reported in the WDS
catalog is ruled out as a background star by its Gaia DR2
parallax. Another faint candidate companion detected in
ShaneAO data is also an unassociated background star.
HD 72760=HIP 42074: The companion is detected at
approximately 1″ in 2002 by Metchev & Hillenbrand (2009),
and at 1 8 in our ShaneAO data from 2016 to 2017, implying
significant motion. Significant curvature is also observed in
the RV time series from Lick and the APF from 1998 to 2011
(Lick) and 2014–2019 (APF). We performed a joint orbital
analysis of the Lick and APF RV data, as well as the
astrometric positions from Metchev & Hillenbrand (2009) and
two epochs from the ShaneAO survey (Table 2). We find that
the orbital period of this binary is -

+165 32
54 yr and the mass is

0.13± 0.01 Me. We caution that no instrumental offset was
allowed between the ShaneAO astrometry and the previous
epoch of astrometry in our fit. This may bias the family of
orbits allowed by the data.
HD 72946=HIP 42173: The Sun-like target star in this system
is component B, not the system primary. The A component is
more massive than our survey limits and is a spectroscopic
binary with a period of 14.296 days (Abt & Willmarth 2006;

Tokovinin 2014). A fourth star in the system, G, is located 120″
from B but is found to have common parallax and proper
motion by Gaia.
HD 75767=HIP 43557: Hierarchical quadruple system
composed of two spectroscopic binaries. Aa/Ab are single-
lined with a period of 10.2485± 0.0013 days and were
suggested by Fuhrmann et al. (2005) to be a G star/white
dwarf binary. The dynamical m isin of the Ab component is
low, requiring a face-on orientation to be consistent with a
white dwarf mass. However, Wraight et al. (2012) report
eclipses from the Aa/Ab binary, which would require an
edge-on orientation and mass similar to the dynamical lower
limit, making Ab instead an M star. Ba/Bb are a double-
lined spectroscopic binary of two M dwarfs (Fuhrmann et al.
2005), separated by 3 4 from the A pair.
HD 79096=HIP 24170: Hierarchical quadruple composed of
two spectroscopic binaries. The Ea component has a mass
based on spectroscopic characterization by Wilson et al. (2001),
before Ea/Eb was resolved. Later, Burgasser et al. (2005)
marginally resolved Ea/Eb at 0 53 and determined that the pair
were similar in brightness. We therefore apply the spectroscopic
mass for Ea to the Eb component as well.
HD 86728=HIP 49081: Gizis et al. (2000) suggest that the
B component is an unresolved binary (Ba/Bb) owing to the
anomalous brightness and sustained magnetic activity of B.
However, Bb has not yet been detected spectroscopically or
resolved by imaging observations, so its existence is
speculative. This system is nevertheless securely a multi-
ple-star system, due to the Ba component.
HD 90508=HIP 51248: The mass of companion B is
currently uncertain. Relative brightness measurements from
Gaia and the WDS catalog indicate an M dwarf, but the Gaia
Teff estimate points to a hotter, more massive star near early
K. We also note that several sources report the angular
separation of this companion as 7 08 (Raghavan et al. 2010;
Tokovinin 2014), but this is inconsistent with the current
measured separation of 3 96 from Gaia and our ShaneAO
imaging observations, as well as the remainder of the
available historic astrometry.
HD 99491=HIP 55846 and HD 99492=HIP 55848: Both
stars are Sun-like and are included in our sample. Only
component A is included in our binary statistics, but both
stars are included in the planet occurrence determination. The
B stellar component, HD 99492, hosts a known planet in a
17-day orbit.
HD 100180=HIP 56242: Another binary with two Sun-like
stars; however, since the K-type companion lacks its own
HIP designation, it was not included in our sample generated
on the Hipparcos catalog. A purported inner companion to
the primary star, designated Ab, was included in the WDS
catalog. However, its three measured astrometric positions
from 2001, 2004, and 2008 do not seem consistent with
either a background star trajectory or a bound orbit, and no
RV variation is detected. The companion is also not detected
in ShaneAO observations of the primary star. We therefore
do not include this candidate companion in our analysis.
HD 112758=HIP 63366: Hierarchical triple system. The
outer companion B has been detected in several observations
since 1945 but has not been recovered in other observations
since that time. Raghavan et al. (2010) suggest that B may be
variable. It was not detected in our ShaneAO data but would
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have been at the limits of our contrast at its 2014 angular
separation, so this in itself does not rule the companion out.
HD 116442=HIP 65352 and HD 116443=HIP 65355:
Both components of this binary system are included in our
target sample. Only the primary is included in the stellar
multiplicity analysis, but both are included for the planet
occurrence rate statistics.
HD 131582=HIP 72857: Single-lined spectroscopic binary.
APF RV observations from 2014 to 2018 constrain the
orbital parameters of this pair. We find a best-fit period of
1771.5± 1.5 days and a mass of 0.090± 0.003 Me.
Complete posteriors on the orbital parameters can be found
in Table 6 in Appendix C.
HD 137763=HIP 75718 and HD 137778=HIP 75722:
Likely a quadruple system, with two Sun-like stars in our
target sample (Aa and B). A is a double-lined spectroscopic
binary. B is HD 137778=HIP 75722. The final star in the
system is a very wide M dwarf designated C, but it is not the
background star called C in the WDS catalog. The Gaia
proper motion for C is inconsistent with A and B in the R.A.
dimension, but its parallax and proper motion in decl. are
consistent. Cʼs spectral type of M4.5 (Reid et al. 1995;
Raghavan et al. 2010; Montes et al. 2018) is somewhat
inconsistent with its Gaia Teff.
HD 139341=HIP 76382 and HD 139323=HIP 76375:
Hierarchical triple system of three Sun-like stars. Only two of
the components, A and C, have independent HIP designa-
tions; therefore, only these two stars are included in our
sample. Both are included in the planet occurrence rate
analysis, but only the primary star, HD 139341, is included
for the binary statistics.
HD 145958=HIP 79492: A purported third star in this
system, designated D in Raghavan et al. (2010), has
inconsistent parallax and proper motions based on Gaia
DR2 and is therefore excluded from this analysis.
HD 146361=HIP 79607: Quintuple system! The Aa/Ab
orbit was analyzed in Raghavan et al. (2009). B is located at
7″ from the A pair and has a predicted orbital period of more
than 700 yr (Raghavan et al. 2009). More than 10′ away, Ea/
Eb exhibits common proper motion with Aa/Ab/B. Heintz
(1990) mentions that the Ea/Eb binary period is 52 yr,
although the complete analysis is not provided in that paper.
HD 149806=HIP 81375: The B component is newly
resolved as two stars (Ba/Bb) in a single PHARO
observation epoch. The pair was unresolved in all ShaneAO
observations. We adopt the same projected separation for Bb
as was measured for Ba.
HD 153557=HIP 83020 and HD 153525=HIP 83006:
Triple system with two components (A and C) in the Sun-
like target sample. Kiselev et al. (2009) perform an orbital
analysis for both the A/B orbit and the very long AB/C
orbit, though minimal constraints are possible for the latter.
HD 157347=HIP 85042: Triple system announced by
Riddle et al. (2015). Likely due to orbital motion of the B/C
system, B is omitted from the Gaia DR2 catalog.
HD 159062=HIP 85653: Newly discovered white dwarf
companion. The orbit and mass are determined in Hirsch
et al. (2019).
HD 161198=HIP 86722: Well-characterized 7 yr spectro-
scopic binary (Aa/Ab) with a wide comoving tertiary. The
mass of the Aa component is discrepant between available

