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ABSTRACT
Of the > 500 confirmed transiting hot jupiters and ≈ 2000 additional candidates today, only ten are known to

have nearby companion planets. The survival of nearby companions means that these hot jupiters cannot have
migrated to their present location via dynamically disruptive high-eccentricity migration but instead have under-
gone disk migration or formed in situ. The occurrence rate for these nearby companions, therefore, constrains
the relative efficiency of different hot jupiter formation pathways. Here, we perform a uniform box least-squares
search for nearby transiting companions to hot jupiters in the first five years of TESS data. Accounting for obser-
vational completeness and detection efficiency, we arrive at an occurrence rate of (7.6+5.5

−3.8)%, which is a lower
limit on the fraction of hot jupiters that underwent disk migration or in situ formation. Comparing this rate with
that derived from transit-timing variation searches suggests that hot jupiters are likely mostly aligned with their
nearby companions, but their apparently higher incidence of grazing transits may point to a slight preferential
misalignment. We also synthesize evidence that hot jupiters with nearby companions may have cold compan-
ions at a rate similar to that of other hot jupiters. Comprehensive transit, radial velocity, and stellar obliquity
measurements in hot jupiter systems with nearby companions will be necessary to fully account for the relative
prevalence of proposed hot jupiter formation pathways.
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1. INTRODUCTION
Hot jupiters were among the first exoplanets ever discov-

ered, yet thirty years after their initial detection (M. Mayor
& D. Queloz 1995), their formation remains a mystery. Con-
ventional theories of planet formation (e.g. J. B. Pollack et al.
1996) predicted that gas giant planets like Jupiter and Saturn
should only form at large distances from their host stars where
volatile materials exist in solid form (beyond the volatiles’ so-
called ‘‘ice lines’’). The initial discovery of hot jupiters, with
orbital periods less than 10 days and masses similar to or ex-
ceeding that of Jupiter, therefore came as a surprise.

In the intervening thirty years, several theories have
emerged to explain the existence of these planets. A key idea
in most of these explanations is that planets’ orbital locations
can change significantly over their lifetimes in a process called
migration. This way, a gas giant planet might form in colder
regions of the protoplanetary disk, and then afterwards move
into much closer orbits typical of hot jupiters. There are two

main mechanisms generally believed to be responsible for hot
jupiter migration: high-eccentricity (or tidal) migration (e.g.
F. A. Rasio & E. B. Ford 1996), and disk migration (e.g.
D. N. C. Lin et al. 1996). In high-eccentricity migration, a
Jupiter-sized planet that formed beyond the ice line is per-
turbed into a highly eccentric orbit by gravitational interac-
tions with an outer planetary or even stellar companion. From
there, tides raised in the planet during its periastron passages
gradually dissipate orbital energy and shrink the semimajor
axis until the planet circularizes to a short period. On the other
hand, in the disk migration scenario, the hot jupiter forms be-
fore the protoplanetary disk completely dissipates and inter-
acts with the disk to gradually reduce its orbital period. An-
other possibility (although a minority opinion in the field) is
that some hot jupiters may be able to form near their current
orbital locations after being seeded by super-Earth-sized plan-
ets (K. Batygin et al. 2016). Understanding which of these
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mechanisms are responsible for the known population of hot
jupiters and in what proportions is a major goal of the field.

One way to discriminate these formation pathways is to
look for smaller planets orbiting interior to hot jupiters. Be-
cause high-eccentricity migration is such a disruptive event, it
is expected that no inner companion could have survived from
being ejected from the system. Thus, if an inner companion is
found, we could all but eliminate high-eccentricity migration
as how that hot jupiter could have formed. For 20 years after
the discovery of 51 Pegasi b, no hot jupiters were found to
have close planetary companions (e.g. E. Miller-Ricci et al.
2008; J. H. Steffen et al. 2012), even while smaller planets
frequently were found in multi-planet systems (D. W. Latham
et al. 2011). The apparent loneliness of hot jupiters suggested
that high-eccentricity migration was likely the dominant for-
mation pathway. However, the discovery of close planetary
companions around the hot jupiter WASP-47 (J. C. Becker
et al. 2015) showed that at least some hot jupiters form in a
dynamically quiet manner, either via diskmigration or in-situ.
Since then, several other hot jupiter systems with close com-
panions have been discovered (W. Zhu et al. 2018; C. I. Cañas
et al. 2019; C. X. Huang et al. 2020a; B. J. Hord et al. 2022;
G. Maciejewski et al. 2023; L. Sha et al. 2023; J. Korth et al.
2024; B. J. McKee et al. 2025; S. Quinn et al., in preparation,
J. Livesey et al.; in preparation). Studying the population of
close planetary companions to hot jupiters presents an oppor-
tunity to constrain the fraction of these systems that formed
via dynamically quiet pathways. An early estimate of the oc-
currence rate of close companions to hot jupiters suggested
these systems were indeed rare (C. Huang et al. 2016), but
with only a single detected system at the time, the estimate
was uncertain.

Fortunately, NASA’s Transiting Exoplanet Survey Satellite
(TESS) is enabling dramatic advancements in demographic
studies of hot jupiter systems. Although hot jupiters have been
routinely detected for decades, they are intrinsically rare (J. T.
Wright et al. 2012) and it is difficult to construct large statis-
tical samples. Before TESS, the best statistical sample of hot
jupiters was that from the Kepler mission, but because Ke-
pler was only able to downlink data for about 200,000 stars,
it only detected 40–60 hot jupiters from its primary mission
(S. E. Thompson et al. 2018a; S. W. Yee et al. 2021). TESS,
on the other hand, observes and downlinks data for millions of
stars bright enough for hot jupiter detection each month. As a
result, it has already observed thousands of hot jupiters (N.M.
Guerrero et al. 2021), the vast majority of which are new dis-
coveries (e.g. S. W. Yee et al. 2022, 2023; J. E. Rodriguez
et al. 2021, 2023; J. Schulte et al. 2024). This large number
of discoveries, coupled with TESS’s very high sensitivity to
these planets (making large magnitude and volume-limited
samples nearly complete) and relatively unbiased target se-
lection, have enabled important advancements in hot jupiter

population studies (e.g. G. Zhou et al. 2019; M. Beleznay &
M. Kunimoto 2022; S. W. Yee & J. N. Winn 2023). Among
these results is the first measurement of the occurrence rate
of close companions around hot jupiters by B. J. Hord et al.
(2021), who used a sample of about 179 hot jupiters to deter-
mine that about 7.3+15.2

−7.3 % of hot jupiters have a close plan-
etary companion – the first constraint on the fraction of hot
jupiter systems that must form in a dynamically quiet man-
ner. However, the relatively large uncertainty on the occur-
rence rate (a consequence of the relatively small number of
hot jupiters searched), limits the strength of conclusions about
hot jupiter formation that can be drawn.

