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One of the Solar System’s most prominent characteristics is the division of its planets into
two distinct groups. The terrestrial planets have short periods, low masses, and negligible
atmospheres, while the gas and ice giants have wider separations and masses 1-2 orders of
magnitude larger than their inner neighbors, the majority of which is stored in prodigious
atmospheres surrounding small solid cores. This feature raises the question of whether our
system’s architecture is the result of chance, or if Nature has a tendency to produce planetary
systems like ours. Until recently, an answer to this question was beyond reach, owing to the
lack of available systems hosting both planet types. In this thesis, I investigate the occurrence
rate of long-period giant planets in systems known to host an inner small planet. I used the
TESS target pool to compile a high-purity sample of 47 Sun-like stars hosting transiting
planets, which I then observed for three years to search for long-period giants. Along the
way, I discovered three giant planets and developed a novel computational tool for analyzing
partial orbits. I found that the occurrence rate of giant planets increases from 16% for
typical Sun-like stars to 30% in systems with a close-in small planet, an enhancement factor
of ~2. This enhancement demonstrates that Solar System analogs are not rare, and that the

processes which produced Earth may obtain elsewhere in the Universe.
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Page

1.1 Exoplanets discovered by the four most popular detection techniques as of
March 2025. Method-specific biases are evident: the transit technique (red
circles) excels at detecting short-period planes due to their higher transit
probability; RVs (blue squares) are sensitive to close-in planets, but are well-
suited to detecting giant planets at wide separations; gravitational microlens-
ing (green diamonds) can detect a wide range of planet masses, but is limited
to a relatively narrow range of periods by the requirement of favorable lensing
geometry; and direct imaging (purple x’s) enables the detection of high-mass
planets at very wide separations around young stars. The legend gives the
number of planet detections using each technique. We estimated the masses of
transiting planets for which the mass was unknown using the mass-radius rela-
tionship of Weiss and Marcy (2014). The parameters of Venus, Earth, Jupiter,
Saturn, Uranus, and Neptune are shown with their initials, demonstrating our

low sensitivity to most Solar System planets across all methods. . . . . . .. 9



2.1

2.2

Stellar and transiting planet parameters of the TKS survey. Filled points
show targets selected for the Distant Giants sample. Panels a) through c)
show stellar parameters. TOI-1775 and TOI-2088 are not shown in panel b)
because they lacked measured logRy values when we finalized our sample.
Panel d) shows parameters of the transiting planets. For multi-transiting
Distant Giants systems, we checked planet radii in order of ascending TOI
number, and show the first planet to pass our survey filters. . . . . . . . ..
Observations of the Distant Giants sample between its official start in August
2020 and late 2022. Red squares are HIRES RVs and gray circles are APF RVs.
Targets are ordered by right ascension, shown in the right margin. The typical
target in our sample is inaccessible from Keck Observatory for about three
months out of the year, which is reflected in the bands of decreased observation
density which run diagonally through the plot. During their observing seasons,

all targets generally meet or exceed the prescribed monthly cadence. . . . . .
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2.3

24

The RV time series and orbit models for TOI-1669’s AIC-preferred circular
model (left) and our preferred model including eccentricity (right). Although
the circular model has a lower AIC, we adopt the more general model including
eccentricity, and emphasize that our limited RV sample contributes to model
selection uncertainty. In both figures, a) shows our full Keck/HIRES RV time
series (black points) with the fitted model in blue. The residuals to the fit
are given in b). Each subsequent panel shows the time series phase-folded
to a particular model planet period. Both models recover consistent periods
and masses for the giant TOI-1669 b, as well as a long-term linear trend,
suggesting that these parameters are not highly sensitive to our choice of
model. By contrast, our eccentric model shows that TOI-1669 b’s orbit may
deviate from circular. Future observations will resolve this disagreement. The
existence of TOI-1669.01 is known from TESS photometry, so we include it
in our model despite its low RV amplitude. . . . . . . . .. ... ... .. ..
The RV time series of TOI-1694, together with orbit models assuming a cir-
cular (left) or eccentric (right) outer planet. In both figures, a) shows our full
Keck/HIRES RV time series (black points) with the fitted model in green.
The residuals to the preferred fit are shown in b). Each subsequent panel
shows the time series phase-folded to a particular model planet period. For
consistency with our treatment of TOI-1669, we include two models that differ
only in the eccentricity of the outer planet. However, in contrast to TOI-1669,
the eccentric model we adopted for TOI-1694 is also formally preferred by the

AIC. TOI-1694 b’s mass and orbital separation identify it as a hot Neptune.
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38



2.5

2.6

Masses and periods of known exoplanets discovered by RVs (blue circles) and
transits (red circles). Transiting planet masses are estimated from their radii
using the mass-radius relation of Weiss and Marcy (2014). Transiting/resolved
Distant Giants companions are overlaid as red/blue squares. Inner and outer
companions in the resolved systems, HD 219134, HD 75732, TOI-1669 and
TOI-1694, are connected with black lines. We also plot estimated parameters
of HD 191939 f, though our analysis of this planet’s RV signal is still prelim-
inary. TOI-1669 b and TOI-1694 ¢ have masses and periods typical of cold
Jupiters. The red arrows indicate planetary periods shorter and longer than
the current ~ 2-year survey baseline. HD 75732 d and HD 219134 g have
orbits well beyond three years, and are only resolved due to their extensive
observing histories. . . . . . .. ...
Distribution of eccentricity versus orbital separation for confirmed exoplanets
between 0.01 and 30 AU with o, < 0.1 (blue points). The four resolved
giants in our sample are shown in orange. TOI-1669 b and HD 219134 g have
eccentricities consistent with zero, and each is represented by an arrow, the
base of which shows the 84% upper eccentricity limit. It is not obvious that
the distribution from which these planets’ eccentricities are drawn is distinct

from that of the underlying population. . . . . . . . . . ... ... ... ...
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3.1

3.2

ethraid’s fitting algorithm. The steps are the same for RVs (left), astrometry
(center), and direct imaging (right): ethraid samples a set of model orbital
parameters, forward models the data-specific parameters, evaluates the model
likelihood, and finally marginalizes many such likelihoods to derive the pos-
terior PDF. Arrows represent inputs used in a given step: blue arrows show
inputs from the previous step, red arrows show inputs provided by the user,
and purple arrows show inputs that are fixed in the code. The bottom row
shows three of the plots available to the user through the plot command.
Left: The 2D m.-a posteriors for each of the RV (green), astrometry (blue),
and imaging (gray line) data sets, plus the combined posterior (red) condi-
tioned on all three. The dark/light regions of each posterior show 68/95%
confidence intervals. For imaging, the gray contour marks the 95% confidence
boundary, with models below/above the contour ruled in/out by the data.
Right: CDFs of the marginalized a and m, posteriors. The vertical red lines
indicate 95% confidence intervals. ethraid also produces corresponding PDFs
by default. . . . . . ..
Our model of astrometric proper motion anomaly. Red ellipses show the
stellar orbit associated with a non-luminous bound companion (not shown).
Green arrows show the average proper motion vectors fitted to the data from
Hipparcos (left) and Gaia (right). Gold stars show the average positions
during Gaia and Hipparcos, and the blue arrow shows jigg, the average
proper motion between them, calculated as the difference in average positions
divided by the difference between the mission midpoints. The proper motion
anomaly Ay, shown in red, quantifies the difference between the average Gaia
proper motion and the position-derived proper motion. Figure adapted from

Kervella et al. (2019). . . . . . . . . . o
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3.3

3.4

ethraid’s likelihood calculation for direct imaging. Beginning with a set of
sampled parameters (left), ethraid models angular separation (either exactly
or approximately) using the orbital elements, and contrast using the compan-
ion mass, together with a linear interpolation function derived from Table 5
of Pecaut and Mamajek (2013a) and Table 4 of Baraffe et al. (2003), denoted
by ‘PM13" and ‘B03,” respectively. ethraid then determines whether the
model companion’s brightness would have exceeded the minimum detectabil-
ity threshold at the model separation in the real imaging data (gold line) and
assigns a likelihood of 0 for detectable companions and 1 for non-detectable
companions. The example model in the diagram (red star) falls above the
threshold, indicating a companion that would have been detected if it were
truly in the system, so we assign it a likelihood of 0. . . . . . . . . .. .. ..
The top panel shows a 7.5-year subset of HD 117207’s RV time series, divided
into four slices based on the epoch in which the RVs were measured. Panels
a)-d) show the RVs from each slice, along with the linear/quadratic trend fit
to those RVs using radvel. We show the measurement error of each RV with
horizontal black lines. We used ethraid to model each trend/curvature pair,
along with HGCA astrometry, in panels e)-h), respectively. The gold star in
each panel shows HD 117207 b’s semi-major axis and m, sin i values measured
by long-baseline RV surveys: a = 3.744 AU, m.sini = 1.87 Mj, where we have
approximated a conversion from m,.sini to m, by dividing by the median sin?
value of 0.866. The overlap between ethraid’s predicted parameters and the
true values in all four panels demonstrates ethraid’s reliability in estimating

companion parameters over a range of orbital phases. . . . . . . .. ... ..

XV



3.5

3.6

Same as Figure 3.4 for TOI-1694’s two year baseline. The gray lines in panels
d)-f) show posteriors derived from direct imaging. The gold stars show TOI-
1694 b’s median semi-major axis and adjusted m, sin ¢ values measured by Van
Zandt et al. (2023): a = 0.98 AU, m.sini = 1.05 M;. Without astrometry,
the trend and imaging data provide too little information to constrain the
planet’s mass and separation. However, they are able to rule out massive
stars as well as the (a,m.) pairs in the white regions. Note also that the
posteriors in panels e) and f) favor shorter-period models due to the higher
RV curvature associated with their trends. . . . . . .. ... o000
Same as Figure 3.4 for HD 114729. The gold star at the lower left of each panel
shows the semi-major axis and adjusted m,sinz of HD 114729 Ab measured
by long-baseline RV surveys: 2.094 AU, m.sin¢ = 0.892 Mj. The upper right
star shows the same for HD 114729 B, with a projected separation and mass
of 282 AU and M = 0.253 M. We estimated HD 114729 B’s true separation
by dividing the projected separation of 282 AU by 0.79, as described in Sec-
tion 3.3.3. Agreement between the planet parameters and the RV posteriors
indicates that ethraid is correctly recovering HD 114729 Ab’s RV signature.
Meanwhile, the consistency between HD 114729 B’s parameters and the astro-
metric posterior suggests that HD 114729 B produced the astrometric trend.
Note that in panels a) and d), the fitted trend/curve values had precisions

< 20, leading to broad RV posteriors in panels e) and h). . . ... ... ..
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3.7 Same as Figure 3.4 for HD 12661. For this system, we include RVs from both