sources: 0.73± 0.03 Me from SpecMatch (Petigura et al.
2017) versus 0.942± 0.166 Me (Martin et al. 1998).
HD 165341=HIP 88601: Many candidate companions are
listed in the WDS entry for this star, but no companions are
detected with common proper motion and parallax in Gaia
DR2. Component B has no reported Gaia astrometric
solution but is known to be bound with a well-characterized
orbit. The remainder of the candidates in WDS are most
likely background stars.
HD 165401=HIP 88622: Known RV trend star with a
newly resolved companion from Keck/NIRC2 observations
from 2018. Only one epoch of imaging observations is
available, so the orbital constraints are limited. A joint
astrometric and RV fit to the available data is forthcoming.
We report a projected separation of 24.4± 2.4 au for this
companion. A supplemental paper analyzing the photometry
and astrometry of this companion in combination with the
RV data using the updated orbit-fitting software orbi-
tize! (Blunt et al. 2020) is forthcoming.
HIP 91605: The B component is newly resolved as two stars
(Ba/Bb) in ShaneAO observations. Based on the measured
differential photometry, we estimate the masses of the
components to be approximately equal, 0.35± 0.01 Me and
0.33± 0.01 Me.
HD 176051=HIP 93017: Muterspaugh et al. (2010) fit the
absolute astrometry of this resolved pair and determined that
solutions including a third, substellar companion are
preferred by the data. They suggested that the B component
hosts a giant planet or brown dwarf with a period of
1016± 40 days. This companion is not included in our
analysis, since B is not a target star and no RV data are
available for this component.
HD 179958 and HD 179957=HIP 94336: This approxi-
mately equal-mass binary has a single HIP number, but each
star has its own HD designation. The convention for which
of the two stars is the primary and secondary seems
inconsistent between literature sources. We follow the
WDS convention that HD 179958 is A and HD 179957 is
B. Both stars have RV data sets, so both are included in our
planet occurrence statistics.
HD 186408=HIP 96895 and HD 186427=HIP 96901:
This is the 16 Cygni system. Aa/Ab is a resolved binary,
while B is a comoving wide companion hosting a known
planet, 16 Cyg Bb. Both Aa and B are included in our Sun-
like target sample. Only the primary star is included in our
binary statistics, but both components are included in the
planet occurrence calculations.
HD 186858=HIP 97222: The Sun-like target star in this
hierarchical multiple system is component F, not the primary
star A. F has a close resolved companion G at 3″, and both
are at common parallax and proper motion with the distant
pair A/B over 13′ away. Raghavan et al. (2010) suggest that
the A component might itself be a spectroscopic binary,
which would make this system a quintuple. However, no
other catalogs we found had additional evidence or details
about the purported spectroscopic companion Ab.
HD 189733=HIP 98505: Known planet-hosting system.
The B component is located at 11″ with common parallax
and proper motion based on the Gaia DR2 catalog. This
companion was not previously reported in Raghavan et al.
(2010) or included in the WDS catalog.
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HD 190771=HIP 98921: Known spectroscopic binary but
with a poorly constrained orbit. We have newly resolved the
companion in Keck/NIRC2 observations from 2018. A joint
RV and astrometric orbital analysis using orbitize! is
forthcoming. Here we report the results of the RV-only orbit
fit in Table 6 in Appendix C.
HD 198550=HIP 102851: Bright new companion detected
in ShaneAO observations. The star is too red to appear in the
catalog of Raghavan et al. (2010) and has no WDS catalog
entry. At only 1.6± 0.004 mag fainter than the primary in
Brγ, it is surprising that this companion has not been
previously reported in the literature. We estimate a mass of
0.48± 0.01 Me and a projected separation of 19.2± 0.02 au.
HD 200560=HIP 103859: The primary star of this binary is
included as component C in the WDS entry; however, the
C/D binary system is not physically associated with the A
component. This system should therefore have its own
designation of A/B.

HD 216448=HIP 112915: The mass of the companion was
taken to be equal to the mass of the primary star, since the
measured relative photometry was consistent withΔK= 0mag.
The primaryʼs mass could not be determined spectroscopically
owing to contamination from the bright, close companion.
Instead, both masses were determined based on the primary
Hipparcos B−V and spectral type of K3V. Neither star appears
in the Gaia DR2 catalog.
HD 218868=HIP 114456: The companion star designated
B in this work and Raghavan et al. (2010) is called C in
WDS and Tokovinin (2014).

Appendix C
RV Detections

Table 6 lists all significant periodicity detections, including
planet RV detections, stellar companions, and false positives.

Table 6
RV Detections of Planets and False Positives

HD Period (days) a (au) K (m s−1) M isin (MJ) e ω (rad) tc (JD −2,450,000) Designation