In this work, we perform the largest ever uniform search for
transiting inner companions to transiting hot jupiters in TESS
data. We identify around two thousand likely hot jupiters
from the TESS planet candidate catalog and search their light
curves for close transiting companions. We carefully vet any
new signal and eliminate known astrophysical false positives
such as eclipsing binaries or stellar variations. We charac-
terize the sensitivity of our pipeline and calculate a refined
occurrence rate for close companions, given the existence of
these hot jupiters. Our paper is organized as follows: Section 2
describes our sample selection, Section 3 discusses our planet
search pipeline, and we list the detected signals in Section 4.
We describe the methodology behind our occurrence rate cal-
culations and their results in Section 5, and we discuss the
implications of these measurements in Section 6 before con-
cluding in Section 7.

2. SAMPLE OF HOT JUPITERS
We aimed to search every hot jupiter observed during the

first five years (sectors 1–69) of the TESS mission for nearby
planetary companions (% < 10 d). To that end, we assembled
a list of confirmed and candidate hot jupiters from the TESS
Objects of Interest (TOI; N. M. Guerrero et al. 2021) Catalog.
After carefully removing known or suspected non-planets, we
estimated the false positive rate (FPR) of the remaining planet
candidates on our list. Finally, we derived new stellar parame-
ters from broadband photometry as the basis for refined plan-
etary parameters of the hot jupiters. These procedures are de-
tailed in the rest of this section.

2.1. Selecting hot jupiters

To start, we select TOI candidates

1. with valid Gaia DR2 cross-matches,

2. periods % < 10 d,

3. radii 8 ≤ 'p/R⊕ < 30within uncertainty andmeasured
to better than 50%, and

4. alerted on or before ut 2024 May 30
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Table 1. Hot jupiter candidates from the TESS Objects of Interest (TOI) catalog.

TIC ID Period Mid-transit time Transit depth Duration Stellar mass Stellar radius Planet radius 0/'★ Impact param.

d BJDTDB − 2,457,000 h M� R� R⊕

4711 2.33481520 2358.079233 0.005310 1.86 1.202 1.432 11.4 5.499 0.912
56884 3.91748200 3088.668722 0.008397 2.62 1.322 1.574 15.7 7.292 0.890

160023 6.75655190 2358.443291 0.005200 3.44 1.214 1.622 12.8 9.893 0.847
857186 3.81236140 2465.891746 0.018330 2.56 0.826 0.788 11.6 12.227 0.365

1003831 1.65114558 1518.203428 0.003206 0.95 1.008 1.077 6.7 5.472 0.976
1129033 1.36002828 2168.520849 0.019428 2.17 0.982 1.045 15.9 4.913 0.526

… … … … … … … … … …

Note—The first five columns are taken from the TOI Catalog (N. M. Guerrero et al. 2021, accessed on 2024 July 5). The stellar masses and radii are from this
work, and the last three columns are imputed from the values in the preceding columns assuming circular orbits (subsection 2.3). These parameters are used
in section 5 to calculate observational completeness. While the values in this table are self-consistent and valid in the statistical aggregate, they should not be
used in work demanding high accuracy in the context of individual planetary systems. (This table is available in its entirety in machine-readable form in the
online article.).

from the ExoFOP website ( NExScI 2022, accessed on 2024
July 5). To identify TOI candidates that are known or sus-
pected to not be planets, we eliminated targets with

1. unfavorable dispositions of the TESS Follow Up Pro-
gram working group (TFOPWG)25 from the ExoFOP
website (accessed on 2025 March 11), and

2. excess radial velocity (RV) scatter fromGaiaDR3, and

3. 'p ≥ 30 R⊕ and semimajor axis–to–stellar radius ratio
0/'★ < 1 based on the parameters derived in subsec-
tion 2.3.

The TFOPWG dispositions are based on follow-up photom-
etry, spectroscopy, and high-resolution imaging and identify
TOI candidates that are known or suspected to be eclipsing bi-
naries or other astrophysical false positives. The RV scatters
from Gaia DR3 eliminate suspected spectroscopic binaries.
We estimate the RV scatter fRV by multiplying the reported
RV uncertainty (radial_velocity_error) and the square
root of the number of RV observations (rv_nb_transits).
Then, we use the following empirical formula based on Gaia
DR3 � magnitude to identify the targets with excess fRV:

fRV

km s−1 >


2 � < 10,

2 · 100.4(�−10) � ≥ 10.
(1)

The TOI candidates that survive these checks comprise our
sample of hot jupiters searched for nearby companions, as
long as their TESS light curve is available. They are tabulated
in Table 1.

25 Specifically, we eliminated planets designated as false positive (FP), false
alert (FA), and ambiguous planetary candidates (APC) by the TFOPWG.

2.2. Estimation of false positive rate

In order to ensure the accuracy of our calculated occurrence
rate (subsection 5.4), we want to estimate the FPR, defined as
the fraction of non-planets, in our hot jupiter sample. Starting
from the original estimate for the FPR of TOIs from G. Zhou
et al. (2019) based on 10 detected false positives among 31
TOIs, which we denote FPRZhou = 10/31 ≈ 0.32, we expect
to find FPRZhou ·#TOI false positives among the #TOI = 2684
TOIs that match our initial period, radius, and alert time crite-
ria. We subsequently eliminated 570 confirmed or suspected
non-planets based on TFOPWG dispositions, 249 suspected
spectroscopic binaries based on excess fRV, and 16 suspected
non-planets with implausible 'p or 0/'★ for a combined total
of #FP = 749. In theory, this elimination leaves us with

FPRHJ =
FPRZhou · #TOI − #FP

#TOI − #FP
≈ 0.060 (2)

among the remaining 1935 hot jupiters in our sample. This
FPRHJ will be used in subsection 5.4 to adjust the final ef-
fective sample size of the hot jupiters for the occurrence rate
calculation.

2.3. Properties of the hot jupiters and their host stars

In order to obtain more accurate planetary parameters, we
derived mass and radii for the hot jupiter host stars via spec-
tral energy distribution (SED) fitting to Gaia DR3 �, �BP,
�RP magitudes and 2MASS �,�, magnitudes.We obtained
these magnitudes by cross-matching the TESS Input Catalog
version 8 (TICv8; K. G. Stassun et al. 2018, 2019) with the
Gaia and 2MASS catalogs. (The targets that did not have
Gaia DR2 cross-matches in TICv8 were not selected in the
first place.) Given these broadband apparent magnitudes, and
Gaia DR3 parallaxes, we used the isochrones Python pack-
age (T. D.Morton 2015) to perform nested sampling of funda-
mental stellar parameters modeled by the MESA Isochrones
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Figure 1. The distribution of the host stars of the selected hot jupiters. Left: The histogram of stellar mass. Right: The color–magnitude diagram.

and Stellar Tracks (MIST; A. Dotter 2016; J. Choi et al. 2016),
using the associated correction tables to convert bolometric to
broadband photometric magnitudes. To better reflect system-
atic and model uncertainty, we inflated the uncertainty for all
measured magnitudes to 0.1.