3.8

the Keck/HIRES and APF /Levy instruments. The gold stars show the a and
adjusted m, sin i values of HD 12661 b (left) and ¢ (right). Planet b dominates
the RV signature due to its short period, as shown by its consistency with the
green RV posteriors in each slice. Meanwhile, planet ¢ is responsible for the
majority of the astrometric signal. The inconsistency between these planets’
measured parameters and the combined posterior (red) shows that ethraid
misinterpreted these separate contributions as originating from a single object
of higher mass. . . . . . . . . . ..
Left: An RV posterior calculated using both 4 and %. The blue line follows
the relationship m. o a?, while the red line follows m, o a”/?. Right: An RV

posterior calculated using % only, with a host star of 1 M. In the low-mass

7/2 7/3

regime, the posterior follows m. o< a’/*. However, the slope shifts to m. o a

near 1 Mq. . . . . o L
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3.9

3.10

Left: A diagram of the circular, face-on orbit we use to understand the be-
havior of the astrometry posterior. The black circle shows the orbit of the
host star about the system barycenter due to a companion at wide separation
(2 20 AU). Solid and dotted arrows show the average stellar position and
proper motion vectors, respectively, in each of the Hipparcos, HG, and Gaia
EDR3 epochs. 0y gives the position angle at the HG epoch relative to the
position angle during the Hipparcos epoch. In the long-period regime, using
the small angle approximation for 6y is appropriate. Right: A similar dia-
gram for short periods (< 2 AU). Arrows ¢; and ¢y show the position of the
host star at the beginning and end of the Gaia EDR3 data collection window.
We chose t,’s position arbitrarily to illustrate that for short periods, the angle
between the two position vectors is not small, but rather can take any value
on [0,2x]. We do not show the analogous vectors for jiye because Thq is
nearly nine times the duration of Ty; this larger denominator drives jigg to
nearly zero for short-period orbits. . . . . . . . ... L
Left: The posterior surface calculated from astrometric data. The red line
follows the relationship m. oc a~!, while the green line follows m. oc a?.
Right: The short-period regime of the surface at left. Iso-period lines are
shown in red: the right-most line traces P = T ~ 2.83 yr, the next follows
P = T—ZG, then P = T?G, and so on. High-likelihood models near these periods
must have large companion masses to counter the small net displacement of
the star. The same effect can be seen at harmonics of the ~ 25-yr Hipparcos-

Gaia baseline (~ 4—16 AU), though it is less pronounced because i remains

nonzero in this regime even when jigg vanishes. . . . . ... ...
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3.11 Left: Panel d) from Figure 3.5, showing the companion models consistent

4.1

with a subset of the RVs of TOI-1694, as well as the imaging data. Note
that despite falling above the gray 95% contour, some high-mass models are
consistent with the imaging data because their orbital geometries result in
small projected angular separations from the host star. Right: Parameter
constraints for the same RV and imaging data, but using the approximate
imaging calculation. In the approximate case, the imaging contour represents
a hard bound, above which companions are ruled out with certainty. This
causes the 1o upper bound on mass (dark red) to be underestimated by ~ 30%

at 16 AU, while being roughly unaffected at 8 AU.. . . . . . . ... ... ..

The companions in the sample of Bryan and Lee (2024) (yellow) and the FGK
subsample of Rosenthal et al. (2021) (blue). BL24 has companions between
~ 1 Mg and 20 My, and R21 includes companions from a few Mg up to 80 Mj.
The legend gives the number of companions in each sample in parentheses.
We show BL24’s definitions of close-in small (CS) and distant giant (DG)
planets with black dashed boxes. We use blue diamonds to highlight HD
75732, the only system in the metal-rich R21 sample with planets satisfying
both of these definitions. We use filled black circles to show six planets in the
BL24 sample without measured masses. We estimate their masses using the
mass-radius relationship of Weiss and Marcy (2014). The distributions of giant
plants are similar among the two samples. They also have comparable inner
planet distributions, though BL24 contains many more such planets due to its
selection function. This latter similarity makes it unlikely that a dependence
of giant occurrence on inner planet properties, if such a dependence exists,

affected our comparison. . . . . . . ... Lo L

Xix



4.2 Measurements of field (blue) and conditional (orange) occurrence of distant
giants in metal-rich subsets of the Bryan and Lee (2024) and Rosenthal et al.
(2021) samples. BL24 found that distant giants are about twice as prevalent
in the presence of close-in small planets as the field rate they measured from
the R21 sample (far left). We measured both the conditional and field rates
using the R21 sample and four different sets of definitions for close-in small
planets and distant giants. The "Default" definition matches BL.24: the inner
planets satisfy 1 < Msini < 20 Mgy and the distant giants satisfy 0.5 <
Msini < 20 My and 1 < a < 10 AU. The "Small DG" definition used a
90 Mg floor for distant giants. The "Big CS, Small DG" definition used a
30 Mg, ceiling for inner planets and a 90 My, floor for distant giants. Finally,
our "Small CS, Small DG" definition used a 10 My, ceiling for inner planets
and a 90 Mg, floor for distant giants. We annotate each distribution with the
planet sample used to calculate it, and include the CS and DG definitions on
the x-axis. Horizontal dotted lines denote distribution quartiles. We use black
solid lines to indicate the 95% confidence interval of a 2x enhancement over
each field occurrence rate, and label the upper line with the percentage of each
conditional occurrence distribution that falls within it. BL24’s conditional
occurrence distribution is fully consistent with a 2x enhancement, whereas
only 8% of our Default distribution overlaps this interval. Expanding our
definitions of inner planets and distant giants increases the conditional rate,
because a significant fraction of the giant planets in the R21 sample have

masses below 0.5 Mj. . . . . . . ... 101



5.1

5.2

Stellar and transiting planet parameters of the Distant Giants Sur-
vey. Panel (a): metallicity and V-band magnitude of stars with companions
detected as resolved orbits (blue squares), companions detected as accelera-
tions (red diamonds), and with no detected companions (black circles). Un-
filled circles show other systems in the larger TESS-Keck Survey. Other panels
are same as (a) but for for Vsini and log R/, (panel b), stellar radius and
temperature (panel c¢), and transiting planet radius and orbital period (panel
d). For multi-transiting systems we show the first planet to pass our survey
filter (lowest TOI number). . . . . . .. ... . o
Radial velocity observations of the Distant Giants Survey. In total
we collected 1990 RVs from Keck/HIRES (red squares) and 2036 observations
from APF/Levy (gray circles) between 1 August 2020 and 31 January 2024.
Note a few targets had prior RVs which are not shown. TOI identifiers are
shown in the left margin, ordered by right ascension. FEach year label on
the z-axis marks February 1, the first day of the “A” observing semester. The
typical target in our survey is not accessible from Keck for about three months
per year, resulting in the diagonal cadence gaps. The eruption of Mauna Loa
in November 2022, as well as unrelated damage to the lower shutter of the
Keck I dome between November 2022 and May 2023, resulted in a substantial
decrease in observation cadence for targets between RA ~16-22 hr, which did

not reach elevations >40° during this period. . . . . . . .. ..o

Xx1



5.3 Flow diagram of our planet detection algorithm. We used the same
algorithm for detecting planets (Section 5.4) and for computing completeness
(Section 5.6). We began by initializing an orbital model with the RV data
and the ephemerides of any known transiting planets. We then determined
whether the data supported the inclusion of a trend, that is, if a trend model
was favored over a flat model by ABIC > 5, after which we added a new
planet to the model. We computed ABIC between the starting model and a
model with a trial planet over a dense grid of trial periods. If the maximum
ABIC exceeded 30, we performed a final model comparison test to select
a model with a planet, a trend, or both. We iteratively added planets to
the model in this way until no more were found. For the injection/recovery
experiments described in Section 5.6, we began with the final model from
Section 5.4 to retain any planets found during the initial search. We then
injected a synthetic planetary signal into the data and began the recovery at
the trend test step (outlined in red). When the search terminated, we checked
whether the injected signal was recovered, either as a planet or as a trend,

and recorded the result. . . . . . ...
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5.4

5.9

Close-in small planets and their distant giant companions. Masses
and periods of exoplanets from our survey (bold squares) and the NASA Ex-
oplanet Archive (faded circles) for context . Red/blue points indicate planets
discovered using the transit/RV method. Red squares show true masses of
transiting planets in the Distant Giants Survey measured by RVs (Polanski
et al., 2024), while blue squares show minimum mass measurements (M sin).
For systems with multiple transiting planets, we show the parameters of the
transiting planet with the lowest TOI designation that passed our filters.
Red squares with yellow borders indicate systems in which we detected a
linear /quadratic trend. Giant planets in our sample are connected to the in-
ner planet in their system by a black line. The box corresponds to our nominal
definition of a Distant Giant. . . . . . . . . . . . ... ... L.
Masses and orbital spacings of the planets in each system in our
survey. Systems are ordered according to the semi-major axis of the inner-
most transiting planet. Transiting planets are shown with black markers and
non-transiting planets are colored according to their eccentricity. Marker sizes
are proportional to the square root of the planet true mass (for transiting
planets) or minimum mass (for non-transiting planets). We use red borders
to indicate planets which meet our definition of a distant giant. For systems
with RV trends, we place a red triangle at a separation corresponding to
six years, the approximate maximum period for which we could resolve a

Keplerian orbit. Based on Figure 4 of Weiss et al. (2024). . . . . .. ... ..
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5.6 Mass/separation prior informed by the Rosenthal et al. (2021) and
Raghavan et al. (2010) surveys. Left: Minimum masses and orbital sepa-
rations of the CLS (Rosenthal et al., 2021) sample of planets (blue points) and
brown dwarfs (orange points). We also show the survey-averaged complete-
ness map (red contours) emphasizing the 50% contour with a black line . We
compute companion occurrence in the cells defined by the red dashed lines.
Hatch marks show cells containing fewer than three objects, giving rise to
highly uncertain occurrence rates. However, inspection of the RV constraints
in Appendix 5.12 shows negligible overlap with these regions, so they do not
affect our overall results. Right: The domain of M and a we explore in our
companion search. Each M-a sub-domain is colored with the number of ob-
jects per star and serves as our joint M-a prior described in Section 5.5.2.