Planets and Planet Candidates

1461 -
+5.7714 0.0003

0.0002
- -
+ -0.064292 e

e
2 06
2 06

-
+2.5 0.2

0.2
-
+0.022 0.002

0.002
-
+0.06 0.04

0.06 - -
+0.2 1.2

1.9
-
+5839.3 0.1

0.1 P

1461 -
+13.505 0.002

0.002
- -
+ -0.113315 e

e
1.1 05
9 06

-
+1.9 0.2

0.2
-
+0.023 0.002

0.003
-
+0.3 0.1

0.1 - -
+2.5 0.3

0.9
-
+5200.9 0.8

0.8 P

3651 -
+62.242 0.003

0.004
- -
+ -0.29602 e

e
1 05
1 05

-
+15.5 0.3

0.4
-
+0.221 0.004

0.004
-
+0.61 0.01

0.02 - -
+2.04 0.04

0.03
-
+5098.9 0.8

0.9 P

3765 -
+1226 23

19
-
+2.12 0.03

0.02
-
+3.9 0.4

0.5
-
+0.17 0.02

0.02
-
+0.4 0.1

0.1 - -
+1.6 0.5

0.4
-
+5626 97

99 PC

19994 -
+456.9 1.6

1.6
-
+1.274 0.003

0.003
-
+24.7 2.6

2.7
-
+1.1 0.1

0.1
-
+0.09 0.06

0.09 - -
+0.0 1.4

1.3
-
+2514 14

12 P

22049 -
+2646 22

23
-
+3.52 0.02

0.02
-
+11.9 0.6

0.7
-
+0.71 0.04

0.04
-
+0.12 0.06

0.06 - -
+0.1 0.4

0.5
-
+7275 60

59 P

23439 -
+45.68 0.02

0.03
- -
+ -0.2131 e

e
8 05
8 05

-
+2.6 0.4

0.4
-
+0.029 0.004

0.004
-
+0.5 0.1

0.1 - -
+1.1 0.4

0.3
-
+6698.9 3.4

4.1 PC

42618 -
+148.6 0.2

0.2
-
+0.5333 0.0005

0.0006
-
+2.0 0.2

0.3
-
+0.048 0.006

0.006
-
+0.2 0.1

0.1
-
+1.6 0.6

0.5
-
+5170.2 3.7

3.5 P

75732 - -
+ -0.736545 e

e
2 06
2 06

- -
+ -0.01588993 e

e
2 08
2 08

-
+6.7 0.3

0.3
-
+0.03 0.001

0.001
-
+0.03 0.02

0.03
-
+1.0 2.4

1.3
-
+5201.961 0.007

0.007 P

75732 - -
+ -14.65171 e

e
6 05
6 05

- -
+ -0.1166888 e

e
3 07
3 07

-
+71.0 0.3

0.3
-
+0.848 0.003

0.003
-
+0.008 0.004

0.004
-
+2.5 1.0

0.4
-
+4176.98 0.02

0.02 P

75732 -
+44.384 0.004

0.004
- -
+ -0.24424 e

e
1 05
1 05

-
+10.3 0.3

0.3
-
+0.178 0.004

0.004
-
+0.02 0.02

0.02
-
+0.3 1.4

1.2
-
+5181.6 0.4

0.3 P

75732 -
+260.7 0.3

0.3
-
+0.7952 0.0005

0.0005
-
+4.7 0.3

0.3
-
+0.143 0.008

0.008
-
+0.21 0.06

0.06 - -
+2.8 0.3

5.8
-
+5243.3 6.0

5.6 P

75732 -
+4699 36

36
-
+5.47 0.03

0.03
-
+41.4 0.5

0.5
-
+3.37 0.05

0.05
-
+0.064 0.009

0.009 - -
+0.5 0.2

0.2
-
+5941 28

28 P

86728 -
+31.15 0.02

0.02
- -
+ -0.2003 e

e
7 05
7 05

-
+2.0 0.3

0.3
-
+0.032 0.005

0.005
-
+0.2 0.1

0.2 - -
+0.0 1.2

1.6
-
+7047.7 1.9

1.5 PC

87883 -
+3309 26

27
-
+4.08 0.02

0.02
-
+50.6 0.7

0.7
-
+2.29 0.04

0.03
-
+0.713 0.008

0.008 - -
+1.21 0.02

0.02
-
+4587 38

38 P

95128 -
+1076.5 1.0

1.1
-
+2.076 0.001

0.001
-
+48.1 0.7

0.7
-
+2.47 0.04

0.04
-
+0.015 0.008

0.008 - -
+0.6 0.5

0.7
-
+4416.2 3.1

3.1 P

95128 -
+2291 17

19
-
+3.43 0.02

0.02
-
+7.7 0.5

0.4
-
+0.5 0.03

0.03
-
+0.17 0.1

0.09
-
+1.5 0.6

0.6
-
+5648 42

51 P

95128 -
+22000 5000

27000
-
+16 3

11
-
+12.1 0.9

1.2
-
+1.5 0.2

0.2
-
+0.5 0.2

0.2
-
+1.4 0.4

0.4
-
+1870 180

130 P

97658 -
+9.4891 0.0007

0.0007
- -
+ -0.079861 e

e
4 06
4 06

-
+2.8 0.2

0.2
-
+0.024 0.002

0.002
-
+0.06 0.04

0.06
-
+1.3 3.6

1.3
-
+6020.3 0.2

0.2 P

99492 -
+17.05 0.002

0.002
- -
+ -0.123365 e

e
8 06
8 06

-
+7.4 0.5

0.5
-
+0.085 0.006

0.006
-
+0.1 0.06

0.07 - -
+1.9 0.6

1.1
-
+4298.0 0.4

0.5 P

114783 -
+492.6 0.3

0.3
-
+1.1649 0.0005

0.0005
-
+29.5 0.5

0.5
-
+1.04 0.02

0.02
-
+0.13 0.02

0.02
-
+1.9 0.1

0.1
-
+5283.8 2.7

2.7 P

114783 -
+4340 110

140
-
+5.0 0.1

0.1
-
+9.1 0.6

0.6
-
+0.66 0.04

0.04
-
+0.11 0.06

0.06
-
+2.4 4.9

0.5
-
+4954 85

90 P

117176 -
+116.6934 0.001

0.0009
- -
+ -0.473692 e

e
3 06
3 06

-
+315.6 0.5

0.5
-
+7.15 0.01

0.01
-
+0.399 0.001

0.001 - -
+0.014 0.003

0.003
-
+5656.68 0.05

0.05 P

128311 -
+453.3 0.7

0.7
-
+1.091 0.001

0.001
-
+62.4 4.1

4.1
-
+2.0 0.1

0.1
-
+0.28 0.04

0.04
-
+1.1 0.2

0.2
-
+5211.4 4.3

4.5 P

128311 -
+917.5 1.9

1.9
-
+1.747 0.002

0.002
-
+78.1 2.6

2.7
-
+3.28 0.1

0.1
-
+0.2 0.05

0.05 - -
+0.3 0.3

0.3
-
+5219 16

19 P

141004 -
+15.508 0.002

0.002
- -
+ -0.123611 e

e
1 05
9 06

-
+3.5 0.4

0.4
-
+0.043 0.004

0.004
-
+0.2 0.1

0.1
-
+0.4 0.7

0.5
-
+6673.2 0.5

0.5 PC

143761 -
+39.8434 0.0007

0.0007
- -
+ -0.220436 e

e
2 06
2 06

-
+67.0 0.2

0.2
-
+1.048 0.004

0.004
-
+0.035 0.004

0.004 - -
+1.57 0.1

0.1
-
+6516.13 0.05

0.05 P

143761 -
+102.64 0.08

0.08
-
+0.4141 0.0002

0.0002
-
+4.1 0.2

0.2
-
+0.088 0.005

0.005
-
+0.05 0.03

0.05
-
+0.7 2.1

1.2
-
+5204.5 1.8

1.8 P

145675 -
+1766.5 0.7

0.7
-
+2.8619 0.0008

0.0007
-
+89.4 0.6

0.9
-
+4.96 0.03

0.06
-
+0.367 0.004

0.004
-
+0.41 0.01

0.01
-
+6834.6 1.9

2.4 P

145675 -
+25000 8000

19000
-
+16.7 3.6

7.7
-
+47.0 4.5

6.2
-
+6.1 0.9

1.3
-
+0.4 0.1

0.1 - -
+0.1 0.2

0.2
-
+4750 300

510 PC

154345 -
+3404 52

75
-
+4.24 0.04

0.06
-
+13.7 1.6

1.1
-
+0.93 0.11

0.07
-
+0.03 0.02

0.03
-
+1.0 3.5

1.6
-
+6350 43

56 P

156668 -
+4.6428 0.0002

0.0002
- -
+ -0.049904 e

e
2 06
2 06

-
+2.4 0.2

0.2
-
+0.016 0.001

0.001
-
+0.26 0.07

0.07 - -
+2.6 0.3

0.5
-
+5201.7 0.1

0.1 P

156668 -
+809.8 4.4

4.3
-
+1.558 0.006

0.006
-
+2.6 0.2

0.2
-
+0.099 0.008

0.007
-
+0.14 0.09

0.08 - -
+2.4 0.6

5.2
-
+5912 24

22 PC

164922 -
+12.458 0.002

0.002
- -
+ -0.10251 e

e
1 05
1 05

-
+1.4 0.2

0.2
-
+0.015 0.002

0.002
-
+0.2 0.1

0.2 - -
+0.4 1.1

1.0
-
+5198.5 0.8

0.6 PC

164922 -
+41.76 0.01

0.01
- -
+ -0.2296 e

e
4 05
4 05

-
+2.1 0.2

0.2
-
+0.034 0.003

0.003
-
+0.08 0.06

0.09
-
+1.5 3.9

1.1
-
+5340.1 1.0

1.2 PC

164922 -
+75.81 0.04

0.04
-
+0.3417 0.0001

0.0001
-
+2.3 0.2

0.2
-
+0.045 0.003

0.003
-
+0.09 0.06

0.08 - -
+0.3 2.5

3.0
-
+5221.0 1.9

2.2 P

164922 -
+1198.5 3.0

3.0
-
+2.152 0.004

0.004
-
+7.0 0.2

0.2
-
+0.346 0.011

0.009
-
+0.07 0.03

0.03
-
+1.9 0.5

0.5
-
+6743 10

11 P
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Table 6
(Continued)

HD Period (days) a (au) K (m s−1) M isin (MJ) e ω (rad) tc (JD −2,450,000) Designation