The resulting new stellar masses "★ and radii '★, as well
as derived planetary parameters, are tabulated in Table 1, and
the distribution of stellar masses and the color–magnitude di-
agram are shown in Figure 1. We derived planet radii 'p from
the new '★ and the transit depth from the TOI catalog and
used the new "★ and '★ combined with the orbital period
from the TOI catalog to calculate 0/'★, which is then used
in conjunction with our derived 'p and the transit duration
from the TOI catalog to calculate the impact parameter 1, as-
suming circular orbits. As mentioned in subsection 2.1, we
further identified all planets with 'p ≥ 30 R⊕ and 0/'★ < 1
and eliminated them from the hot jupiter sample as likely non-
planets. Since TOIs must be transiting, we clamp this derived
1 to the interval [0, 1 + 'p/'★). These new "★, '★ and de-
rived 'p, 1 will be used to determine observational complete-
ness for the occurrence rate calculation in section 5.

3. SEARCH FOR ADDITIONAL SHORT-PERIOD
PLANETS IN HOT JUPITER SYSTEMS

To search for nearby transiting companions of hot jupiters,
we used light curves from the MIT Quick Look Pipeline
(QLP) up to and including sector 69. Initially created for the
TESS Prime Mission, QLP generates light curves for all tar-
gets in the TESS full-frame images (calibrated as described
byM. M. Fausnaugh et al. 2020) brighter than a TESS magni-
tude of 13.5 and certain fainter targets with high proper mo-
tion (C. X. Huang et al. 2020b,c; M. Kunimoto et al. 2021,

2022b). Since we perform detrending, or removal of the long-
term variability in the light curves, as part of the planet search,
we use the raw simple aperture photometry (SAP_FLUX) time
series for light curves before sector 56 and the systematics-
corrected (SYS_RM_FLUX) time series thereafter (M. Kuni-
moto et al. 2022a). There were 86 targets out of the 1935 hot
jupiter systems in our sample without valid QLP light curves,
leaving us with #HJ = 1849 systems to be searched.We detail
our planet search pipeline and candidate vetting procedures in
this section.

3.1. Box least-squares search

We used the box least squares (BLS; Kovács, Zucker, &
Mazeh 2002) algorithm to search for additional planets in the
light curves of the hot jupiters. After removing all points that
have been flagged for quality issues (e.g. spacecraft anomaly,
excess scattered light, etc.), we iteratively applied the follow-
ing steps five times to each light curve:

1. Remove parts of the light curve containing hot jupiter
transits and signals corresponding to the previous peaks
of the light curve.

2. Detrend the light curve, remove upward outliers, and
estimate uncertainty.

3. Find the period and phase of the signal corresponding
to the peak of the BLS power spectrum.

We detail these steps below.

Removal of known signals—We remove the hot jupiter transits
from the raw photometry light curve by masking points that
lie within a span of three times the transit duration centered
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on the mid-transit time, with the transit ephemerides taken
from the TOI Catalog. In subsequent iterations, we also re-
move portions of the light curve corresponding to signals de-
tected in previous iterations.

Detrending—We detrend the light curves using Keplerspline,
a high-pass filtering method based on B-spline (A. Vander-
burg & J. A. Johnson 2014; C. J. Shallue & A. Vanderburg
2018)), in segments that are no more than approximately 14
days and also contain no gaps longer than 1 day. Keplerspline
uses the Bayesian information criterion to automatically pick
the most appropriate breakpoint spacing for each light curve.
The detrended segments are then normalized and joined to-
gether to search for additional planets. Keplerspline estimates
the standard deviation f of the light curve from the median
absolute deviation. This f is calculated per sector and is used
as the nominal uncertainty for all data points in a given sector
for the subsequent transit search. We also reject points that
lie more than 5f above the spline in order to mitigate the ef-
fect of flares and instrumental artifacts on the transit detection
algorithm.

Performing the BLS search—We use the cuvarbase (J. Hoff-
man 2022) package for BLS search, similar to QLP’s imple-
mentation since sector 59 (M. Kunimoto et al. 2023). The
cuvarbase package uses the NVIDIA CUDA interface to
implement BLS on the GPU. We search in the period range
of 4 hours to 10 days with the optimal frequency spacing
X 5 ∝ 5 2/3 and a log-uniform grid of the transit duration frac-
tion with 20 intervals between 2−7 and 2−2. Since we use a
fast implementation of BLS that only outputs the BLS power
at each period, once we obtain the period with the highest
BLS power, we use the Astropy package to obtain the transit
parameters (mid-transit time, transit duration )dur, and depth
X) at the detected period, following the methods implemented
by Vartools (J. D. Hartman &G. A. Bakos 2016). These pa-
rameters are used in subsequent iterations for signal removal.

3.2. Vetting transit-like signals

We declared any signal with a BLS signal-to-noise ratio
S/N > 7 as computed by Astropy to be a threshold-crossing
event (TCE), and all TCEs are vetted to ensure they are likely
to be transiting planets. We applied the following criteria in
order to automatically eliminate TCEs of low data quality or
whose parameters are incompatible with being a planet:

1. number of points in transit ≥ 20,

2. number of transits (each with ≥ 3 points) ≥ 3,

3. 0/'★ > 3, where 0 is the semimajor axis and '★ is the
stellar radius, and

4. )dur < 3)dur,circ, the transit duration assuming a circular
orbit and impact parameter 1 = 0.

Both 0/'★ and)dur,circ were calculated from the stellarmasses
and radii from TICv8 and the period and transit depth of the
TCE. All TCEs that fulfill these criteria, as well as TCEs
whose stellar parameters are missing from TICv8, were re-
tained for manual vetting.

We performed manual vetting in two distinct steps. In the
first step, we generated three types plots for each TCE: the
BLS spectrum, the folded light curve centered on the TCE
with binned points and the boxcar transit model, and unde-
trended light curves with the detrending spline and the transit
signals highlighted. We used these plots to eliminate TCEs
that

1. were not transit-like in shape,

2. showed significant odd–even variations, or

3. could be attributed to fast varying portions of the light
curve (e.g. scattered light near the beginning or end of
an orbit) that the detrending step did not remove.