The highest mass bins are based on the Raghavan et al. (2010) rates. . . . . 126
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5.7 Side-by-side comparison of injection /recovery results and calculated complete-

5.8

ness to resolved orbits (left) and trends (right). We tracked whether our auto-
mated search algorithm recovered injected RV signals successfully (blue/green
points for resolved orbits/trends), or unsuccessfully (red points). From this
collection of recoveries, we calculated a sensitivity map, with contour lines
marking completeness deciles, and the black contour denoting the 50% com-
pleteness boundary. We injected 2000 signals for each system. Top row:
Completeness for a typical system in our survey (TOI-1173: 3.9-year baseline,
27 observations). Bottom row: Average completeness of the 47 targets in our
survey, with blue boxes indicating our nominal definition of a distant giant.
Our average sensitivity in this interval is 30% for resolved orbits and 35% for
trends. Orange and purple dashed boxes indicate the giant planet definitions
used by Rosenthal et al. (2022) and Bryan et al. (2019), respectively. Our
survey had 32% (27%) sensitivity to resolved orbits (trends) using the Rosen-
thal et al. (2022) definition, and 30% (43%) sensitivity using that of Bryan
et al. (2019). Note that we treated resolved orbits and trends as distinct de-
tection classes, meaning that an orbit recovered as a trend was considered an
unsuccessful recovery in the resolved recovery map, and vice versa. . . . . . .
Average sensitivity to companions as a function of minimum mass and sep-
aration for the California Legacy Survey. Shaded regions show domains of
constant detection probability, and the solid black contour shows the 50%
detection probability boundary. We recalculated this map after adjusting for
inclination effects to determine the CLS sensitivity to true mass (see Section
5.6.2). We show the 50% boundary of the adjusted map as a dashed black
line. We use a blue rectangle to show our nominal definition of a distant
giant (a = 1 — 10, M = 70 — 4000 Mg). The average CLS sensitivity to

minimum /true masses within this domain is 59%/52%. . . . . . . .. .. ..
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5.9

5.10

Measurements of the field (blue) and conditional (orange) occurrence of dis-
tant giants under different planet definitions. Black lines show distribution
quartiles. The left set of distributions show occurrence rates for our nominal
definitions: a = 1-10 AU, M, sini = 70-4000 Mg for DGs and a > 1 AU, R,
= 1-4 Rg for CS planets. The distributions in the center and right show oc-
currence rates for planet definitions matching those of Rosenthal et al. (2022)
and Bryan et al. (2019), respectively. We annotate each distribution with the
probability that the conditional rate is enhanced over the field rate. . . . . .
Distribution of eccentricity versus orbital separation for confirmed exoplanets
in the NEA with 0. < 0.13. Confirmed planets are shown as unfilled cir-
cles and confirmed distant giants (1-10 AU and 70-4000 M) as blue circles.
For confirmed giants, marker size is proportional to our survey-averaged com-
pleteness at the planet’s mass and separation. We show giants in our survey
in orange and indicate measurements with less than 30 eccentricity precision
with an arrow, placing the bottom of the arrow at the 1o upper limit. The
giant companions in our survey may have lower eccentricities than the average

distant giant, but a larger sample is needed to draw a strong conclusion.
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5.11

5.12

5.13

Left: Our orbital fit to the TOI-1174 system using radvel. Panel a) shows
the full RV time series and errors with black circles, with our preferred model
as a blue line. Panel b) shows the residuals to the planetary model, isolating
the fitted trend/curvature. Panel c) shows the RV time series phase-folded
to the period of the inner planet in this system. Red points give binned RV
values. We did not recover the inner transiting planet signal in the RVs.
Right: Our ethraid posterior surface derived using the measured trend.
Green regions show models consistent with the RV trend, and red regions show
models consistent with both the RVs and the direct imaging for this system,
which revealed no luminous companions. Dark (light) regions indicate 68%
(95%) confidence intervals. The gray line approximates the contrast limits
imposed by imaging for a circular, face-on companion. Gray panels at low
mass and short separations show companion parameters incompatible with
the observed trend due to our observing baseline. . . . . ... ... .. ...
Same as Figure 5.11 for HD 191939. We included the three transiting planets
in our model, and our blind search algorithm detected the known 100-day
super-Saturn as well as a spurious long-period planet. The blue posterior
surface shows constraints imposed by the astrometric acceleration measured
in this system. The trend and curvature in our truncated RV time series along
with the astrometric acceleration, yield a high planetary odds ratio. . . . . .
Same as Figure 5.11 for TOI-1438. We were unable to detect the transiting
planets in this system, but we measured strong trend and curvature, consistent

with planetary, brown dwarf, or stellar companion models. . . . . . . . . ..
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5.14

5.15

5.16

5.17

5.18

Same as Figure 5.11 for HD 219134. We chose RV measurements from an
arbitrary four-year span of this system’s full data set. We recovered one of
the non-transiting planets using a blind search, but missed two others. We
analyzed the measured trend and HGCA astrometry to calculate a probability

near 1 of this signal originating from a planet. We also tested other four-year

spans and verified that our choice did not strongly influence our final odds ratio.155

Same as Figure 5.11 for HD 12572. We measured the mass of the 20-day
sub-Neptune in this system and also found a strong linear trend with no
significant curvature. We also measured a marginal astrometric acceleration,
which imposed added constraints (blue contours). Note that the gray line
marks orbital denotes orbital models which are ruled out by direct imaging

under the assumption of a circular, face-on orbit. Companions with non-zero

inclinations and eccentricities may lie beyond the line without being ruled out. 156

Same as Figure 5.11 for HD 156141. We obtained a marginally significant mea-
surement of the inner transiting planet’s mass, and high-significance trend and
curvature measurements. The long-term signals in this system are consistent
with planets and brown dwarfs, whereas stellar models are nearly ruled out
with the aid of direct imaging. . . . . . . . . . ...
Same as Figure 5.11 for HD 75732. We detected only one of the four non-
transiting planets in this system using our blind search algorithm. The resid-
ual trend, together with a low-significance astrometric acceleration, constrains
the mass-separation posterior primarily to the planetary regime. . . . . . . .
Same as Figure 5.11 for HD 93963. We did not recover either of this system’s
two transiting planets at high significance. We measured a significant trend
and marginal curvature in this system. Our analysis showed that the source

of this RV variability is most likely a planet. . . . . . . .. .. ... ... ..
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5.19 Our second analysis of the trend in the HD 93963 system. We expanded the
semi-major axis range over which we tested companion models and therefore
did not use the informative mass/separation prior described in Section 5.5.2,
which is defined for separations < 64 AU. We indicate the position of the
stellar companion, HD 93963 B, with a yellow star. Our analysis suggests
that an M5 dwarf at a separation of 484 AU is too small/too distant to have
caused the observed trend. . . . . . ... 0oL 162

5.20 Same as Figure 5.11 for TIC 142381532. The inner transiting planet in this
system in a sub-Saturn, which we characterized at high significance. Although
this planet passed our R, < 10 Rg, it is likely a gas giant, so we exclude this
system from our occurrence calculations. Our trend measurement is marginal,

and evinces planetary and brown dwarf models with roughly equal probability. 163
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Chapter 1

Introduction

The unexamined life is not worth living.

— Socrates, Plato’s Apology

For thousands of years, humans have looked to the sky to understand the mechanisms gov-
erning the Universe. The Ancients developed speculative models of the Solar System that
persisted for centuries; natural philosophers of the Renaissance hypothesized that stars in
the night sky were themselves "suns" hosting planets of their own; and just 30 years ago,
two Swiss astronomers discovered the first extrasolar planet orbiting a Sun-like star (Mayor
and Queloz, 1995). This monumental detection not only ushered in a new era of exoplanet
discovery, it also demonstrated that the fundamental processes that created the Solar System

— and perhaps those that gave rise to life on Earth — obtain elsewhere in the Universe.

Since 1995, nearly 6000 exoplanets have been discovered,! spanning a vast range of masses,
orbital separations, and compositions. This expansive pool has facilitated the study of
whole planetary subgroups, a field known as exoplanet demographics. My thesis centers on

the relationship between two of these subgroups: small planets with short orbital periods,

thttps:/ /exoplanetarchive.ipac.caltech.edu/



and giant planets at wider separations. Both of these archetypes are represented in the
Solar System, and their preference for (or aversion to) forming in the same environment
could indicate whether our system’s configuration is a typical one. In the remainder of this
chapter, I review the study of exoplanets and contextualize my thesis work. The bulk of
my thesis consisted of a three-year observational search for giant planets in a sample of 47
Sun-like stars hosting close-in small planets. This survey resulted in the discovery of three
new giant exoplanets, as well as numerous partial orbit signals whose causes are uncertain.
I introduce the survey and the two planet discoveries in Chapter 2, and I present an original
computational tool, ethraid, designed to fit the partial orbits in Chapter 3. I independently
tested another study’s claim that the relationship between long-period giants and inner small
planets is heavily dependent on host star properties. Repeating their analysis, I found this
claim to be unreliable (Chapter 4). Finally, I synthesize the results of my survey in Chapter
5, incorporating both full and partial orbit detections into a statistical measurement of the

prevalence of Solar System analogs.

1.1 Exoplanet Discovery

Mankind’s understanding that stars are alike to our own Sun, and therefore might have plan-
ets orbiting them, was hindered by a combination of philosophical and religious views that
held sway from the Hellenistic period of Ancient Greece (c. 323-146 B.C.) well into the Re-
naissance. Under the geocentric view of Aristotle (384-322 B.C.), the Sun was of secondary
importance to the Earth, both metaphysically and dynamically. The idea that other stars
possessed earths of their own contravened Earth’s privileged position in the Cosmos. The
philosophical arguments for Aristotelianism were eventually challenged by Nicolaus Coper-
nicus (1473-1543), who posited a heliocentric model to more accurately predict the motions

of the Solar System bodies. Expanding on these ideas, Giordano Bruno (1548-1600) made



bold assertions about the nature of the Universe, chiefly that it is infinite, and that the stars
which suffuse it are indeed like the Sun, are orbited by planets like Earth, and that those
planets are teeming with complex lifeforms. Whereas Copernicus had been careful to couch
his claims in theoretical terms, Bruno’s unapologetic contradiction of Catholic scriptural
interpretation drew the ire of the Roman Inquisition, and he was burned at the stake as a

heretic.

The existence of exoplanets remained speculative for the next few centuries due to limita-
tions in observational precision. In 1938, David Belorizky suggested that the shadows cast
by Jupiter-size planets passing in front of their host stars could be detected by state-of-the-
art photoelectric cells, but remarked that such planets were too dim to be imaged directly,
and caused too minuscule a change in their host stars’ motion for spectrographs to detect
(Belorizky, 1938). Over a decade later, Otto Struve reaffirmed Belorizky’s proposed pho-
tometric approach, adding that massive planets with short orbital periods "might be just

detectable" with the most powerful spectrographs available (Struve, 1952).

The photometric and spectroscopic detection methods described by Belorizky and Struve are
known as the transit and radial velocity (RV) techniques, respectively. The transit technique
measures the periodic dimming of a star as a passing planet blocks a portion of its emitted
light. The fraction of blocked light is roughly equal to the ratio of the areas of the planetary

and stellar disks:

where R, and R, are the radii of the planet and star, respectively, F' is the stellar flux

received by the unobstructed stellar disk, and AF' is the "dip" in brightness during transit.