168009 -
+15.148 0.004

0.003
- -
+ -0.11958 e

e
2 05
2 05

-
+2.5 0.3

0.3
-
+0.03 0.004

0.004
-
+0.1 0.1

0.1 - -
+1.6 1.1

4.2
-
+5201.5 0.8

0.8 PC

186427 -
+799.4 0.1

0.2
-
+1.6795 0.0002

0.0002
-
+53.1 0.3

0.3
-
+1.757 0.01

0.009
-
+0.683 0.003

0.003
-
+1.44 0.01

0.01
-
+6937.0 0.4

0.4 P

189733 - -
+ -2.21857 e

e
1 05
1 05

- -
+ -0.0313451 e

e
3 07
2 07

-
+206.1 3.3

3.3
-
+1.17 0.02

0.02
-
+0.01 0.01

0.01 - -
+1.1 1.6

3.7
-
+4818.55 0.01

0.01 P

190360 -
+17.117 0.0007

0.0007
- -
+ -0.131554 e

e
3 06
3 06

-
+5.5 0.2

0.2
-
+0.07 0.002

0.002
-
+0.17 0.03

0.03 - -
+0.6 0.2

0.2
-
+5198.4 0.2

0.2 P

190360 -
+88.9 0.1

0.2
-
+0.3947 0.0004

0.0007
-
+1.5 0.2

0.2
-
+0.032 0.004

0.004
-
+0.1 0.1

0.1 - -
+0.7 1.1

2.4
-
+5201.7 10.0

4.3 PC

190360 -
+2891.6 5.0

5.0
-
+4.022 0.005

0.005
-
+22.5 0.3

0.3
-
+1.53 0.02

0.02
-
+0.323 0.009

0.009
-
+0.26 0.03

0.03
-
+6760.4 8.8

9.1 P

192263 -
+24.36 0.002

0.002
- -
+ -0.153978 e

e
7 06
7 06

-
+52.7 2.0

2.0
-
+0.66 0.02

0.03
-
+0.04 0.03

0.04
-
+0.9 1.5

1.1
-
+2107.1 0.3

0.3 P

210277 -
+442.94 0.06

0.06
-
+1.1349 0.0001

0.0001
-
+38.3 0.3

0.3
-
+1.261 0.008

0.009
-
+0.472 0.006

0.006
-
+2.18 0.02

0.02
-
+7177.7 0.5

0.5 P

217014 - -
+ -4.230795 e

e
7 06
7 06

- -
+ -0.05292363 e

e
7 08
7 08

-
+55.7 0.3

0.3
-
+0.473 0.003

0.003
-
+0.004 0.003

0.005
-
+0.8 3.0

1.6
-
+5434.234 0.006

0.007 P

217107 - -
+ -7.126877 e

e
7 06
7 06

- -
+ -0.07517197 e

e
7 08
7 08

-
+141.9 0.2

0.2
-
+1.432 0.002

0.002
-
+0.128 0.002

0.002
-
+0.39 0.01

0.01
-
+6306.847 0.004

0.004 P

217107 -
+5146 13

14
-
+6.06 0.01

0.01
-
+53.0 0.7

0.7
-
+4.47 0.05

0.05
-
+0.394 0.007

0.007 - -
+2.68 0.02

0.02
-
+10059 24

24 P

219134 - -
+ -3.09292 e

e
8 05
8 05

- -
+ -0.0384629 e

e
7 07
7 07

-
+2.1 0.2

0.2
-
+0.013 0.001

0.001
-
+0.06 0.04

0.07
-
+0.6 2.6

1.4
-
+5199.76 0.08

0.08 P

219134 -
+6.764 0.0008

0.0008
- -
+ -0.064803 e

e
5 06
5 06

-
+1.4 0.2

0.2
-
+0.011 0.001

0.001
-
+0.2 0.1

0.1
-
+0.1 0.6

0.7
-
+5200.8 0.4

0.4 P

219134 -
+22.794 0.006

0.006
- -
+ -0.14566 e

e
3 05
2 05

-
+2.1 0.2

0.2
-
+0.025 0.002

0.002
-
+0.08 0.05

0.08
-
+1.1 2.3

1.1
-
+5210.4 0.8

0.8 P

219134 -
+46.73 0.01

0.01
- -
+ -0.23509 e

e
4 05
4 05

-
+3.4 0.2

0.2
-
+0.052 0.003

0.003
-
+0.09 0.05

0.06 - -
+0.5 0.6

0.8
-
+5208.2 1.1

1.1 P

219134 -
+192.0 0.4

0.5
-
+0.603 0.001

0.001
-
+2.0 0.2

0.2
-
+0.048 0.005

0.005
-
+0.16 0.1

0.1 - -
+0.4 0.6

0.6
-
+5160.7 9.7

9.0 P

219134 -
+2103 16

16
-
+2.97 0.02

0.02
-
+5.7 0.2

0.2
-
+0.31 0.01

0.01
-
+0.03 0.02

0.03
-
+1.1 3.2

1.2
-
+6760 15

20 P

Stellar Companions

6582 -
+8230 350

380
-
+7.5 0.2

0.2
-
+2267.1 2.6

2.7
-
+160.3 0.9

1.0
-
+0.6 0.01

0.01
-
+2.615 0.007

0.007
-
+8081.3 0.7

0.7 S

10307 -
+7670 430

430
-
+8.3 0.3

0.3
-
+2760 30

29
-
+284.0 6.7

6.5
-
+0.46 0.02

0.02 - -
+2.692 0.008

0.008 - -
+9030 890

890 S

16160 -
+27960 510

530
-
+16.7 0.2

0.2
-
+712.7 0.6

0.6
-
+69.7 0.2

0.2
-
+0.643 0.004

0.004
-
+2.339 0.006

0.006
-
+7604.2 0.8

0.8 S

16287 - -
+ -14.838617 e

e
4 06
4 06

- -
+ -0.117787 e

e
1 06
1 06

-
+10713.9 3.3

3.3
-
+125.9 0.04

0.04
-
+0.2069 0.0003

0.0003
-
+0.179 0.001

0.001
-
+770.578 0.001

0.001 S

17382 -
+5578 19

20
-
+6.36 0.01

0.02
-
+2820 17

18
-
+198.6 0.6

0.6
-
+0.656 0.006

0.006
-
+1.989 0.005

0.006
-
+3541 11

11 S

39587 -
+5162 20

20
-
+6.22 0.02

0.02
-
+1875 15

16
-
+161.1 1.3

1.4
-
+0.451 0.004

0.004
-
+1.94 0.02

0.03
-
+1359.7 9.1

9.3 S

65430 -
+3521.4 0.4

0.4
-
+4.3645 0.0004

0.0004
-
+1465.5 1.3

1.3
-
+94.19 0.07

0.07
-
+0.378 0.0006

0.0007
-
+1.281 0.002

0.002
-
+7195.5 0.4

0.4 S

68017 -
+40000 13000

19000
-
+21.2 4.8

6.3
-
+263 35

34
-
+34.9 7.3

7.6
-
+0.43 0.09

0.09 - -
+1.9 0.1

0.2 - -
+7600 3100

2600 S

110833 -
+273.44 0.06

0.06
-
+0.7904 0.0001

0.0001
-
+1057.6 3.2

3.3
-
+19.97 0.04

0.04
-
+0.765 0.002

0.002 - -
+1.8 0.004

0.004
-
+8185.2 0.6

0.6 S

112758 -
+103.249 0.002

0.002
- -
+ -0.387228 e

e
7 06
7 06

-
+1648.7 1.3

1.3
-
+30.4 0.02

0.02
-
+0.1481 0.0007

0.0007 - -
+0.397 0.005

0.005
-
+7754.86 0.03

0.03 S

112914 -
+709.54 0.04

0.04
- -
+ -1.50918 e

e
7 05
7 05

-
+5671.9 2.0

2.0
-
+221.5 0.06

0.06
-
+0.3242 0.0004

0.0004
-
+1.1145 0.0007

0.0007
-
+7758.55 0.02

0.02 S

122742 -
+3607.1 0.4

0.4
-
+5.2078 0.0007

0.0007
-
+6406.3 6.0

5.9
-
+542.7 0.4

0.4
-
+0.4794 0.0006

0.0005 - -
+3.087 0.001