TCEs that survived the initial manual vetting were subject
to additional scrutiny. We generated additional light curves
with enhanced systematics correction from the full frame im-
ages by extracting aperture photometry following A. Van-
derburg et al. (2016) and correcting for spacecraft system-
atics using the procedures described by A. Vanderburg et al.
(2019). These additional light curves were used to generate
additional vetting plots, including a cutout view of the TESS
FFI and a simple pixel-level difference image of the median
in- and out-of-transit FFIs, with a customized version of the
giants package26 (N. Saunders et al. 2022). Since TESS has
a relatively large pixel size of 21′′, the photometric aperture
could enclose nearby targets that are blended or unresolved
from the true target. Therefore, we also eliminated TCEs that
showed a significant offset in the in- and out-of-transit differ-
ence image from the expected centroid of the target star. For
the few TCEs that passed all previous vetting steps but were
not known confirmed or candidate planets, we further used
the transit-diffImage package27 by S. Bryson to calculate
accurate centroids of the TCE and the assumed host star tak-
ing account of the pixel response function (PRF).

Finally, we eliminated secondary eclipses by matching
them to the period and epoch of the star. We used the expected
depth of the secondary eclipse as well as the phase offset from
the known hot jupiter transits and wemanually inspected each
light curve to rule out that they could be planets at half or
twice the hot jupiter’s orbital period.

26 The original version is available on GitHub at https://github.com/
nksaunders/giants.

27 Available on GitHub at https://github.com/stevepur/transit-diffImage.

https://github.com/nksaunders/giants
https://github.com/nksaunders/giants
https://github.com/stevepur/transit-diffImage
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The TCEs that passed all above vetting steps are the planet
detections listed in section 4. These detections are used as the
numerator of the occurrence rate in section 5.

3.3. Injection–recovery simulation

In order to evaluate the detection efficiency of the planet
search pipeline described in subsection 3.1 and the vet-
ting procedures described in subsection 3.2, we performed
injection–recovery tests of simulated transit signals. For each
host star in the hot jupiter sample, five simulated signals were
created via randomly drawn planetary parameters from the
prior distributions

'p ∼ U(0.5, 10) R⊕ , (3a)
log % ∼ U(4 h, 10 d), (3b)

1 ∼ U(0, 1 + 'p/'★), (3c)

with stellar mass and radius from TICv8 when available or
fixed to Solar values otherwise.28 All orbits were assumed
to be circular, and we adopted a fixed linear limb darkening
law with coefficient 0.3. We calculated the simulated signals
from these parameters using the limb-darkened transit light
curve model implemented by the Batman Python package,
and the model was supersampled by a factor of 15, 5, and
2 for TESS sectors with FFI exposure times 30 min, 10 min,
and 200 s, respectively. Each simulated signal was injected
into the corresponding hot jupiter host star’s TESS light curve,
and we searched the resultant light curve using the same BLS
transit search pipeline as in subsection 3.1. As before, we used
S/N > 7 as the criterion for declaring a BLS signal to be a
TCE.

Rather thanmanually vetting the TCEs as in subsection 3.2,
we automatically matched the detected TCEs to the ex-
pected period and transit times using the ephemeris matching
method described by J. L. Coughlin et al. (2014). Using their
definition, we set the criteria for ephemeris-matching to be

f% > 3.5, f) > 2.0, (4)

where % is the period and ) is the transit time or epoch and
the f values are converted from the fractional differences in
% or ) (J. L. Coughlin et al. 2014). Figure 2, emulating Fig-
ure 2 by J. L. Coughlin et al. (2014), confirms that the cho-
sen significance levels in Equation (4) capture the mode of
true ephemeris matches in the upper right while excluding

28 Since the injection–recovery simulation is only used to derive an empiri-
cal relationship between theoretical transit S/N and pipeline detection ef-
ficiency, the exact choice of stellar parameters here has no bearing on the
final occurrence rate as long as the range of S/N is sufficiently sampled.
Rather, the choice of stellar parameters affects the final result through the
assumed planet radius prior distribution in Equation (12b), where we did
use the refined stellar parameters from subsection 2.3 to derive the im-
puted transit depth of each simulated planet.

1 2 3 4 5 6
P

1

2
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4

5

6

T
Figure 2. A scatter plot of f% versus f) for the detection of injected
transit signals, similar to Figure 2 by J. L. Coughlin et al. (2014). The
thin blue lines denote the chosen significance levels for ephemeris
matching in equation (4) and divides the plane into four quadrants.
The cluster of points in the upper right quadrant corresponds to true
ephemeris matches, while the cluster of points in the lower left are
random false matches.

the mode of random matches at low f% and f) values in the
lower left. The number of matches as a fraction of injected
signals is the empirical detection efficiency, which we denote
n , and we evaluate its dependence on the transit S/N in sub-
section 3.4.

3.4. Transit detection efficiency

The injection–recovery simulation resulted in a map of sets
of simulated planetary parameters to Boolean values indicat-
ing success or failure of recovery. For the convenience of cal-
culating the occurrence rate later in section 5, we convert the
injection–recovery results into an analytical formula that ex-
presses the fraction of planets successfully detected by our
search in terms of their transit signal’s theoretical S/N.

We calculate a planet’s theoretical transit S/N as

S/N =
X√

f2
sum%/)dur

, (5)

where X is the transit depth, % is the orbital period, )dur is the
transit duration, and f2

sum is the “harmonic sum” of f2
8
, the

squared uncertainty of the 8th data point (8 = 1, 2, . . . , #)

f2
sum =

( #∑
8=1

1
f2
8

)−1
. (6)
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Figure 3. Detection fraction as a function of transit S/N. The blue
marks are the recovery fraction of injected planets within each S/N
bin with error bars representing the Agresti–Coull confidence inter-
val of binomial proportion, and the orange curve is a scaled gamma
distribution CDF. The detection fraction asymptotically approaches
≈ 0.95 as the transit S/N → ∞.

In the case that the data points have identical f8 , this expres-
sion reduces to the familiar f2

sum = f2
8
/# .

In order to relate the theoretical S/N to the actual detec-
tion fraction, we empirically fitted the cumulative distribu-
tion function (CDF) of the gamma distribution with a shape
parameter U, scale parameter \, and maximum detection frac-
tion �:

� (G;U, \, �) = �

Γ(U) \U
∫ G

0
CU−14−C/\ dC , (7)

as was used by (J. L. Christiansen et al. 2015) for characteriz-
ing the transit signal recovery of theKepler pipeline. To prop-
erly account for the statistics of the binned detection fraction,
we used the Agresti–Coull interval (A. Agresti & B. Coull
1998) where the number of trials = and the success fraction ?
are modified into their estimators

=̂ = = + 1, ?̂ =
1
=̂

(
? + 1

2

)
, (8)

which are used to calculate the interval√
?̂(1 − ?̂)

=̂
. (9)

We used the unmodified ? for each S/N bin and the Agresti–
Coull interval as the uncertainty in each bin.