Jupiter, with a radius one tenth that of the Sun, would produce a 1% brightness dip for a

distant observer, while Earth would block only 0.01% of the Sun’s light.

The RV technique measures the periodic Doppler shift of a stellar spectrum toward bluer
or redder wavelengths induced by the gravitational pull of an unseen orbiting planet. The
magnitude of this shift is dependent on the planetary and stellar masses, as well as the

planetary orbital separation, a:

M, - sini
a- M,

RV x

Unlike the transit method, RVs are sensitive to the planet-star separation. Thus, while
Jupiter produces RV fluctuations in the Sun of ~ 13 m/s, a "hot Jupiter" of the same
mass but at much closer separation might produce fluctuations of over 100 m/s. Meanwhile,
Earth’s tug on the Sun yields a diminutive 9 cm/s RV. Note that the strength of the RV
signal depends also on the planet’s orbital inclination ¢, where ¢ = 90° indicates an "edge-on"
orbit from the perspective of a terrestrial observer. The transit signal depends on inclination
as well — a planet with ¢ significantly different from 90° will not transit at all. Broadly,
planets that create larger flux dips in photometric data, or that induce larger RV shifts in
spectroscopic data, are easier to detect. Today, these two methods are responsible for over

90% of all exoplanet discoveries.

Throughout the 1980s, astronomers used RV observations to probe ever-smaller oscillations
in stellar motion, beginning with searches for binary star systems (e.g. Mayor et al. 1984;
Latham et al. 1984), and achieving sensitivity to objects intermediate between stellar and

planetary mass, known as brown dwarfs (Latham et al., 1989).? By the end of the decade,

2HD 114762 b, discovered by Latham et al. (1989), had a minimum mass of M sini ~ 11 My, but three-
dimensional constraints from the Gaia mission showed that this object is in fact a highly inclined stellar
companion (Kiefer, 2019).



multiple teams had come tantalizingly close to discovering a true exoplanet. In 1988, a
Canadian team presented six years of RV data for 12 Sun-like stars with a precision of 13

m/s, but found no dispositive evidence for planetary companions (Campbell et al., 1988).

The next decade saw multiple revolutionary discoveries. The first exoplanets ever detected
were found around a millisecond pulsar through the perturbations they introduced in the
pulsar’s highly regular emission pattern (Wolszczan and Frail, 1992). A few years later,
Mayor and Queloz (1995) announced their RV discovery of 51 Pegasi b, a hot Jupiter with
M, = 0.4 M; and a four-day orbital period, and the first exoplanet found around a main
sequence star. Over the next five years, two dozen more giant exoplanets were discovered
using RVs (e.g. Marcy and Butler 1996; Cochran et al. 1997; Butler et al. 1997, 1999),
although doubt remained as to the planetary nature of these objects, owing to the RV
method’s vulnerability to highly inclined orbits. Yet another breakthrough came with the
first confirmation of an RV-detected planet using the transiting method, HD 209458 b (Henry
et al., 2000; Charbonneau et al., 2000). Transiting planets have edge-on orbits, ruling out
the possibility of an inclined star or brown dwarf. Further, transit observations provide a

measurement of planet radius which, together with measured mass from RVs, can constrain

the planetary bulk composition.

Both the transit and RV methods enjoyed massive success in the first decade of the 215
century, with the number of transit discoveries exploding after the launch of the spaceborne
Kepler satellite in 2009. Kepler discovered about 4000 exoplanets, and its successor, NASA’s
TFESS mission, has contributed over 600 exoplanet discoveries of its own since launching in
2018. In the meantime, ground-based observatories have amassed over 1000 RV detections,
with current spectrographs nearly sensitive enough to detect Earth analogs. The develop-
ment of other techniques led to hundreds of further discoveries. For example, gravitational
microlensing — the transient brightening of a background source due to the bending of

light around a foreground system in accordance with general relativity — and direct imag-



ing — the detection of self-luminous planets without recourse to the influence they exert
on their host stars — each announced their first planetary detections in 2004 (Bond et al.,
2004; Chauvin et al., 2004), and have together produced over 300 more exoplanet discoveries
since. The current census of exoplanets, shown in Figure 1.1, exhibits a rich diversity of
properties, and has grown large enough to allow for the identification and comparison of

different exoplanet classes.

1.2 Exoplanet Demographics

The discovery of thousands of exoplanets over the last 30 years has enabled nuanced inves-
tigation of planets not only as individuals, but as populations. Among the most striking
results from the Kepler mission are that planets between the size of Earth and Neptune
(R, ~ 1 — 4 Rpan) and with orbital periods less than one year occur around most stars in
our galaxy (Petigura et al., 2013, 2018); that these planets exhibit a bimodal radius distri-
bution, with relatively few planets having R, = 1.5 — 2 Rgaen (Fulton et al., 2017); and that
planets in the same system tend to have uniform sizes and orbital spacings (Weiss et al.,

2018; Millholland and Winn, 2021).

Meanwhile, RV surveys have constrained the occurrence rate of Jupiter analogs as a function
of orbital period and host star properties. Gas giants are more common around more massive
stars (e.g. Johnson et al. 2010, 2012) and stars with high abundances of heavy elements
(Fischer and Valenti, 2005a). The hot Jupiters seen in the upper left corner of Figure 1.1
are intrinsically rare (~1% occurrence rate; Marcy et al. 2005a; Wittenmyer et al. 2020), but
overrepresented in our detections due to the large signals they produce.® By comparison,

cold Jupiters are fairly common around Sun-like stars (~10-20%; Cumming et al. 2008;

3Tt is worth noting that the scarcity of hot Jupiters was a key factor in the non-detection of planets by
Campbell et al. (1988), who otherwise had ample RV precision and baseline to make such a detection. Had
they chanced to include a hot Jupiter-hosting star in their sample, they would likely have discovered the
first exoplanet.



Wittenmyer et al. 2016; Rosenthal et al. 2022).

My thesis focuses on the relationship between two well-studied classes of planets: the small
planets with short periods found in abundance by Kepler, and the long-period Jupiter
analogs found primarily by RV surveys. Although the Solar System’s terrestrial planets and
gas giants do not fit neatly into these categories, generally having longer periods and smaller
masses (see Figure 1.1), the close-in small planets and distant giants nevertheless serve as

useful analogs to understand the Solar System’s formation and development.

Owing to the distinct observing strategies employed to discover these planets (Kepler con-
tinuously observed both nearby and distant stars in a single patch of the sky for four years,
while RV surveys targeted nearby bright stars over the full sky), the stars searched for tran-
siting planets by Kepler and those searched for outer giants are essentially disjoint. As a
result, these two populations cannot help us determine whether outer giants are more, less,
or equally common in systems with an inner planet as they are around a typical FGK star.
The prevalence of these giants in systems with a known inner planet, called the conditional
occurrence rate, quantifies the correlation between these two classes, and could potentially
hint at causal links that govern their joint formation. Multiple early studies of conditional
occurrence returned similar results: giants planets are more prevalent in systems with a
close-in small planet Zhu and Wu (2018); Bryan et al. (2019); Rosenthal et al. (2022). How-
ever, these studies lacked the benefit of a uniform target pool with high sensitivity to small

planets. This limitation variously affected sample size, purity, or both.

NASA’s TESS mission provided the missing link between inner small planets and outer
giants by searching for transiting planets around the same bright, nearby stars that can be
observed with RVs. The thousands of transiting planet candidates delivered by T'E'S\S served
as an ideal pool from which to construct a homogeneous survey. I compiled a sample of stars
with inner planets detected by T'ESS and used it to carry out a three-year RV search for

outer giants, ultimately finding that giant planets are indeed more common in systems with



a close-in small planet than around a random Sun-like star by a factor of ~2 (Van Zandt
et al., 2025). This result agrees with theoretical models predicting that exoplanets form in
place out of the metal-rich material in the protoplanetary disk (Hansen and Murray, 2012;
Chiang and Laughlin, 2013), and the dynamical relationships I observed further hint that

giant planets may interact with their diminutive siblings after they have formed.
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Figure 1.1: Exoplanets discovered by the four most popular detection techniques as of March
2025. Method-specific biases are evident: the transit technique (red circles) excels at de-
tecting short-period planes due to their higher transit probability; RVs (blue squares) are
sensitive to close-in planets, but are well-suited to detecting giant planets at wide separa-
tions; gravitational microlensing (green diamonds) can detect a wide range of planet masses,
but is limited to a relatively narrow range of periods by the requirement of favorable lens-
ing geometry; and direct imaging (purple x’s) enables the detection of high-mass planets at
very wide separations around young stars. The legend gives the number of planet detections
using each technique. We estimated the masses of transiting planets for which the mass was
unknown using the mass-radius relationship of Weiss and Marcy (2014). The parameters of
Venus, Earth, Jupiter, Saturn, Uranus, and Neptune are shown with their initials, demon-
strating our low sensitivity to most Solar System planets across all methods.



Chapter 2

TESS-Keck Survey XI1V: Two giant
exoplanets from the Distant Giants

survey

A version of this chapter was previously published in The Astronomical Journal (Judah Van

Zandt et al., 2023, AJ 165, 2, 60).

Abstract

We present the Distant Giants Survey, a three-year radial velocity (RV) campaign to measure
P(DGJCS), the conditional occurrence of distant giant planets (DG; M, ~ 0.3 — 13 Mj,
P > lyear) in systems hosting a close-in small planet (CS; R, < 10 Rg). For the past
two years, we have monitored 47 Sun-like stars hosting small transiting planets detected
by TESS. We present the selection criteria used to assemble our sample and report the

discovery of two distant giant planets, TOI-1669 b and TOI-1694 c. For TOI-1669 b we find
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that M sins = 0.573 + 0.074 My, P = 502 + 16 days, and e < 0.27, while for TOI-1694 c,
Msini = 1.054+0.05 Mj, P = 389.2 4+ 3.9 days, and e = 0.18 £ 0.05. We also confirmed the
3.8-day transiting planet TOI-1694 b by measuring a true mass of M = 26.1 £ 2.2 M. At
the end of the Distant Giants Survey, we will incorporate TOI-1669 b and TOI-1694 ¢ into
our calculation of P(DGJ|CS), a crucial statistic for understanding the relationship between

outer giants and small inner companions.