0.001
-
+8839.5 0.6

0.6 S

127506 -
+2655 18

19
-
+3.42 0.02

0.02
-
+895.9 3.5

3.4
-
+36.7 0.1

0.1
-
+0.691 0.004

0.004 - -
+2.016 0.005

0.005
-
+7190.8 6.6

6.8 S

131511 -
+125.3919 0.0003

0.0003
-
+0.5506 0.00012

0.0001
-
+18951 49

42
-
+506.8 0.9

0.8
-
+0.507 0.001

0.001 - -
+2.458 0.001

0.001
-
+7200.12 0.07

0.06 S

131582 -
+1771.5 1.5

1.4
-
+2.611 0.001

0.001
-
+2943.2 0.8

0.8
-
+95.56 0.03

0.03
-
+0.7547 0.0002

0.0002 - -
+2.1547 0.0006

0.0006
-
+7693.3 0.3

0.3 S

142267 -
+138.5779 0.0002

0.0002
- -
+ -0.516819 e

e
5 06
5 06

-
+6789.7 1.8

1.8
-
+140.42 0.03

0.03
-
+0.5477 0.0002

0.0002 - -
+1.7196 0.0005

0.0005
-
+7265.43 0.03

0.03 S

144287 -
+4432.3 17.3

8.1
-
+5.59 0.05

0.05
-
+5030 440

580
-
+341 27

35
-
+0.67 0.02

0.02
-
+0.35 0.02

0.02
-
+6709 14

13 S

161198 -
+2507 44

43
-
+3.54 0.04

0.04
-
+8970 690

610
-
+210.5 7.5

6.0
-
+0.93 0.008

0.008 - -
+0.88 0.03

0.03 - -
+370 130

130 S

161797 -
+21600 2200

3400
-
+16.6 1.2

1.8
-
+660 130

180
-
+103 24

35
-
+0.31 0.02

0.03 - -
+2.41 0.04

0.05
-
+3330 530

370 S

178428 -
+21.956 0.0003

0.0003
-
+0.1642 0.0001

0.0001
-
+13040 140

150
-
+204.7 2.1

3.1
-
+0.087 0.003

0.003
-
+1.19 0.05

0.05
-
+8174.42 0.03

0.03 S

185414 -
+5539.3 8.6

8.7
-
+6.224 0.007

0.007
-
+1683.3 1.6

1.6
-
+108.98 0.06

0.06
-
+0.6933 0.0006

0.0006
-
+2.4852 0.001

0.001
-
+6138.1 0.2

0.2 S

190406 -
+23100 1100

1300
-
+16.6 0.5

0.6
-
+527.8 3.6

3.9
-
+70.6 1.0

1.1
-
+0.48 0.01

0.01 - -
+1.58 0.03

0.03 - -
+4380 390

350 S

190771 -
+7050 140

140
-
+7.65 0.1

0.1
-
+1113 10

11
-
+104.0 1.0

1.1
-
+0.479 0.007

0.007
-
+1.94 0.03

0.03
-
+3623.3 7.4

7.7 S

217580 -
+453.907 0.01

0.01
- -
+ -1.12062 e

e
2 05
2 05

-
+2453.5 1.1

1.1
-
+73.87 0.04

0.04
-
+0.5299 0.0005

0.0005 - -
+2.0504 0.0008

0.0008
-
+8105.7 0.1

0.1 S

224465 -
+52.421 0.003

0.003
- -
+ -0.29291 e

e
4 05
4 05

-
+10951 23

23
-
+228.4 0.5

0.5
-
+0.122 0.002

0.002
-
+3.0 0.01

0.01
-
+7982.39 0.04

0.04 S

224930 -
+14800 3800

4500
-
+12.8 2.5

2.7
-
+4770 270

200
-
+586 83

70
-
+0.5 0.08

0.07 - -
+1.2 0.1

0.06
-
+12580 770

760 S

hip12709 -
+1228.3 0.2

0.2
-
+2.2732 0.0003

0.0003
-
+6529.3 3.6

3.5
-
+304.3 0.2

0.2
-
+0.505 0.0004

0.0004
-
+2.05 0.001

0.001
-
+7660.17 0.07

0.07 S

hip103256 -
+2196.2 1.9

1.9
-
+3.117 0.002

0.002
-
+1950.8 1.5

1.5
-
+99.89 0.09

0.09
-
+0.437 0.0009

0.0009 - -
+2.39 0.004

0.004
-
+7931.8 0.9

0.9 S

False Positives

123 -
+23.84 0.03

0.04
-
+650 100

100
-
+0.1 0.1

0.1 - -
+0.2 1.2

1.3
-
+8046.0 1.3

1.0 FP

123 -
+47.71 0.02

0.06
-
+1790 150

170
-
+0.64 0.05

0.05 - -
+2.66 0.11

0.1
-
+7988.9 1.2

1.1 FP

1461 -
+60.92 0.06

0.05
-
+1.4 0.2

0.2
-
+0.2 0.1

0.2 - -
+1.7 0.6

1.2
-
+5204.0 3.0

3.5 FP

1461 -
+73.36 0.1

0.06
-
+1.2 0.3

0.4
-
+0.6 0.2

0.2
-
+2.0 0.6

0.4
-
+5241.4 2.6

1.6 FP

1461 -
+376.9 2.2

0.6
-
+4.8 0.8

1.0
-
+0.75 0.07

0.06
-
+2.9 0.2

0.1
-
+5298.1 4.7

7.6 FP

1461 -
+4080 170

240
-
+2.2 0.2

0.3
-
+0.1 0.1

0.1 - -
+1.8 0.8

3.9
-
+4650 114

75 FP

3651 -
+5200 320

220
-
+2.5 0.6

1.4
-
+0.4 0.2

0.4 - -
+1.7 0.7

2.1
-
+23200 1400

1200 FP

4614 -
+91.01 0.09

0.09
-
+2.3 0.4

0.5
-
+0.6 0.1

0.1
-
+0.3 0.2

0.2
-
+7202.3 2.0

3.0 FP

4628 -
+2467 70

26
-
+8 4

24
-
+0.93 0.1

0.05
-
+0.2 0.1

0.2
-
+6736 26

23 FP

27
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Appendix D
Notes on Planetary Companions

HD 123: Two periodicities were detected in the RV time
series of this star, corresponding to the orbital period of the
Ba/Bb binary and one-half of this same period. We attribute
both to the same false-positive signal owing to contamination
of the spectra by the companion stars.
HD 1461: In addition to the two known planets at 5 and 13
days (Díaz et al. 2016), our algorithm finds four additional

significant periodogram peaks. One strong periodicity is
found at ≈4000 days and is matched by a similar periodicity
in the SHK time series for this star. We attribute this peak to a
long-period stellar activity signal and deem it to be a false
positive. Two other periodicities, at 73.4 and 60.9 days,
appear to be annual aliases of one another and so are likely
caused by the same fundamental periodicity. Since these are
1/5 and 1/6 harmonics of one year, we classify both as false
positives. Additional data may help to shed light on these
periodicities. The final periodicity at 377 days is close to the

Table 6
(Continued)