We ended up with the best-fit parameters

U = 9.21719769, \ = 1.24222051, � = 0.94609528, (10)

given to 8 decimal places (understood as machine precision
and not as significant figures). This scaled gamma CDF � (G),
illustrated in Figure 3, will be used in section 5 to convert
the theoretical transit S/N of the simulated planets into the
expected pipeline detection efficiency n by setting G = S/N.

4. PLANET DETECTIONS
We detected the following inner companions, in ascending

order of the orbital period of their respective hot jupiters:

1. TOI-1408 c (J. Korth et al. 2024),

2. TOI-5143.02 (S. Quinn et al., in preparation),

3. TOI-1130 b (C. X. Huang et al. 2020a),

4. TOI-2494.02 (S. Quinn et al., in preparation),

5. WASP-84 c (G. Maciejewski et al. 2023), and

6. TOI-2000 b (L. Sha et al. 2023).

Of these, TOI-2000 b was discovered by an earlier version
of the pipeline described in subsection 3.1. These detections
form the basis of the occurrence rate calculation in section 5.

The following known nearby companions were not among
those detected:

1. WASP-47 e and WASP-47 d, the inner and outer com-
panions to WASP-47 b,

2. TOI-4468.02, the outer companion to TOI-4468.01 (J.
Livesey et al., in preparation),

3. Kepler-730 c, the inner companion toKepler-730 b, and

4. WASP-132 c, the inner companion to WASP-132 b.

The hot jupiters WASP-47 b and TOI-4468.01 were included
in our sample, but their respective companions were not de-
tected by the pipeline. The hot jupiter Kepler-730 b was not a
TOI and thus not in the sample. The hot jupiter WASP-132 b
was not in the sample because it lacked uncertainty for its ra-
dius in the TOI table on the ExoFOP website at the time of
access. They will not count as detections for the purpose of
the occurrence rate calculation.

Figure 4 presents a “family portrait” visualization of the
architectures of these ten systems.

5. OCCURRENCE RATE OF NEARBY COMPANIONS
TO HOT JUPITERS

Our goal is to estimate the occurrence rate [ of nearby com-
panions to hot jupiters, conditioned on the hot jupiter existing.
To this end, we use a Bayesian statistical framework to calcu-
late the posterior distribution of [ given our sample of tran-
siting companions to transiting hot jupiters from TESS. We
model each hot jupiter observation as a Bernoulli trial where
the probability of success is [. Then, given = such condition-
ally independent Bernoulli trials with B observed successes
and a uniform prior for [, the posterior distribution of [ can
be modeled as the beta distribution Beta(B + 1, = − B + 1),
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Figure 4. Transiting planetary systems hosting nearby planetary
companions to hot jupiters (% < 10 d). Non-transiting planets are
omitted. The leftmost circle in each row represent the host star, with
the mark’s size indicating the stellar radius and fill color the stel-
lar effective temperature (from TICv8; K. G. Stassun et al. 2019).
The other circles represent the transiting planets in each system, with
their sizes proportional to planet radii and fill colors indicating a gi-
ant planet (orange) or a small planet (gray). The relative mark sizes
among either the stars or the planets are to scale, but not between a
star and its planets. The translucent marks are planet candidates not
yet published in the literature. Systemswhich are counted as detected
(section 4) for the occurrence rate calculation (section 5) have their
names highlighted in magenta. The systems are sorted in ascending
order of the period of the largest planet. This figure and its caption
are adapted from Figure 10 by L. Sha et al. (2023).

which is the conjugate prior of the binomial distribution. The
PDF of [ can be written as

5 ([; B, =) = [B (1 − [)=−B
B(B + 1, = − B + 1) , (11)

where B is the beta function. We take B = 6 as the number
of hot jupiters with detected companions (section 4), while
the number of trials = is the number of hot jupiter systems
searched corrected for observational completeness and ac-
counting for the possibility of hot jupiter false positives.

Observational completeness concerns two questions re-
garding a hypothetical companion to an hot jupiter. First,
given the orbital and planet parameters, does the companion

transit? Second, if the companion transits, how likely is its de-
tection? In order to evaluate these two questions for each hot
jupiter system, we simulated 10,000 hypothetical companions
with the following procedure.

1. The companion’s radius, orbital period, and mutual in-
clination with the hot jupiter is drawn from a prior dis-
tribution.

2. The companion’s impact parameter is calculated from
the mutual inclination and the inclination of the hot
jupiter.

3. If the impact parameter indicates that the companion
does not transit, the detection efficiency n is set to zero,
and we move on to the next simulated planet. Other-
wise, we calculate the expected transit S/N and convert
it into a predicted efficiency as n = � (S/N), with �
being the empirically derived gamma CDF in subsec-
tion 3.4.

Finally, we sum up the average detection efficiency of the sim-
ulated companions in each hot jupiter system to arrive at an
effective sample size (ESS) of the hot jupiters searched, which
we take to be the number of trials =. The rest of this section
describes each step in detail.

5.1. Prior distribution of nearby companions

We draw the companion’s radius 'p, orbital period %, and
mutual inclination k from the following distributions:

'p ∼ U(1, 4) R⊕ , (12a)
% ∼ U(0.25, 10) d, (12b)
k ∼ Rayleigh(1.◦8), (12c)

where U(0, 1) is the uniform distribution on the interval
[0, 1] and Rayleigh(f) is the Rayleigh distribution with the
scale parameter f, subject to the condition

0/'★ > 2. (13)

For ease of comparison, we follow C. Huang et al. (2016) in
setting f to 1.◦8 (in radians), a value which was in turn based
on an estimate of 1.◦0–2.◦2 for k in Kepler multi-transiting
systems by D. C. Fabrycky et al. (2014). We will explore how
the inferred occurrence rate changes with the choice of prior
distributions for k in subsection 5.5.

5.2. Mutual inclination and impact parameter

We calculate the impact parameter of the simulated com-
panion from its k in order to find its transit duration, on which
the transit S/N depends. We sampled the companion’s incli-
nation 82 through the relation

cos 82 = cos 81 cosk + cos � sin 81 sink, (14)
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where 81 is the inclination of the hot jupiter derived from its
impact parameter (derived in subsection 2.3) and � is an angle
randomly drawn from U(0, 360◦).29 The companion’s im-
pact parameter 12 is then calculated from cos 82 assuming a
circular orbit.

If 12 > 1+ 'p/'★, the planet is deemed not transiting, and
its detection efficiency is set to zero. Otherwise, we proceed
to calculate its transit S/N and detection efficiency as in sub-
section 3.4 using the stellar radii from subsection 2.3.