2.1 Introduction

The past 30 years of exoplanet discovery have revealed a variety of distinct planet classes.
The most abundant of these discovered to date around Sun-like stars are between the size
of Earth and Neptune with orbital periods of a year or less. Statistical analyses of Kepler
data (Borucki et al., 2010) have shown that such planets occur at a rate of ~ 1 per star (see,
e.g., Petigura et al. (2018)). Meanwhile, ground-based radial velocity (RV) surveys (e.g.,
Rosenthal et al. 2022; Cumming et al. 2008; Fischer et al. 2014; Wittenmyer et al. 2016)
report that long-period (P 2 1year) giant planets are somewhat rare, orbiting ~5-20% of
Sun-like stars. However, the distinct observing strategies employed by Kepler versus RV
surveys produced stellar samples with little overlap. On the one hand, Kepler continuously
monitored > 10° stars along a fixed line of sight; the typical planet host in this sample
is 600 parsecs from Earth with a brightness of V' = 14. By contrast, ground-based RV
surveys have targeted bright, nearby stars that are distributed roughly evenly on the sky;
the typical planet host in this sample is 40 parsecs from Earth with a brightness of V' = 8.
Because the inner transiting planets mostly discovered by Kepler and the outer giants mostly
discovered by RVs are drawn from nearly disjoint stellar samples, the connection between

them is unclear.

Current planet formation models differ on whether the processes that produce long-period
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gas giants and close-in small planets are positively or negatively correlated. Strict in-situ
models (e.g., Chiang and Laughlin 2013) predict that the metal-rich protoplanetary disks
known to facilitate gas giant formation (Fischer and Valenti, 2005b; Mordasini et al., 2009)
also promote the growth of sub-Jovian cores at close separations. On the other hand, models
involving significant planetary migration predict an anti-correlation, where nascent planetary
cores either 1) develop beyond the ice line and are blocked from inward migration by newly-
formed giants at a few AU (Izidoro et al., 2015; Izidoro and Raymond, 2018), or 2) develop
close in and are driven into their host star by inward giant planet migration (Batygin and

Laughlin, 2015).

Recent observational works have directly estimated the conditional occurrence of distant
giant companions to close-in small planets, P(DG|CS). Zhu and Wu (2018) and Bryan et al.
(2019), hereafter Z18 and B19, respectively, each analyzed archival RV data for systems with
super-Earths. 718 estimated P(DG|CS)~ 30% using the following procedure: first, they
counted the known systems with a Sun-like host, at least one inner super-Earth (R, < 4 Rg,
P< 400 days) and an RV baseline > 1 year; then they divided the number of these systems
reported to host a distant giant by the total. B19 estimated P(DG|CS)= 39 + 7% using
a similar procedure. They selected systems with at least one confirmed super-Earth and
at least 10 RVs over 100 days. Unlike Z18, they re-fit those RVs using radvel (Fulton
et al., 2018) to search for unknown companions, considering both full and partial orbits.
Both analyses indicate a factor of ~3-4 enhancement over the field occurrence rate, but are
vulnerable to systematic biases due to their loosely-defined target selection functions and
heterogeneity of RV time series (quality, sampling strategy, and baseline). In particular, Z18
and B19 selected targets where significant RV baselines had already been collected by other
surveys. However, earlier studies may have chosen their RV targets based on a variety of
criteria, including an increased probability of hosting planets. The aggregation of RV targets
from separate studies may bias the associated planet populations, and because Z18 and B19

did not address these factors on a target-by-target basis, the extent to which this bias may
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have influenced their final results is unclear.

A more uniform analysis was carried out as part of the California Legacy Survey (CLS;
Rosenthal et al. 2022). The CLS sample consists of 719 Sun-like stars with similar RV
baselines and precisions, and chosen without bias toward stars with a higher or lower proba-
bility of hosting planets. Furthermore, Rosenthal et al. (2022) performed a uniform iterative
search for periodic signals in each RV time series using the rvsearch package (Rosenthal
et al., 2021), recovering populations of both inner small planets (0.023 — 1 AU, 2 — 30 Mg)
and outer giants (0.23 — 10 AU, 30 — 6000 My). The authors measured a conditional oc-
currence of P(DG|CS)=41+£15%. Although this value is consistent with the findings of
both Z18 and B19, Rosenthal et al. (2022) also found a prior distant giant occurrence of
P(DG)=17.6+£2.2%, meaning that their conditional occurrence is ~1.60 separated from a

null result.

We present the Distant Giants Survey, a three-year RV survey to determine P(DGJ|CS) in
a sample of Sun-like transiting planet hosts from the TESS mission (Ricker et al., 2015).!
In designing our survey, we took care to construct a uniform stellar sample to avoid bias
against or in favor of stars that host outer giant planets. We also applied a single observing
strategy to achieve uniform planet sensitivity across our sample. Since beginning the survey
in mid 2020, we have found evidence for 11 outer companions, both as resolved (i.e., com-
plete) orbits and long-term trends. Distant Giants is part of the larger TESS-Keck Survey
(TKS; Chontos et al. 2022b), a multi-institutional collaboration to explore exoplanet compo-
sitions, occurrence, and system architectures (see, e.g., Dalba et al. 2020, Weiss et al. 2021,

Rubenzahl et al. 2021).

! Because our survey requires that all systems host a transiting inner planet, we are actually constraining
the conditional occurrence of distant giant companions to transiting close-in small ones. However, we expect
the population of stars with transiting inner small planets to host outer giants at the same rate as stars
hosting inner planets irrespective of a transiting geometry. On the other hand, if systems hosting both
planet types tend to be coplanar, we will have greater RV sensitivity to giants in transiting systems. We will
account for the resulting bias in detail in our statistical analysis.
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In this paper, we introduce the Distant Giants Survey and highlight two new giant planets,
TOI-1669 b and TOI-1694 ¢, detected in our sample. In Section 2.2, we describe the Distant
Giants Survey as a whole, including our target selection process, observing strategy, and
procedure for obtaining precise RVs from Keck-HIRES. Sections 2.3 and 2.4 detail our anal-
ysis of TOI-1669 and TOI-1694, including our RV model and the properties of the planets
in each system. In Section 2.5, we discuss our findings. In Section 2.6, we summarize our

results and outline future work.

2.2 Distant Giants Survey Design

2.2.1 Target Selection

Our ability to draw robust statistical conclusions from the Distant Giants Survey relies
critically on the assembly of a well-defined stellar sample. We designed our target selection
criteria to yield a sample of Sun-like stars hosting at least one small transiting planet found
by TESS. We also required that all targets be amenable to precise RV follow-up from the
northern hemisphere. To impose these criteria, we began with the master target list produced
by Chontos et al. (2022b), which contains 2136 individual TESS Objects of Interest (TOls)

among 2045 planetary systems. We then applied the following sets of filters:

1. Photometric and astrometric measurements. To allow for efficient observation from
the Northern Hemisphere, we required that all stars have § > 0° and V < 12.5,
where 0 is the declination and V' is the V-band magnitude. We excluded stars with a
Gaia Renormalized Unit Weight Error (RUWE; Lindegren et al. 2018, Lindegren et al.
2021) greater than 1.3 to ensure precise fits to Gaia’s 5-parameter astrometric model.
RUWE < 1.2 is a conservative limit to exclude binary systems mis-classified as single

sources (Bryson et al. 2020, A. Kraus et al. in preparation). All but one target in
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the Distant Giants sample satisfy RUWE < 1.2) implying a low probability that we
included any unwanted binary systems. We chose an upper bound of 10 Rg on the
transiting planet radius. In the event that a star hosted multiple transiting planets,
we required that at least one meet our planet size requirement. These cuts reduced

the target pool from 2045 to 147 systems.

. Data Quality. We evaluated transit quality using TESS data validation (DV) reports
retrieved from the TOI Catalog in July 2020. To ensure high-significance transits,
we only included TOIs with at least one light curve produced by the TESS Science
Processing Operations Center pipeline (SPOC, Jenkins et al. 2016). Furthermore,
we used the Multiple Event Statistic (MES, Jenkins 2002), a proxy for the signal-to-
noise ratio (SNR), to evaluate transit quality. After visual inspection of a subset of
SPOC transit fits, we found that MES = 12 was a suitable lower limit for identifying
compelling detections. We also excluded targets with close visual companions, which
we defined as companions within 4" and 5 V-band magnitudes. These filters further

reduced the pool from 147 to 67 systems.

. Inactive and slowly-rotating stars. We used SpecMatch (Petigura et al., 2017) to ana-
lyze each target’s "template" spectrum (§2.2.3). SpecMatch interpolates over a grid of
synthetic stellar spectra to estimate stellar parameters such as effective temperature
Teqr, projected rotational velocity vsin(i), surface gravity log g, and metallicity [Fe/H].
For stars cooler than 4700 K, we used SpecMatch-Emp (Yee et al., 2017) to interpolate
over real spectra of K and M dwarfs, which are more reliable than model spectra at low
temperatures. We excluded rapidly rotating stars (vsin(i) > 5 km/s), as well as those
with Teg above the Kraft break (~ 6250 K); such stars offer limited RV precision due
to Doppler broadening (Kraft, 1967). We also derived stellar mass according to the
methods of Fulton and Petigura (2018), and selected only main sequence stars between

0.5 and 1.5 M, consistent with our solar analog requirement.
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We measured each star’s chromospheric activity through its log Ry index (Isaacson
and Fischer, 2010; Noyes et al., 1984). This value quantifies the emission in the cores
of the Calcium IT H and K lines relative to the total bolometric emission of the star,
with higher core emission corresponding to enhanced activity and therefore greater RV
variability in the epoch that the activity is measured. We required that log Ry < —4.7.
This limit, adopted from Howard et al. (2010b), restricts our sample to ‘inactive’ and
‘very inactive’ stars, as defined by Henry et al. (1996). We note that restricting log Ry
and v sin(¢) introduces a bias toward older stars due to the correlations between age and
both Calcium H and K line emission and rotation speed (e.g., Soderblom et al. 1991;
Noyes et al. 1984). We retained these filters to ensure RV quality, and will account for

the associated bias in our final results.

We applied this log Ry filter using available activity values in mid-2020, but because
stellar activity is variable, some of our targets fluctuate above the log Ry = —4.7 limit.
Furthermore, two targets, TOI-1775 and TOI-2088, did not have available activity
values at the time we applied this filter. They were thus not excluded based on activity,
and we retained them in the sample. Since then, we have found logRfx = —4.72 for
TOI-2088 and —4.28 for TOI-1775. Knowing that TOI-1775 fails our logRy cut, we
will carefully monitor its activity against any signals that develop in the RVs. Of the
remaining 67 systems, 48 passed these filters. Due to time constraints, 47 of these
were selected for TKS by the target prioritization algorithm detailed in Chontos et al.
(2022b). The filters of both Distant Giants and TKS are given in Table 2.1.