HD Period (days) a (au) K (m s−1) M isin (MJ) e ω (rad) tc (JD −2,450,000) Designation

10476 -
+360.7 4.1

0.4
-
+2.8 0.7

0.6
-
+0.76 0.21

0.06
-
+0.3 0.2

0.4
-
+4722 4

47 FP

18803 -
+1957 25

30
-
+5.9 0.7

0.7
-
+0.53 0.1

0.09 - -
+2.0 0.2

0.3
-
+4610 160

140 FP

19373 -
+367.4 0.9

2.0
-
+2.9 0.4

0.5
-
+0.64 0.09

0.08
-
+2.6 0.3

0.2
-
+4290.8 20.3

8.6 FP

20165 -
+2761 92

98
-
+4.6 0.6

0.6
-
+0.1 0.1

0.1
-
+0.5 2.4

1.6
-
+3710 140

130 FP

22049 -
+1085 16

14
-
+4.2 0.8

1.0
-
+0.4 0.3

0.3 - -
+1.0 0.8

0.9
-
+5498 147

91 FP

26965 -
+42.31 0.02

0.02
-
+1.8 0.3

0.4
-
+0.3 0.2

0.2 - -
+1.9 0.6

1.4
-
+6777.2 2.7

2.9 FP

26965 -
+3590 380

180
-
+1.9 0.3

0.4
-
+0.4 0.2

0.1 - -
+0.4 0.9

1.2
-
+5670 200

250 FP

32147 -
+357.3 3.5

3.5
-
+1.5 0.4

1.2
-
+0.5 0.2

0.3
-
+1.8 0.8

0.7
-
+5733 36

40 FP

32147 -
+3390 80

100
-
+1.7 0.2

0.2
-
+0.36 0.11

0.1
-
+1.2 0.3

0.3
-
+2090 120

110 FP

38858 -
+3152 91

91
-
+4.2 0.6

0.8
-
+0.2 0.1

0.1
-
+0.0 0.7

0.7
-
+6910 120

110 FP

42618 -
+387.8 1.8

1.7
-
+1.7 0.3

0.3
-
+0.2 0.1

0.3 - -
+0.1 1.1

0.7
-
+5125 32

22 FP

42618 -
+4050 250

400
-
+2.7 0.3

0.3
-
+0.39 0.09

0.09 - -
+1.5 0.2

0.2
-
+8090 260

330 FP

48682 -
+927.0 6.3

4.9
-
+4.2 0.6

0.7
-
+0.67 0.12

0.09 - -
+2.3 0.2

0.2
-
+9567 62

50 FP

52711 -
+29000 16000

77000
-
+5.3 0.7

0.8
-
+0.7 0.2

0.2
-
+0.8 0.2

0.3
-
+7010 150

210 FP

55575 -
+52.18 0.05

0.05
-
+2.7 0.4

0.4
-
+0.3 0.1

0.1 - -
+2.2 0.6

4.9
-
+7291.7 2.3

2.6 FP

63433 -
+6.4202 0.0016

0.0005
-
+47.4 5.7

5.5
-
+0.3 0.1

0.1 - -
+0.5 0.5

0.7
-
+8119.2 0.3

0.3 FP

75732 -
+60.99 0.07

0.04
-
+2.0 0.4

0.7
-
+0.3 0.2

0.3
-
+0.2 2.5

1.9
-
+5202.0 6.9

5.3 FP

75732 -
+7749 73

81
-
+19.1 1.0

1.0
-
+0.54 0.02

0.02
-
+0.44 0.08

0.08 - -
+273 71

65 FP

76151 -
+250.8 0.4

0.5
-
+10.0 1.4

1.4
-
+0.1 0.1

0.1 - -
+1.6 0.8

2.3
-
+4566 11

11 FP

95128 -
+387.9 1.9

2.1
-
+2.4 0.4

0.4
-
+0.1 0.1

0.1 - -
+0.4 1.3

1.5
-
+5336 21

16 FP

97658 -
+3670 160

160
-
+2.8 0.5

0.5
-
+0.3 0.2

0.1 - -
+0.4 0.3

0.4
-
+7250 200

250 FP

99491 -
+2187 37

39
-
+6.5 0.6

0.6
-
+0.08 0.06

0.09
-
+1.5 3.4

1.0
-
+5150 47

53 FP

99492 -
+3680 170

190
-
+3.5 0.6

0.6
-
+0.3 0.1

0.2 - -
+2.0 0.6

0.7
-
+4400 290

270 FP

122064 -
+3130 210

320
-
+1.7 0.3

0.8
-
+0.4 0.2

0.3 - -
+0.4 0.9

0.7
-
+10730 480

720 FP

139323 -
+3350 100

120
-
+4.1 1.0

1.1
-
+0.4 0.1

0.1 - -
+0.4 0.3

0.2
-
+6660 200

220 FP

140538a -
+1417 25

24
-
+4.7 0.7

0.7
-
+0.1 0.1

0.1
-
+0.4 1.1

1.1
-
+4274 59

50 FP

144579 -
+91.7 0.7

0.4
-
+2.3 0.5

1.6
-
+0.4 0.3

0.4 - -
+2.0 0.7

3.7
-
+7151 8

21 FP

145675 -
+3440 170

380
-
+4.0 0.9

1.0
-
+0.4 0.2

0.2 - -
+0.0 1.9

0.3
-
+3630 190

470 FP

146233 -
+2415 36

51
-
+5.7 0.7

0.7
-
+0.4 0.1

0.1 - -
+1.4 0.3

0.3
-
+4940 140

140 FP

154345 -
+2749 91

77
-
+5.1 1.1

1.4
-
+0.4 0.2

0.1 - -
+0.5 0.3

0.3
-
+5740 170

190 FP

156668 -
+351.2 1.3

1.0
-
+1.6 0.2

0.2
-
+0.5 0.1

0.1
-
+1.5 0.3

0.3
-
+5098.5 6.3

7.6 FP

161797 -
+52.39 0.05

0.05
-
+1.7 0.3

0.3
-
+0.2 0.1

0.2
-
+1.4 3.6

1.0
-
+5184.4 2.5

2.5 FP

168009 -
+368.5 0.9

1.1
-
+3.6 0.3

0.3
-
+0.59 0.07

0.07
-
+1.1 0.2

0.2
-
+7603.8 4.3

5.0 FP

186427 -
+91.5 0.1

0.1
-
+1.4 0.2

0.2
-
+0.2 0.1

0.2
-
+1.6 2.1

0.9
-
+5166.1 4.1

4.0 FP

190406 -
+975.6 7.3

7.6
-
+7.6 0.6

0.7
-
+0.2 0.1

0.1 - -
+2.4 0.4

4.6
-
+5105 44

48 FP

197076 -
+23.68 0.007

0.007
-
+3.2 0.5

0.5
-
+0.3 0.1

0.1
-
+0.9 0.5

0.4
-
+5200.4 0.7

0.7 FP

197076 -
+1622 31

28
-
+4.5 0.4

0.4
-
+0.2 0.1

0.1
-
+1.2 0.7

0.5
-
+4771 35

35 FP

201091 -
+2618 79

77
-
+2.8 0.5

0.6
-
+0.1 0.1

0.2 - -
+0.2 1.7

2.4
-
+5730 130

140 FP

214683 -
+16.5 0.8

0.2
-
+26 12

34
-
+0.6 0.3

0.2
-
+0.2 0.2

0.4
-
+6886.9 1.2

1.0 FP

217014 - -
+ -4.230795 e

e
7 06
7 06

-
+55.7 0.3

0.3
-
+0.004 0.003

0.005
-
+0.8 3.0

1.6
-
+5434.234 0.006

0.007 FP

217107 -
+346.7 3.6

4.5
-
+1.7 0.3

0.4
-
+0.2 0.1

0.2
-
+0.2 2.1

1.6
-
+5059 25

22 FP

218868 -
+1824 58

42
-
+7.4 1.1

1.9
-
+0.3 0.1

0.2 - -
+2.6 0.4

5.6
-
+5368 95

89 FP

219134 -
+364.7 1.9

1.8
-
+1.8 0.4

0.5
-
+0.5 0.2

0.2 - -
+0.0 0.4

0.4
-
+5630 22

25 FP

219134 -
+10110 400

840
-
+8.9 1.7

1.6
-
+0.37 0.09

0.05 - -
+0.6 0.2

0.3
-
+2880 140

420 FP

(This table is available in machine-readable form.)
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yearly aliases of the stellar activity cycle, so we categorize
this periodicity as a false positive due to aliasing as well.
HD 3651: We recover the known planet and a stellar activity
cycle at 5200 days that matches with periodicity found in the
SHK time series.
HD 3765: We find a significant periodogram peak at 1226
days, which does not appear to correspond to a stellar
activity cycle. We classify this as a planet candidate. We note
that the SHK time series does show strong periodicity, but at a
significantly longer period of 4600 days. A peak at this
period also appears in our RV periodogram search, but it is
below the FAP significance threshold set for our survey.
HD 4614: We find a significant periodicity at 91 days, the 1/4
annual harmonic. We classify this as a false positive due to
aliasing.
HD 4628: We find a significant periodicity at 2467 days,
which is matched by a corresponding periodicity in the SHK
time series. We classify this as a stellar activity cycle.
HD 10476: We find a significant periodicity at 360 days,
which we classify as an annual alias.
HD 18803: We find a significant periodicity at 1957 days,
which is matched by a corresponding periodicity in the SHK
time series. We classify this as a stellar activity cycle.
HD 19373: We find a significant periodicity at 366 days,
which we classify as an annual alias.