5.3. Observational completeness and effective sample size

To calculate an effective sample size (ESS), we sum up the
average detection efficiency Y of the simulated companions
in each hot jupiter system. In mathematical notation, the total
ESS is

ESS =

#HJ∑
9=1

1
#sim

#sim∑
8=1

Y8 9 , (15)

where Y8 9 is the detection efficiency of the 9 th simulated com-
panion of the 8th hot jupiter, #sim = 10,000 is the number
of simulated companions per each hot jupiter, and #HJ is the
number of hot jupiter systems in our sample. Figure 5 shows
the average n8 9 in bins of planet period and radius expressed
as percentages. Note that Y8 9 ≡ 0 for non-transiting simu-
lated companions, so the ESS is a measure of observational
completeness taking account of both transit probability and
pipeline detection efficiency.

Some of the hot jupiter candidates in our sample from TESS
surveys may still be false positives (e.g. background eclipsing
binaries, hierarchical triples, blended foreground binaries).
We multiply the above ESS = 92.50 by (1 − FPRHJ) from
subsection 2.2 to obtain the final = = 86.95, which is sub-
stituted into equation (11) to obtain the posterior distribution
PDF 5 ([).

5.4. The occurrence rate

The PDF of the posterior distribution 5 ([) of the occur-
rence rate [ of nearby companions to hot jupiters is shown in
Figure 6. We quote the median and 90% credible interval of
the occurrence rate as (7.6+5.5

−3.8)%.

5.5. Dependence on mutual inclination

In order to test the effect of orbital alignment between the
hot jupiter and its nearby companion on the occurrence rate,
we replace the Rayleigh distribution used in subsection 5.1
with a series of 3D von Mises–Fisher (VMF) distribution of
varying parameters. The 3D VMF distribution is the analog
to the 2D normal distribution on the sphere, with a PDF over

29 If we set the orbital normal vector of the hot jupiter as the I-axis, then k

and � are respectively the polar and azimuthal angles of the companion’s
orbital normal vector.

the unit vector ĥ

5 (ĥ; n̂, ^) = ^

4c sinh ^
exp

(
^n̂ · ĥ

)
, (16)

with n̂ being a unit vector representing the reference direction
and ^ a scale parameter characterizing the spread of the distri-
bution. As such, if we take n̂ and ĥ to be the orbit normal vec-
tor of the hot jupiter and its nearby companion, respectively,
then the VMF distribution is a good candidate for parameter-
izing their degree of alignment via the scale parameter ^. If
we marginalize this distribution over the mutual inclination k
(i.e. cosk = n̂ · ĥ), then we obtain the Fisher distribution with
a PDF of

5 (k; ^) = ^

2 sinh ^
4^ cos k sink, (17)

which is the form often used in theoretical treatments of or-
bital alignment in multiplanet systems (e.g. J. C. Becker et al.
2017; D. C. Fabrycky & J. N. Winn 2009). The Fisher dis-
tribution with scale parameter ^ reduces to Rayleigh(1/

√
^)

for large ^ and small k and to an isotropic distribution (i.e.
uniform in cosk) as ^ → 0, representing the cases of well-
alignment versus maximal misalignment, respectively.

We find that as ^ → 0, we have = ≈ 17 and as ^ → ∞,
= ≈ 89. This translates to an occurrence rate of (37+19

−17)% if
the companion is isotropically distributed and (7.4+5.4

−3.7)% if
the companion is aligned.

6. DISCUSSION
In this work, we measure the occurrence rate of close com-

panions to hot jupiters to be (7.6+5.5
−3.8)%. In agreement with

previous estimates of the occurrence rates of nearby compan-
ions (C. Huang et al. 2016; B. J. Hord et al. 2021), we find that
hot jupiters tend to be solitary. Historically, this fact has been
taken as evidence that hot jupiter formation is dynamically vi-
olent and tends to destabilize nearby planetary companions.
In this section, we revisit these conclusions in light of our new
results.

6.1. Comparison to inner companions of small short-period
planets

Do hot jupiters have fewer nearby companions than the typ-
ical small, short-period transiting planet, such as the ones ob-
served byKepler?Answering this question puts the loneliness
of hot jupiters into the broader context of planetary system ar-
chitectures. Using data from Kepler DR25 (S. E. Thompson
et al. 2018b), we calculated the probability of a planetary sys-
tem hosting small transiting short-period planets also hosting
another transiting small planet nearby (% < 10 d). Specifi-
cally, we selected small planets with

1. host star effective temperatures )eff,★ < 4500 K,

2. radii 'p < 4 R⊕ (assuming Gaia DR2 stellar parame-
ters),



10 Sha et al.

0 2 4 6 8 10
Period (day)

1.0

1.5

2.0

2.5

3.0

3.5

4.0

Pl
an

et
 ra

di
us

 (R
)

2 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

4 2 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

7 3 2 1 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0

13 6 3 2 2 2 1 1 1 1 1 1 1 0 0 0 0 0 0 0

17 9 6 4 3 3 2 2 2 1 1 1 1 1 1 1 1 1 1 1

23 13 8 6 5 4 3 3 2 2 2 2 1 1 1 1 1 1 1 1

30 17 11 9 7 6 5 4 4 3 3 2 2 2 2 2 2 1 1 1

36 21 14 11 9 8 6 5 5 4 4 3 3 3 2 2 2 2 2 2

43 26 18 14 12 10 9 7 6 5 5 4 4 4 3 3 3 2 2 2

49 31 22 18 15 13 11 9 8 7 7 6 5 5 4 4 4 3 3 3

56 37 27 22 18 16 13 12 10 9 8 7 6 6 5 5 5 4 4 4

61 42 31 26 22 18 16 14 12 11 10 9 8 7 7 6 6 5 5 5

0.1

0.2

0.3

0.4

0.5

0.6

Co
m

pl
et

en
es

s

Figure 5. Overall observational completeness of simulated nearby companions to hot jupiters in bins of the orbital periods and planet radii of the
companions (subsection 5.3), expressed as percentages. The observational completeness takes account of both transit probability and detection
efficiency.
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Figure 6. Posterior distribution of the occurrence rate of nearby
companions (0.25 d ≤ % < 10 d, 1 ≤ 'p/R⊕ < 4) to hot jupiters.
The 90% credible interval about the median is (7.6+5.5

−3.8)%, with the
median indicated by a solid vertical line and the interval shaded.

3. periods 0.25 d ≤ % < 10 d, and

4. impact parameters 1 < 0.9.

We set an additional stellar effective temperature criterion is
to make sure the overall stellar sample is similar to that of
hot jupiter hosts. We found this probability is 17.5% for the
small planets even without correcting for completeness, much
higher than the intrinsic occurrence rate for nearby compan-
ions to hot jupiters.