From the original set of 2045 TOI-hosting systems, 86 were ultimately selected for TKS and
47 were selected for Distant Giants. The final Distant Giants sample is given in Table 2.2,
and we summarize key stellar and planetary parameters of both Distant Giants and TKS in

Figure 2.1.
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Table 2.1: Survey Criteria

Distant Giants Survey

Parameter TKS Photometric Manual Spectroscopic

Declination > —30° > 0° —

|4 < 13.0 <125 —

Evolutionary State MS or SG MS —

RUWE <2 <13 —

Rp < 22 Rg < 10 Rg —

Transit Pipeline — — SPOC

Detection Significance SNR > 10 — MES > 12

Close Companion AV > 5 or sep > 2" — AV > 5 or sep > 4"

M, — — — 0.5 Mo < My < 1.5
Mg

Tog < 6500 K — — < 6250 K

vsinig — — — < 5.0 km/s

log Riyk — — — < -4.7

Note: Filters applied to 2045 TESS systems to produce the Distant Giants sample. TKS

filters are taken from Chontos et al. (2022b). Although other filters were applied to produce

the TKS sample, we show only those used in our survey’s target selection process. MS and

SG refer to main sequence and subgiant stars, respectively.

Table 2.2: Distant Giants Sample

TOI CPS Name \% RA (deg) Dec (deg) R, (Rg) P (days)
465 WASP156 11.6 32.8 2.4 5.6 3.8
509 63935 8.6 117.9 9.4 3.1 9.1
1173 T001173 11.0 197.7 70.8 9.2 7.1
1174 T001174 11.0 209.2 68.6 2.3 9.0
1180 T001180 11.0 214.6 82.2 2.9 9.7
1194 T001194 11.3 167.8 70.0 8.9 2.3
1244 T001244 11.4 256.3 69.5 2.4 6.4
1246 T001246 11.6 251.1 70.4 3.3 18.7
1247 135694 9.1 227.9 71.8 2.8 15.9
1248 T001248 11.8 259.0 63.1 6.6 4.4
1249 T001249 11.1 200.6 66.3 3.1 13.1
1255 HIP97166 9.9 296.2 74.1 2.7 10.3
1269 T001269 11.6 249.7 64.6 2.4 4.3
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TOI CPS Name \% RA (deg) Dec (deg) R, (Ra) P (days)
1272 T001272 11.9 199.2 49.9 4.3 3.3
1279 T001279 10.7 185.1 56.2 2.6 9.6
1288 T001288 10.4 313.2 65.6 4.7 2.7
1339 191939 9.0 302.0 66.9 3.2 8.9
1410 T001410 11.1 334.9 42.6 2.9 1.2
1411 GJ9522A 10.5 2329 47.1 1.4 1.5
1422 T001422 10.6 354.2 39.6 3.1 13.0
1437 154840 9.2 256.1 56.8 2.4 18.8
1438 T001438 11.0 280.9 74.9 2.8 5.1
1443 T001443 10.7 297.4 76.1 2.1 23.5
1444 T001444 10.9 305.5 70.9 1.3 0.5
1451 T001451 9.6 186.5 61.3 2.5 16.5
1469 219134 5.6 348.3 57.2 1.2 3.1
1471 12572 9.2 30.9 21.3 4.3 20.8
1472 T001472 11.3 14.1 48.6 4.3 6.4
1611 207897 8.4 325.2 84.3 2.7 16.2
1669 T001669 10.2 46.0 83.6 2.2 2.7
1691 T001691 10.1 272.4 86.9 3.8 16.7
1694 T001694 11.4 97.7 66.4 5.5 3.8
1710 T001710 9.5 94.3 76.2 5.4 24.3
1716 237566 9.4 105.1 56.8 2.7 8.1
1723 T001723 9.7 116.8 68.5 3.2 13.7
1742 156141 8.9 257.3 71.9 2.2 21.3
1751 146757 9.3 243.5 63.5 2.8 37.5
1753 T001753 11.8 252.5 61.2 3.0 5.4
1758 T001758 10.8 354.7 75.7 3.8 20.7
1759 T001759 11.9 326.9 62.8 3.2 37.7
1773 75732 6.0 133.1 28.3 1.8 0.7
1775 T001775 11.6 150.1 39.5 8.1 10.2
1794 T001794 10.3 203.4 49.1 3.0 8.8
1797 93963 9.2 162.8 25.6 3.2 3.6
1823 TIC142381532 10.7 196.2 63.8 8.1 38.8
1824 T001824 9.7 197.7 61.7 2.4 22.8
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2088 T002088 11.6 261.4 75.9 3.5 124.7

Note: Properties of the 47 stars in the Distant Giants sample, plus the periods and radii
of their inner companions. For multi-transiting systems, we checked planets in the order
that TESS detected them, and show the properties of the first one that passed the filters
in Table 2.1. Period precisions are truncated for readability. Median uncertainties are as

follows: R,—9.6%; P—60 ppm. Values retrieved from Chontos et al. (2022b).

2.2.2 Observing Strategy

We tailored the Distant Giants observing strategy to planets with periods 2 1 year and
masses above ~ 100 Mg. Such planets require neither high observing cadence nor high
SNR to detect; however, they do require a longer observing baseline than shorter-period
planets. In order to maximize Distant Giants’s sensitivity to long-period planets within a
fixed telescope award, we traded observational cadence and precision for a greater survey
duration and target pool. We adopted the following observing strategy: we obtain one
observation per target per month. We use the HIRES exposure meter to obtain a minimum
SNR of 110 per reduced pixel on blaze at 5500 A. The procedure we use to derive radial
velocities and uncertainties from raw spectra is described in Butler et al. (1996). The ~ 800
spectra we have collected for Distant Giants targets at this SNR have a median statistical
uncertainty of 1.7 m/s. Adding our statistical uncertainties in quadrature with the ~2 m/s
instrumental noise floor of HIRES (Fulton, 2017a), we estimate a typical RV uncertainty of
3 m/s. We are conducting monthly observations of each target until we have attained 30
observations over 3 years; the six-month surplus compensates for weather losses and target
observability seasons. This baseline will allow us to resolve the full orbits of planets with
orbital periods < 3 years and sense partial orbits of longer-period companions. Although
our sample includes a few legacy RV targets with multi-decade baselines (Fischer et al. 2014,

Rosenthal et al. 2021), uniform observation of the Distant Giants sample began near mid-
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2020. The observing baselines of our full sample over a 200-day period are shown in Figure

2.2.

For targets brighter than V' = 10, we also obtain observations with the Levy spectrograph
on the 2.4-meter Automated Planet Finder telescope (APF, Vogt et al. 2014). However,
because most of our targets are too dim to benefit from APF observations, we maintain
monthly cadence with Keck/HIRES for all targets. This will allow us to analyze our final
time series both with and without APF RVs to avoid biasing our planet sensitivity toward

brighter stars.

2.2.2.1 Existing Observations

Our target selection process was agnostic to observations collected before the beginning of
the survey, which many of our targets possess. After assembling our sample, we examined
each target’s observing history to determine whether any prior observations could be applied

to our survey. We identified three types of systems in our sample:

1. No existing baseline. 28 targets did not have any useful RV baseline before the be-
ginning of the survey. For our purposes, a useful baseline consisted of observations
meeting or exceeding our requirements of monthly cadence and SNR=110, leading up
to ~July 2020. We have maintained at least monthly cadence for these targets since
Distant Giants began. One of these targets, HD 207897, has RVs as early as 2003, but

monthly monitoring only began with our survey.

2. Partial existing baseline. 17 targets already possessed a useful RV baseline before the
beginning of the survey. These targets will reach their observation quota before those

in the subset above.
3. Finished prior to the survey. 2 targets, HD 219134 and HD 75732, passed all the cuts in
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Section 2.2.1 and had already received 30+ observations over 3+ years at the beginning
of the survey. We therefore include them in our sample and statistical analysis, but
do not obtain further observations. We emphasize that although both HD 219134 and
HD 75732 are known to host outer companions, this had no influence on their inclusion
in our sample. Had any legacy RV targets exhibiting non-detections passed our cuts,

they would have been selected as well.

2.2.2.2 Surplus Observations and/or Baseline

Because our survey is carried out under the broader umbrella of TKS, a subset of our
targets are observed according to other science objectives with higher cadence requirements.
We found that 25 of our selected targets receive more than one observation per month on
average, and thus have a greater sensitivity to planets than the remainder of our sample.
These systems will require special consideration in our final statistical analysis to correct for

their higher planet sensitivity.

In addition to surplus cadence, HD 219134 and HD 75732 have useful RV baselines of nearly
30 years. Their long-period giants, HD 219134 g and HD 75732 d (5.7 years and 14.4 years,
respectively), might not have been detectable using the Distant Giants observing strategy.
Our prior knowledge of these planets highlights the importance of completeness corrections
to account for long-period companions missed due to insufficient observing baseline and/or
cadence. Moreover, our detections of HD 219134 g and HD 75732 d will help to characterize

completeness in the rest of our systems.
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2.2.3 RV Observations

We take RV observations according to the standard procedure of the California Planet Search
(CPS; Howard et al. 2010a). We use the HIRES spectrometer (Vogt et al., 1994) coupled to
the Keck I Telescope to observe all Distant Giants targets. We place a cell of gaseous iodine
in the light path to project a series of fiducial absorption lines onto the stellar spectrum.
These references allow us to track the instrumental profile and precisely wavelength-calibrate
the observed spectra. For each star, we collected a high SNR iodine-free "template" spec-
trum. The template, together with the instrumental point-spread function (PSF) and iodine
transmission function, is a component of the forward model employed by the CPS Doppler

analysis pipeline (Howard et al. 2010a; Butler et al. 1996).

In the first two years of our survey, we resolved the full orbits of giant planets in two of
our 47 systems: TOI-1669 and TOI-1694. Although two more systems, HD 219134 and HD
75732, host resolved companions, these planets were detected using hundreds of RVs over
multi-decade baselines; further analysis is needed to determine whether they would have been
detectable using our observing strategy alone. Finally, seven systems show non-periodic RV
trends. We discuss these trends briefly in the conclusion to this paper (§2.6) and will treat
them fully in future work. The parameters of the companions in the four resolved systems

are given in Table 2.3, and their stellar parameters are given in Table 2.4.

2.2.4 TESS Detections of TOI-1669.01 and TOI-1694 b

The SPOC conducted a transit search of Sector 19 on 17 January 2020 with an adaptive,
noise-compensating matched filter (Jenkins, 2002; Jenkins et al., 2010, 2020), detecting a
transit crossing event (TCE) for TOI-1669. An initial limb-darkened transit model was
fitted to this signal (Li et al., 2019) and a suite of diagnostic tests were conducted to evaluate

whether it was planetary in nature (Twicken et al., 2018). The transit signature was also
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detected in a search of Full Frame Image (FFI) data by the Quick Look Pipeline (QLP)
at MIT (Huang et al., 2020a,b). The TESS Science Office (TSO) reviewed the vetting
information and issued an alert on 29 January 2020 (Guerrero et al., 2021).The signal was
repeatedly recovered as additional observations were made in sectors 20, 25, 26, 52, and 53,
and the transit signature of TOI-1669.01 passed all the diagnostic tests presented in the DV
reports. The source of the transit signal was localized within 4.925 4 4.5 arcseconds of the

host star.