HD 19994: The only planet-hosting binary system with a
binary separation <100 au. The hierarchical triple system has
a known planet-hosting primary component and a pair of
stellar companions (Ba/Bb) located at 50.33± 16.87 au. The
Ba/Bb binary has an orbital period of 2.03 yr (Tokovi-
nin 2014), which differs significantly from the planet period
of 456.9± 1.6 days, indicating that the planet is real, and its
periodicity is not due to contamination from the stellar
companions, as in the case of HD 123.
HD 20165: We find a significant periodicity at 2760 days,
which is matched by a corresponding periodicity in the SHK
time series. We classify this as a stellar activity cycle.
HD 22049: One know Jupiter-analog planet and the known
stellar activity cycle are characterized in detail in Mawet
et al. (2019).
HD 23439: We find a strong periodicity of 45.7 days, which
we classify as a planet candidate. However, we have strong
reservations owing to the presence of a companion separated by
6 9 from the primary, which is included in the Catalog of
Spectroscopic Binaries as an SB1 with a period of 48.6 days
(Tokovinin et al. 1994), suspiciously close to the recovered
period. However, a separation of nearly 7″ should be sufficient
to prevent light from the companion from contaminating the
primary starʼs spectrum.
HD 26965: We find two significant periodicities in our search
for this system. The periodicity at 42 days was published as a
planet by Ma et al. (2018); however, the authors note that the
stellar rotation period was also measured to be 42 days. Due to
the coincidence between these two periods, we classify this
signal as a false positive due to stellar rotation. The periodicity
at 3590 days is matched by a corresponding periodicity in the
SHK time series. We classify this as a stellar activity cycle.
HD 32147: We find two periodicities for this system. One at
357 days is deemed an annual alias. The second at 3390 days
is matched by a corresponding periodicity in the SHK time
series and is classified as a stellar activity cycle. Interestingly,
the RVs and SHK measurements are anticorrelated for this

system, which is unusual for stellar activity cycles that
appear in RV data. However, the two cycles appear to phase
up very well, with peaks in the SHK time series corresponding
to troughs in the RV time series. Expanding the time baseline
of these observations may shed light on whether the cycles in
each data set continue in phase or deviate.
HD 38858: We find a significant periodicity at 3200 days,
which is matched by a corresponding periodicity in the SHK
time series. We classify this as a stellar activity cycle.
HD 42618: In addition to the known planet announced by
Fulton et al. (2016), we find two significant periodicities. The
first at 4000 days is matched by a corresponding peak in the
SHK time series and is classified as a stellar activity cycle.
The second peak at 388 days is classified as an annual alias
of the stellar activity period.
HD 48682: We find a significant periodicity at 927 days,
which is matched by a corresponding periodicity in the SHK
time series. We classify this as a stellar activity cycle.
HD 52711: We find a poorly constrained very long periodicity
in this data set. The RVs are strongly correlated with the SHK
time series, which also shows a poorly constrained long-period
cycle. We classify this as a stellar activity cycle with a period of
at least 10,000 days.
HD 55575: We find a strong periodicity at 52 days, with a
corresponding peak at its annual alias of 45 days. In a brief
examination of APT photometry on this system provided by
Greg Henry, detailed more fully in L. Rosenthal et al. (2021,
in preparation), we find a periodicity at 43 days, which we
interpret to be the stellar rotation period. The coincidence of
this periodicity with the observed alias of the RV period-
ogram peak points toward the RV peak being an alias of the
stellar rotation signal.
HD 63433: We find a significant periodicity at 6.4 days,
which is matched by a corresponding periodicity in the SHK
time series. We classify this as stellar rotation.
HD 75732: 55 Cnc. In addition to the five known planets with
periods of 0.74, 14, 44, 260, and 4700 days, we find two
additional significant periodicities. The first of these is a 7700-
day signal with an RV semi-amplitude of K= 19 m s−1. We do
not find strong evidence that this is a stellar activity cycle, since
the SHK time series shows obvious periodicity but at a
significantly shorter period, closer to 4000 days. Additionally,
the amplitude of this signal is larger than might be expected for
a stellar activity cycle. The second new periodicity is at 60.9
days, which happens to be a 1/6 harmonic of a year.
HD 76151: We find a significant periodicity at 250 days.
HD 86728: We report a new candidate planetary signal with
a period of 31.1 days orbiting HD 86728. We note that we
also find a peak in the SHK periodogram at 32.6 days, but we
find no correlation between the RV and SHK data, so we
classify the RV peak as a planet candidate.
HD 95128: 47 Uma. In addition to the three known planets, we
find a spurious periodogram signal at 387 days, which we
classify as an annual alias of the outermost planetary orbit. We
also update the orbital parameters of the outer two planets
relative to the previously published orbits. In particular, we find
that a higher-eccentricity solution for planets c and d is preferred
over the relatively circular orbits reported by Gregory &
Fischer (2010).
HD 97658: In addition to one known planet, we find a
significant periodicity at 3670 days, which is matched by a

29

The Astronomical Journal, 161:134 (32pp), 2021 March Hirsch et al.