We further estimated a preliminary intrinsic occurrence
rate of these inner companions using the same prior distri-
bution of planetary parameters for the companions of hot

jupiters described in subsection 5.1. Combined with the de-
tection completeness functions provided by the Kepler team
(C. J. Burke et al. 2015; J. L. Christiansen et al. 2015), we find
that, on average, the probability of a system hosting a short-
period small planet also host another small planet within 10
days is (77±5)%. We caution that these results are highly sen-
sitive to the choice of prior distributions for the companion’s
period and radius, which is not taken into account in the un-
certainties, although it would not change the conclusion that
the probability having a companion is significantly higher for
small short-period planets compared to hot jupiters.

6.2. Comparing to occurrence rate obtained from
transit-timing variation

Another important clue we can glean from our analysis
is a constraint on the mutual inclination distribution for hot
jupiters and their close companions. The mutual inclination
between an hot jupiter and its nearby companion tells us a
great deal about the formation and migration history of these
systems. If the hot jupiter and its nearby companion is well-
aligned, then it is evidence that the system had a relatively
quiescent dynamical history. While we can directly constrain
the sky-projected orbital orientation of the hot jupiter through
Rossiter–McLaughlin measurements (R. A. Rossiter 1924;
D. B. McLaughlin 1924), it is challenging to achieve the S/N
required for the small companion within its transit duration.
Thus, we are unlikely to directly constrain the mutual incli-
nation between the hot jupiter and its nearby companion in
the near future. The assumed mutual inclination distribution
directly affects the occurrence rate we measure by altering
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Figure 7. Occurrence rate of nearby companions (0.25 d ≤ % < 10 d, 1 ≤ 'p/R⊕ < 4) to hot jupiters as a function of their orbital alignment,
parameterized as the scale parameter ^ of a Fisher distribution prior on their mutual inclination. The posterior of each occurrence rate is a
beta distribution, and we take the median and 90% interval as the marks and error bars shown. The vertical line (^ ≈ 103) corresponds to
the Rayleigh(1.◦8) distribution, which was used as the mutual inclination prior to derive our main occurrence rate result of (7.6+5.5

−3.8)%. For
comparison, we shaded the (12 ± 6)% credible interval of a similar occurrence rate derived from transit-timing variations of hot jupiters from
the Kepler mission by D.-H. Wu et al. (2023). While their occurrence rate is not directly comparable to ours, reconciling the two different
detection methods appears to rule out the case of maximal misalignment between hot jupiters and their nearby companions.

the observational completeness of nearby companions, be-
cause they must transit in order to be detected in our search.
Having explored how the degree of alignment between hot
jupiters and their nearby companions affects the calculated
occurrence rate in subsection 5.5, we now compare our re-
sult to occurrence rates derived from transit-timing variations
(TTVs) of hot jupiters, which can detect non-transiting com-
panions by their gravitational influence on a hot jupiter’s or-
bit..

After a comprehensive search for TTVs among all hot
jupiters observed by Kepler, Wu, Rice, &Wang (2023) found
two TTV signals among 50 hot jupiters in their sample, imply-
ing an occurrence rate of (12±6)% for nearby companions to
hot jupiters, where “nearby” is defined as having a period ra-
tio ≈ 1.5–4. Their result is highlighted in Figure 7. Although
their result is not directly comparable to ours due to difference
in the assumption of priors for the underlying distribution of
nearby companions and the different detection characteristics
of TTV- and transit-based methods, reconciling the rates de-
rived from the two methods appears to be incompatible with
the case of maximal misalignment between hot jupiters and
their nearby companions (i.e. ^ � 1). This would rule out
unusual formation scenarios that result in the hot jupiter and
its companion being in nearly perpendicular orbits, as would
be the case suggested by K. Batygin et al. (2016).

A more careful comparison between the TTV- and transit-
basedmethods would require a joint search for TTVs and tran-

sits among a complete sample of well-characterized Kepler
and TESS hot jupiters. As a first step towards this process, we
note that Z. Zhang et al. (2024) have performed a TTV search
among 260 hot jupiters from TESS hot jupiters, constraining
the upper mass limit for potential companions to be several
MJ. A future work could combine and extend the results from
D.-H. Wu et al. (2023), Z. Zhang et al. (2024), and this work
and invert the statistical framework used to derive occurrence
rates to instead constrain the underlying distribution of mu-
tual inclinations in systems hosting hot jupiters with nearby
companions.

6.3. Do hot jupiter inner companions have a small
preferential misalignment?

We can also learn about the mutual inclination distribu-
tion of the hot jupiters and their close neighbors by study-
ing the impact parameter distributions of the systems in our
sample. We note that among the nine hot jupiters with inner
companions, four of them (TOI-1408, TOI-5143, TOI-2494,
and TOI-1130) have grazing transits. Whether a single tran-
siting planet is grazing depends only on the geometry of an
observer viewing a randomly oriented orbital plane. In a sys-
tem of two transiting planets, however, the probability of ei-
ther of the planets grazing also depends on their mutual in-
clination. If the two planets are perfectly aligned (k = 0),
then the probability of finding a grazing planet is indepen-
dent from the existence of the other transiting planet. But if
the two planets are slightly misaligned, then the probability
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of finding one of the planets grazing given the presence of
another transiting planet in the same system is boosted from
what one might expect by random alignment. Here, we inves-
tigate whether finding four out of nine grazing hot jupiters is
more than what chance alignment can explain.

In order to calculate the grazing probability, we took the
planet-to-stellar radius ratio of the 8th hot jupiter :8 =

'p,8/'★,8 and calculated the grazing probability ?8 as

?8 =
2:8

1 + :8
. (18)

Then, we average the grazing probability and used the average
? = (∑9

8=1 ?8)/9 as the parameter of a binomial distribution
with the PDF

5binom (:; =, ?) =
(
=

:

)
?: (1 − ?)=−: , (19)

where = = 9. Since the four planets are grazing, their radii are
not known precisely, so we assume 'p = 1 RJ. This gives an
average grazing probability ? = 0.19, which implies that the
probability of having 4 or more grazing planets due to random
viewing geometry to be

Pr(≥ 4 grazing) =
9∑

:=4
5binom (:; 9, 0.19) ≈ 0.075. (20)

This tantalizing statistical hint merits more investigation as
we detect more samples in the future. If hot jupiters with tran-
siting inner companions are more likely to be grazing than we
would expect from the random orientation of the viewing ge-
ometry alone, as would be the case for solitary hot jupiters
without nearby companions, then there may be a systematic
small misalignment between these hot jupiters and their in-
ner companions. This misalignment could be the remanent
dynamic signature of past migration.