The transit signature of TOI-1694 b was identified in a SPOC transit search of Sectors 19 on
17 January 2020. It passed all the DV diagnostic tests and was alerted by the TESS Science
Office on 29 January 2020. It was redetected in a SPOC multisector transit search of Sectors
19 and 20 conducted on 5 May 2020, and the difference image centroiding test located the
source of the transits to within 0.8 £ 3.0 arcsec of the host star.

Table 2.3: Resolved Distant Giants planet properties

TOI CPS Period (days) Radius (Rg) Mass (Mg) Period (days) Mass (Mjy) Reference
Name

1469 219134 3.09307 £ 0.00024 1.29 £0.55 2100.6 2.9 0.308 £0.014 1,2

1669 T001669 2.68005 £ 0.00003 2.40 +£0.18 52+3.1 502 £+ 16 0.573 £0.074 3

1694 T001694 3.77015 + 0.00010 5.44 +0.18 26.1£2.2 389.2+ 3.9 1.05+0.05 3

1773 75732 0.73649 £ 0.00002 2.02+£0.26 5285+ 5 3.84 +£0.08 2

References — (1) Vogt et al. (2015), (2) Rosenthal et al. (2021), (3) This work.
Note: TOI-1669 and TOI-1694 host newly-discovered distant giant planets. HD 219134 and

HD 75732 also host outer giants, which were discovered over a much longer baseline. We

quote the transiting planet parameters from the TESS DV reports.

Table 2.4: Resolved Distant Giants stellar properties

TOI  CPS Name \% B-V M, (Mg Torr (K) log g [Fe/H]| vsini (km/s)
1469 219134 5.57 1.02 0.79+0.03  4839.5+£100.0 4.48+0.10 0.11=+0.06 0.6+1.0
1669 T001669 10.22 0.76 1.00 £0.05 5542.3£100.0 4.28+£0.10 0.26 £0.06 0.6 £1.0
1694 T001694 11.45 0.76 0.84 £0.03 5066.44+100.0 4.53£0.10 0.12+£0.06 1.2+1.0
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1773 75732 5.95 0.86 0.97+0.05 5363.3£100.0 4.31+0.10 0.42+0.06 0.2+1.0

Note: Stellar parameters for the four stars in our survey hosting fully resolved
companions. The effective temperatures, surface gravities, metallicities, and ro-
tational velocities we list here were calculated using SpecMatch, which assigns a
fixed uncertainty to each derived parameter. Stellar masses incorporate isochrone

constraints, as described in Fulton and Petigura (2018).

2.3 A Jovian companion to TOI-1669

2.3.1 RV Model

We visually inspected the time series of the targets in our sample, and found that TOI-1669
exhibited RV variability beyond the noise background. TOI-1669 is a bright (V = 10.2)
mid-G type solar analog exhibiting low chromospheric activity (log Ryx = —5.2) and low
rotational velocity (vsini = 0.3 km/s), as required by our survey filters. Because it is not
shared by any other TKS science cases, TOI-1669 was observed according to the Distant
Giants observing strategy: we collected 20 HIRES spectra between July 2020 and July 2022
at monthly cadence, except during periods when the target was not observable. A subset of

TOI-1669’s time series is given in Table 2.5.

We used radvel (Fulton et al., 2018) to fit a preliminary model to this system’s time series.
The model consisted of the inner transiting planet, TOI-1669.01, and the newly-identified
outer planet, TOI-1669 b, as well as parameters for linear and quadratic trends and a term
characterizing astrophysical and instrumental jitter. We fixed the orbital period (P) and
time of conjunction (7,) of TOI-1669.01 to the values listed in the TESS DV reports. We
fit for the three remaining orbital parameters: eccentricity (e), argument of periastron (w),

and semi-amplitude (K).
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For TOI-1669 b, we fit for all five orbital parameters with initial values based on visual
estimates from the RV time series. We imposed wide priors on free orbital parameters to
minimize the bias incurred by our estimates. We used Powell’s method (Powell, 1964) to
optimize our likelihood function, and derived parameter uncertainties using Markov chain

Monte Carlo (MCMC) simulations, as implemented in Foreman-Mackey et al. (2013).

We generated a set of alternative models by excluding different combinations of 1) RV
trend /curvature, 2) eccentricity of both planets, and 3) the outer planet itself. We performed
a model comparison using the Akaike Information Criterion (AIC; Akaike 1974) to find which
of these combinations was preferred. The consideration of only one- and two-planet models
leaves open the possibility that one or more planets were missed by our analysis. However,
the aim of this procedure was not to find every planet in this system, but rather to determine
whether it satisfied the basic detection criterion of our survey: hosting at least one outer

giant planet in the presence of a close-in small one.

We found that all viable models included both TOI-1669 b and a linear trend. We ruled
out models that excluded TOI-1669.01 because this planet was independently confirmed
by transit photometry. Eccentricity of either planet improved the model likelihood, but not
enough to outweigh the penalty imposed by the AIC for higher model complexity. Quadratic
curvature was similarly disfavored. The model preferred by the AIC consists of two planets

with circular orbits, as well as a linear trend.

We also considered a variation of the AIC-preferred model, with the outer giant eccentricity
allowed to vary. Although this model is formally disfavored (AAIC = 8.6), it represents a
more realistic scenario than the forced circular case. Moreover, this eccentric model subsumes
the circular one, meaning that it could naturally fit a circular orbit for TOI-1669 b if it were
favored by the data. The fact that this model instead fits a moderate eccentricity to the
outer planet suggests that the AIC-preferred circular fit may not be physical, but rather

a result of the AIC’s penalization of models with more parameters, which is intended to
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prevent the over-fitting of small data sets. We adopt the eccentric model and quote its fitted
parameters, though we present the circular model alongside it to emphasize the uncertainty
in our model selection process. In subsequent sections, we refer to the model with free
outer giant eccentricity as "preferred." We show both models together with the full and
phase-folded time series in Figure 2.3.

Table 2.5: Radial Velocities

TOI CPS Name BJD RV (m/s) RV err (m/s) S-value S-value err
1669 T001669 2459537.902 -13.598 1.874 0.145 0.001
1669 T001669 2459565.861 -11.912 1.919 0.146 0.001
1669 T001669 2459591.838 -5.688 1.884 0.151 0.001
1669 T001669 2459632.799 -2.411 1.669 0.143 0.001
1669 T001669 2459781.120 -6.998 1.671 0.136 0.001
1694 T001694 2459591.833 -13.204 1.873 0.196 0.001
1694 T001694 2459626.823 -9.860 1.888 0.190 0.001
1694 T001694 2459654.763 -40.566 1.861 0.186 0.001
1694 T001694 2459681.789 -39.828 1.663 0.201 0.001
1694 T001694 2459711.753 -36.029 1.843 0.200 0.001

Note: We provide subsets of our time series for TOI-1669 and TOI-1694 here
for reference. We obtained all RVs for these systems using Keck/HIRES. The

full machine-readable versions are available online.

2.3.2 False Alarm Probability

To evaluate the significance of our giant planet detection, we calculated the false alarm
probability (FAP) by adapting the procedure of Howard et al. (2010a). The FAP estimates
the probability that a recovered signal arose from random statistical fluctuations rather
than an actual planet. We created 1000 "scrambled" versions of TOI-1669’s time series by
randomly drawing RV values from the original data, with replacement. For each of these
data sets, we compared the preferred 2-planet model to the null hypothesis: a model with

the inner planet only, with P and T, fixed and e, w, and K allowed to vary, and no linear
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trend. For a given data set, the improvement of the preferred model fit to the data over the
single-planet fit to the data is quantified by the difference in x?* statistic, Ax* = X{ uer = Xpret:
where X7, and x2,; are the minimized x* values of the single-planet and preferred fits to the
data, respectively. A more positive Ax? value indicates greater performance of the preferred
model over the single-planet model. The FAP is simply the fraction of scrambled time series
with a greater Ax? value than the original time series. Put another way, the FAP gives
the fraction of scrambled time series for which the statistical improvement granted by the
preferred model over a single-planet model is greater than the improvement granted by the
preferred model over a single-planet model for the actual RVs. We found that no scrambled
data sets had Ay? greater than TOI-1669’s original time series, implying an FAP value of
less than 0.1%. We emphasize that this technique quantifies only the probability of false
detections as the result of statistical noise, not the probability that one or more planetary
signatures were missed in the fitting procedure. However, as we note above, the latter is

irrelevant to our search for at least one outer giant in each system.

2.3.3 Companion Properties

We recovered a cold sub-Jupiter orbiting TOI-1669 with a period and minimum mass of
502416 days and M sini = 0.573+£0.074 Mj;. We found that e, = 0.14+0.13, corresponding
to a 1o upper limit of 0.27. Our data set for this system is small, consisting of only 20 RVs,
so we defer precise claims about TOI-1669 b’s eccentricity until we have collected more data.
Nevertheless, our data is sufficient to indicate that this planet exists and is a distant giant

by the standards of our survey.

TOI-1669 also hosts a 2.7-day candidate sub-Neptune detected by TESS. Assuming TOI-
1669.01 is a planet, its fitted radius of R = 2.40 4+ 0.18 Rg suggests that it resides on the

edge of the Radius Valley, an interval between 1.5 and 2.0 Rg which exhibits a distinct
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reduction in planet occurrence (Fulton et al., 2017; Van Eylen et al., 2018). We derived a
mass of 5.2 + 3.1 Mg for TOI-1669.01 and used it to calculate a bulk density of 2.06 £+ 1.13
g/cc, corresponding to a lo upper bound of 3.19 g/cc. Due to the uncertainty of our mass
measurement, we have not independently confirmed TOI-1669.01 as a planet. Nevertheless,
TOI-1669 meets our transit quality requirements (§2.2.1), so we treat TOI-1669.01 as a

transiting planet for the purposes of our survey.

Finally, TOI-1669 exhibits a linear trend in the RV residuals. The trends found by our
preferred model (—0.0261 + 0.0058 m/s/day) and the circular model (—0.0286 £ 0.0047
m/s/day) are each significant at > 40, and agree with each other to within 1o. The trend
is likely physical, as evidenced by its persistence in both models, and may be caused by an
additional long-period companion with a period = 2200 days. To test this hypothesis, we
examined direct imaging of TOI-1669 obtained in the I-band (832 nm) with the ’Alopeke
speckle imager (Scott et al., 2021) coupled to the 8-meter Gemini-North telescope. The
imaging reached a roughly constant contrast of Amag ~ 4 from 0.1"-1.0" and showed no
evidence of a luminous companion. This rules out stellar companions 2 250 M; within 100
AU, but leaves open the possibility that a substellar companion orbits TOI-1669 at close
separation. If this is the case, extending TOI-1669’s observational baseline over the next

year will give us greater sensitivity to the companion’s orbit.