corresponding periodicity in the SHK time series. We classify
this as a stellar activity cycle.
HD 99491: We find a significant periodicity at 2200 days,
which is matched by a corresponding periodicity in the SHK
time series. We classify this as a stellar activity cycle.
HD 99492: In addition to one known planet at 17 days, we
find a significant periodicity at 3700 days, which is matched
by a corresponding periodicity in the SHK time series. We
classify this as a stellar activity cycle.
HD 122064: We find a significant long-period signal at
approximately 3000 days. Similar long-period cycling
behavior is also observed in the SHK time series data from
HIRES and the APF, and the HIRES RV and SHK data are
strongly correlated. We classify this as a stellar activity cycle.
HD 139323: We find a significant periodicity at 3350 days,
which is matched by a corresponding periodicity in the SHK
time series. We classify this as a stellar activity cycle.
HD 140538A: We find a significant periodicity at 1400 days,
which is matched by a corresponding periodicity in the SHK
time series. We classify this as a stellar activity cycle.
HD 141004: We report a new planet candidate with a period of
15 days orbiting HD 141004. We note that the SHK data show a
peak around 30 days, double the planetary period we report.
However, we do not see significant correlation between SHK and
RV data, and we often see 30-day peaks in the SHK periodogram
due to aliases of long-period power. We classify this new signal
as a planet candidate, and more information on this system will
be forthcoming in A. Roy et al. (2021, in preparation).
HD 143761: Two known planets at 40 and 103 days are
redetected in our survey. Previous astrometric analyses have
suggested that the innermost planet in this system is actually
a face-on binary (Gatewood et al. 2001; Reffert &
Quirrenbach 2011), but we find that the two-planet system
would not be dynamically stable if the inner planet was
actually a face-on M dwarf as suggested. We therefore
classify both periodic signals as planets.
HD 144579: We detect a significant peak at 91.5 days, a 1/4
harmonic of one year. This signal is classified as a false positive.
HD 145675: 14 Her. We detect three significant periodicities in
this system. One is a known planet, at 1766 days (Butler et al.
2003). A second long-period planet in this system was
discovered by Wittenmyer et al. (2007) and Wright et al.
(2007), but its orbit has remained relatively unconstrained owing
to the significantly longer length of the orbital period relative to
the observing time baseline. With our current data set, we are
able to conclusively demonstrate that the orbit must be longer
and higher eccentricity than has previously been reported.
However, we cannot fully constrain the orbital period, and we
classify this signal as a planet candidate. A final periodicity at
3440 days is matched by a corresponding periodicity in the SHK
time series and is classified as a stellar activity cycle.
HD 146233: We find a significant periodicity at 2400 days,
which is matched by a corresponding periodicity in the SHK
time series. We classify this as a stellar activity cycle.
HD 154345: We detect two significant periodicities in this
interesting system. One is a known planet whose existence
has been quite controversial, at a period of 3400 days. The
planet was initially announced by Wright et al. (2007, 2009),
who pointed out that the stellar activity cycle detected in the
SHK time series for this star was similar in period and in
phase to the RVs, leading to suspicion that this planet was
actually a false positive. In the past several years, the stellar

activity cycle and planetary signal have drifted out of phase,
and the second significant periodicity we detect at 2700 days
matches the corresponding periodicity in the SHK time series
far better than the 3400-day signal. We therefore classify this
second signal as the stellar activity cycle. We do note that the
stellar activity cycle causes noticeable deviations to the
Keplerian shape of the planetʼs orbit in the RV data, due to
the similarity in period of the two signals.
HD 156668: We find three significant periodicities in this
system. One at 4.6 days is a known hot super-Earth. A
second strong periodicity at 800 days is classified as a planet
candidate. We see no evidence for a stellar activity cycle at
this period. Instead, a periodicity of 3000–4000 days is
observed in the SHK time series, suggesting a longer stellar
activity cycle. A third periodicity at 351 days was classified
as an annual alias of long-period power in the periodogram,
as this periodicity loses significance when a slight linear
trend is allowed in the orbit fits.
HD 161797: In addition to the stellar binary orbit, we find
periodogram peaks at 52 and 45 days, though only the former
is found to be statistically significant. A corresponding peak in
the SHK time series at 45 days is also evident. We attribute both
peaks to a 45-day stellar variability period, since 52 days is an
annual alias of this period. We therefore classify this signal as a
false positive due to likely stellar rotation.
HD 164922: Two new candidate planet signals are detected
orbiting the known two-planet host star HD 164922 , making
this a potential four-planet system. In addition to the known
planets at 75 days (Butler et al. 2006) and 1200 days (Fulton
et al. 2016), we find two new significant periodicities at 42
and 12 days. No corresponding periodicities are observed in
the SHK time series, and no obvious aliases seem to explain
these periodic signals. We therefore classify these as planet
candidates. After submission of our paper, Benatti et al.
(2020) published the discovery of these same two new
periodic signals. They attribute the signal at 42 days to stellar
rotation based on Gaussian process regression on the calcium
activity indicator time series. This evidence helps to confirm
the 12 day planet, while casting the 42 day signal into doubt.
HD 168009: We find two significant periodicities in this
system. The first, at 15 days, we classify as a planet candidate.
However, we do note that a peak in the SHK periodogram at 30
days, twice the planet candidate period, is observed. This peak
is seen in many SHK time series data sets and is usually an
annual alias of long-period power in the periodogram. We
therefore do not disqualify the 15-day RV signal on this basis.
Further analysis on this system is forthcoming in A. Roy et al.
(2021, in preparation). The second significant periodicity at
368 days is classified as an annual systematic.
HD 190360: We find three significant periodicities in this
system. Two are previously known planets, at 17 and 2900
days (Naef et al. 2003; Vogt et al. 2005). The third, at the
intermediate period of 89 days, was first noted in Fulton
(2017). This periodicity remains significant in our data set
but is suspiciously close to the 1/4 annual harmonic. We
include this signal as a planet candidate.
HD 190406: In addition to the long-period orbit of the stellar
companion, we find a significant periodicity near 1000 days.
We see a corresponding broad peak in the SHK time series
periodogram, centered around 1000 days. We therefore
classify this periodicity as a stellar activity cycle.
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HD 197076: We find two significant peaks in the RV
periodogram. The first, at 1622 days, is matched by a
corresponding peak in the SHK time series, and we therefore
classify this as a stellar activity cycle. We find a second
periodicity at 23 days, which is coincident with another peak
in the SHK time series, and we therefore interpret this shorter-
period peak as rotationally modulated stellar noise.
HD 201091: We find a significant periodicity at 2600 days,
which is matched by a corresponding periodicity in the SHK
time series. We classify this as a stellar activity cycle.
HD 214683: We find a significant periodicity at 15 days, which
is matched by a corresponding periodicity in the SHK time
series. We classify this as rotationally modulated stellar noise.
HD 217107: In addition to two known planets at 7.12 and 5150
days (Vogt et al. 2005), we find a third significant periodicity at
345 days. This peak is near the annual alias of the outer planet,
so we classify this signal as a false positive due to aliasing.
HD 218868: We find a significant periodicity at 1800 days,
which is matched by a corresponding periodicity in the SHK
time series. We classify this as a stellar activity cycle.
HD 219134: We recover the six known planets in this system
(Vogt et al. 2015), as well as two false-positive signals, as
significant RV periodicities. Notably, the period we recover for
planet g is 192 days, slightly more than double the 94-day
period reported by Vogt et al. (2015). We find no evidence
in any of our search periodograms of a peak at 94 days. It is
possible that the 94-day peak in the preliminary analysis of this
system was an alias or harmonic of the true periodicity of planet
g. The addition of significantly more data on this system since
2015, particularly at high cadence from the APF, reveals that
the true periodicity of planet g is 192 days. We classify this
signal as a planet under the assumption that this signal is caused
by the same planet g that was originally published, although
an alternative classification as “planet candidate” might be
appropriate. In addition to the six planetary signals, we identify
a significant periodicity at 10,000 days. We find a corresp-
onding long-period signal in the SHK time series, although that
signal peaks at approximately 5000 days. Due to significant
correlation between the RV and SHK time series data, we
attribute this long-period variation to a stellar activity cycle. We
also find a spurious signal at exactly 1 yr, which we classify as
an annual systematic.
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