6.4. hot jupiters with inner companions also have cold outer
companions

We can also investigate the systems with close companions
and study their architectures beyond short-period transiting
system. Although transits are an effective way of finding ad-
ditional planets in hot jupiter systems, they may not give us
the full picture of the architecture of these systems as transit
probability falls off for longer orbital periods. Indeed, using
up to 30 yr of RV measurements from the California Legacy
Survey, (J. K. Zink & A. W. Howard 2023) found that virtu-
ally all hot jupiters have at least onemore “cold” companion at
much greater orbital periods. Since the very presence of these
cold companions likely caused the hot jupiters to migrate in-
ward after disk dispersal, it would be instructive to look for
cold companions in hot jupiter systems with nearby compan-
ions to see whether they differ from the hot jupiter population
at large. Here, we assemble evidence from the literature for
cold outer companions.

1. WASP-47. M. Neveu-VanMalle et al. (2016) found a
cold companion WASP-47 c with orbital period % =

(588.8±2.0) d and minimummass "p sin 8 = (398.9±
9.1) M⊕ (E. M. Bryant & D. Bayliss 2022). Addition-
ally, WASP-47 d is a nearby outer companion (J. C.
Becker et al. 2015).

2. WASP-132. Planet d is detected by RV with % =

(1811.8+42.6
−44.4) d, "p sin 8 = (5.29+0.48

−0.46) MJ (N. Grieves
et al. 2025). There is an additional linear trend in the
RV (with a baseline of ≈ 9 yr implying % ¦ 18 yr) that
may be a brown dwarf, in line with evidence for excess
astrometric uncertainty in Gaia DR2 and DR3.

3. TOI-1130. There is an additional linear trend implying
% ¦ 160 d (L. Borsato et al. 2024).

4. TOI-1408. There is an additional nonlinear trend im-
plying % ≈ 2530 d, " ≈ (14.6 ± 0.3) MJ (J. Korth
et al. 2024).

In addition, TOI-2000 showed planet-sized RV signals at ≈
17 d and ≈ 90 d not explained by spectroscopic stellar activ-
ity indicators or photometric variations (L. Sha et al. 2023),
although the RV baseline was too short to draw any conclu-
sions at the time. Since then, the High Accuracy Radial ve-
locity Planet Searcher (HARPS) spectrograph at the ESO La
Silla 3.6 m telescope has made 39 additional RV measure-
ments from 2023 December to 2024 March,30 which showed
an overall offset from the RVs three years prior in 2021 at the
20 m s−1 level, although it is too early to say whether this off-
set is due to long-term stellar activity or an additional long-
period planet.

Given that these systems are newly characterized and lack
long-term RV monitoring, it is quite possible that there are
cold outer companions in the remaining systems whose sig-
nals are hiding in plain sight, which would imply that hot
jupiters with nearby companions seem to also have cold com-
panions comparable to the rate for other hot jupiters in gen-
eral estimated by (J. K. Zink & A. W. Howard 2023). The
presence of outer companions is believed to be a viable way
to kickstart HEM, but if hot jupiters with nearby compan-
ions, which presumably did not undergo HEM, also have sim-
ilar (or even greater) prevalence of outer companions, then
the link between outer companions and HEM would be more
complicated than it currently appears; namely, the mere pres-
ence of a cold companion is not sufficient to trigger HEM in
producing an hot jupiter. Continued long-termRVmonitoring
of these systems can potentially reveal this potential tension
by comparing the mass and eccentricity of these suspected
cold companions to the distribution of other hot jupiters’ cold
companions.

30 ESO program 112.25WB, PI: Chelsea X. Huang.
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6.5. Implications on formation theories

In summary, we find that about (7.6+5.5
−3.8)% of all hot

jupiters have closely orbiting companion planets, that the mu-
tual inclination of these planets is small, but nonzero and
probably larger than the mutual inclination of small planet
systems, and that the frequency of long-period outer compan-
ions seems similar to hot jupiters without close companion
planets. We draw the following conclusions about the forma-
tion of hot jupiters.

1. At least (7.6+5.5
−3.8)% of hot jupiters (e.g. the ones

with nearby companions) must not form via high-
eccentricity migration, which would almost certainly
disrupt any nearby planetary companions. Moreover,
the likely low mutual inclinations between hot jupiters
and their close companions also suggests relatively qui-
escent formation scenarios.

2. Moreover, since (7.6+5.5
−3.8)% is a strict lower limit on the

fraction of systems that formed via dynamically quies-
cent mechanisms, the true fraction of hot jupiters that
form in this way could be larger. For example, sim-
ulations of hot jupiters with nearby companions that
formed via disk migration indicate that only about 1/3
of such close companions survive for long timescales
(D.-H. Wu & Y. He 2023). This means that our re-
sult that (7.6+5.5

−3.8)% of hot jupiters have close compan-
ions is consistent with a larger fraction (≈ 20%) of hot
jupiter systems forming via disk migration.

Going forward, more detailed measurements and studies of
the architectures of these systems, including the occurrence
rate of specifically ultra-short-period planets (S. Wang et al.
2025), stellar obliquities and mutual inclinations (Y. He et al.
2024), and long-term RV surveys to measure the frequency
of long-period massive planets (J. K. Zink & A. W. Howard
2023) will make it possible to estimate the relative importance
of the different hot jupiter formation channels.

7. CONCLUSIONS
Using five years of TESS data, we have performed the

most comprehensive search for nearby transiting companion
planets to hot jupiters to date. After accounting for observa-
tional completeness and pipeline detection efficiency, we ar-
rived at an intrinsic occurrence rate of (7.6+5.5

−3.8)% for nearby
companions to hot jupiters. This result is highly sensitive
to the assumption for the mutual inclination distribution be-
tween the hot jupiters and their companions, and we instead
have (37+19

−17)% for the case of maximal misalignment and
(7.4+5.4

−3.7)% for the case of perfect alignment. Comparing our
rate based on transit detections to that based on TTV detec-
tions appears to disfavor the case of maximal misalignment,

but there may nevertheless be a preference for small misalign-
ment as there is a hint that more hot jupiters with nearby com-
panions are grazing than can be explained by random viewing
geometry. A review of RVs in the literature reveals that about
half of the known hot jupiters with nearby companions ei-
ther have or are suspected to have cold companions, raising
questions about the role cold companions play in triggering
the formation of hot jupiters via HEM. A future comprehen-
sive search for nearby companions with transits, TTVs, and
RVs may elucidate the underlying mutual inclination and pro-
vide a key constraint on the outcome of hot jupiter formation.
The picture is emerging that these nearby companions to hot
jupiters, while a relatively uncommon outcome of hot jupiter
formation, provide a key constraint on the relative frequency
of each formation channel.
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