2.4 A Jovian companion to TOI-1694

2.4.1 RV Model

We also observed significant RV variation in the time series of TOI-1694. TOI-1694 is an
early K dwarf with V' = 11.4, log Rjx = —5.0, and vsini = 0.4 km/s. Like TOI-1669,

TOI-1694 was observed at the low cadence prescribed by Distant Giants: we obtained 20
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HIRES spectra of this target between August 2020 and September 2022. We show a subset

of TOI-1694’s RV time series in Table 2.5.

We used the procedure described in Section 2.3.1 to fit an RV model to TOI-1694’s time series.
We found that a two-planet model with an eccentric outer planet and no trend was preferred
over the same model with both orbits forced to circular (AAIC = 8.41). We also tested the
preferred model with an added linear trend, and found that the fitted value was consistent
with 0 m/s/day, which we interpret as evidence that our model selection process was not
heavily influenced by our limited data set. We therefore adopt the AIC-preferred model: an
inner planet with a circular orbit, an eccentric outer giant, and no linear trend. Under this
model, we calculated FAP< 0.1% for TOI-1694 c. For consistency with our treatment of
TOI-1669, we also present a modified version of the preferred model, with the outer planet’s
orbit fixed to circular. This model fits similar values to the giant planet’s mass and period,
suggesting that model uncertainty does not greatly contribute to our overall uncertainty in
these parameters. Figure 2.4 shows the preferred RV model for TOI-1694, along with the

alternative circular model.

2.4.2 Companion Properties

TOI-1694 hosts an RV-resolved distant giant as well as a TESS-detected inner transiting
planet. The outer companion, TOI-1694 c, is a Jupiter analog (M sini = 1.05 + 0.05 Mj)

with a period of 389.2 + 3.9 days and a modest eccentricity of e = 0.18 £ 0.05.

The inner companion in this system, TOI-1694 b, is a hot super-Neptune with a radius of
5.4440.18 R4 and a period of ~ 3.8 days. This planet is recovered at high significance by our
RV model and has a true mass of 26.1 £ 2.2 Mg. With our mass and radius measurements,
we calculate a bulk density of 0.89 +0.12 g/cc. TOI-1694 b’s low density and large radius

suggest that it comprises a rocky core surrounded by a substantial gaseous envelope (Weiss
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and Marcy, 2014; Rogers, 2015; Fulton et al., 2017). TOI-1694 b is noteworthy because it
lies in the Hot Neptune Desert, which refers to the low occurrence of short-period (P < 10

days) planets with masses of ~ 10-100 Mg (Mazeh et al., 2016).

2.5 Discussion

TOI-1669 b and TOI-1694 c¢ are among the first fully resolved outer companions in the
Distant Giants sample, along with HD 219134 g (Vogt et al., 2015) and HD 75732 d (Fischer
et al., 2008), which were known prior to the start of the survey. In a recent analysis of
the multi-transiting system HD 191939 (Lubin et al., 2022b), we measured a linear trend
consistent with a super-Jupiter at a few AU. This detection has become clearer with our
extended RV baseline, and we will constrain its parameters more precisely in future work.
With our two new giants, two known giants, and a forthcoming characterization of HD
191939’s outer giant, we estimate a lower bound of P(DG|CS) Z 5/47, or roughly 11%,
which is comparable to the underlying occurrence rate of ~ 10% for distant giants out to
six-year periods (Cumming et al., 2008). If the six remaining trend systems host distant
giant planets and not brown dwarfs or stars, the rate would be 11/47 ~ 23%. Because these
companions likely have periods much longer than six years, it is more appropriate to compare
our 23% estimate to the P(DG)=17.6"23% value found by Rosenthal et al. (2022) for giant
planets out to 30-year periods. Using either period limit for distant giants, our preliminary
conditional occurrence is similar to the underlying rate. After completing our survey, we will

revise our estimate with a full statistical treatment.

In addition to P(DGJ|CS), the results of our survey will shed light on the period and eccentric-
ity distributions of outer companions to inner small planets. Figure 2.5 shows the resolved
companions in our sample in the mass-period plane. Figure 2.6 compares the resolved com-

panion eccentricities and orbital separations to the underlying population of giant planets.
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Although we cannot infer population-level traits in either parameter space from these four
planets alone, they will serve as a reference in future studies, when we have constrained the

properties of more of the companions in our sample.

2.6 Conclusions and Future Work

We presented the Distant Giants Survey, an RV study designed to search for long-period giant
companions to inner transiting planets detected by TESS. The objective of Distant Giants
is to unify our understanding of two planet classes: the inner small planets discovered in
abundance by Kepler, and the Jupiter analogs found by ground-based RV surveys, which
are drawn from nearly disjoint stellar samples. In particular, we aim to directly measure
P(DGJCS), the conditional occurrence of distant giants in systems hosting a close-in small
planet. Our sample consists of 47 inactive Sun-like stars, and our once-per-month observing
strategy targets long-period companions. We have completed two years of the three-year

survey, allowing us to fully resolve orbits shorter than this baseline.

We reported the discovery of two outer giant planets, TOI-1669 b and TOI-1694 c, identified
using Keck-HIRES RVs. We also constrained the masses of each system’s inner planet, TOI-
1669.01 and TOI-1694 b. TOI-1669 b has a minimum mass consistent with a sub-Jupiter
(M sini = 0.573+0.074 Mjy) with a period of 502+ 16 days. Though our data set is currently
too limited to precisely constrain the planet’s eccentricity, it is unlikely to be highly eccentric.
The inner planet, TOI-1669.01, was recovered at low significance by our RV model, and is
probably less than ~ 10 Mg. TOI-1694 c is a Jupiter analog (M sini = 1.05+0.05 Mj) with
a slightly eccentric orbit (e = 0.18+0.05) and a period of 389.2+3.9 days. We recovered the
inner planet, TOI-1694 b, at high significance and used the derived true mass of 26.1+2.2 M,
to calculate a bulk density of 0.89 +0.12 g/cc. TOI-1694 b’s mass and 3.8-day period place

it in the Hot Neptune Desert. Aside from making inroads for dynamical investigation, the
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coexistence of an inner small planet and an outer giant in these two systems admits them
to the subset of unambiguous detections among our sample, which sets the lower bound on

our estimate of P(DG|CS).

In addition to TOI-1669 and TOI-1694, long-period giants were already known to orbit
HD 219134 and HD 75732 at the beginning of the survey, and we have observed a partial
orbit of the outer planet HD 191939 f. We also see linear trends in six RV time series,
which we associate with unresolved long-period companions. Combining these groups, we
see evidence for distant giants in ~23% of our sample. We caution that neither the current
number of resolved planets nor the resolved planets plus linear trends should be used for
precise calculations of P(DG|CS). There is still a year remaining in the survey, during which
new long-period planetary signals could develop and existing trends could be found to be
non-planetary. In our final analysis, we will refine the approximation above by computing
completeness maps for each target and deriving planet occurrence rates using Poisson point

process statistics.

This paper is the first in a series tracking the progress of the Distant Giants Survey. In future
work, we will characterize companions discovered during the remaining year of the survey,
including HD 191939 f, a trend system which we first predicted to be a 6-20-year super-
Jupiter through partial orbit analysis (Lubin et al., 2022b). The increased phase coverage
we have since achieved will let us test our prediction by fitting this object’s orbit directly.
We will also use this partial orbit analysis to treat the RV trends in six more systems. We
will incorporate astrometry and direct imaging to constrain the properties of the objects
inducing these accelerations, helping to identify them as planets, brown dwarfs, or stellar
companions. Finally, we will refine the relationship between small inner planets and outer

giants by using our results to calculate P(DG|CS).

Facilities: Automated Planet Finder (Levy), Keck I (HIRES), Gemini-North (’Alopeke),
TESS
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Software: radvel (Fulton et al., 2018), emcee (Foreman-Mackey et al., 2013), SpecMatch

(Petigura et al., 2017).
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Figure 2.1: Stellar and transiting planet parameters of the TKS survey. Filled points show
targets selected for the Distant Giants sample. Panels a) through ¢) show stellar parameters.
TOI-1775 and TOI-2088 are not shown in panel b) because they lacked measured log Ry
values when we finalized our sample. Panel d) shows parameters of the transiting planets.
For multi-transiting Distant Giants systems, we checked planet radii in order of ascending
TOI number, and show the first planet to pass our survey filters.
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Figure 2.2: Observations of the Distant Giants sample between its official start in August
2020 and late 2022. Red squares are HIRES RVs and gray circles are APF RVs. Targets are
ordered by right ascension, shown in the right margin. The typical target in our sample is
inaccessible from Keck Observatory for about three months out of the year, which is reflected
in the bands of decreased observation density which run diagonally through the plot. During
their observing seasons, all targets generally meet or exceed the prescribed monthly cadence.
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Figure 2.3: The RV time series and orbit models for TOI-1669’s AIC-preferred circular model
(left) and our preferred model including eccentricity (right). Although the circular model
has a lower AIC, we adopt the more general model including eccentricity, and emphasize
that our limited RV sample contributes to model selection uncertainty. In both figures, a)
shows our full Keck/HIRES RV time series (black points) with the fitted model in blue. The
residuals to the fit are given in b). Each subsequent panel shows the time series phase-folded
to a particular model planet period. Both models recover consistent periods and masses for
the giant TOI-1669 b, as well as a long-term linear trend, suggesting that these parameters
are not highly sensitive to our choice of model. By contrast, our eccentric model shows
that TOI-1669 b’s orbit may deviate from circular. Future observations will resolve this
disagreement. The existence of TOI-1669.01 is known from TESS photometry, so we include
it in our model despite its low RV amplitude.
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Figure 2.4: The RV time series of TOI-1694, together with orbit models assuming a circular
(left) or eccentric (right) outer planet. In both figures, a) shows our full Keck/HIRES RV
time series (black points) with the fitted model in green. The residuals to the preferred fit are
shown in b). Each subsequent panel shows the time series phase-folded to a particular model
planet period. For consistency with our treatment of TOI-1669, we include two models that
differ only in the eccentricity of the outer planet. However, in contrast to TOI-1669, the
eccentric model we adopted for TOI-1694 is also formally preferred by the AIC. TOI-1694
b’s mass and orbital separation identify it as a hot Neptune.
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Figure 2.5: Masses and periods of known exoplanets discovered by RVs (blue circles) and
transits (red circles). Transiting planet masses are estimated from their radii using the mass-
radius relation of Weiss and Marcy (2014). Transiting/resolved Distant Giants companions
are overlaid as red/blue squares. Inner and outer companions in the resolved systems, HD
219134, HD 75732, TOI-1669 and TOI-1694, are connected with black lines. We also plot
estimated parameters of HD 191939 f, though our analysis of this planet’s RV signal is still
preliminary. TOI-1669 b and TOI-1694 ¢ have masses and periods typical of cold Jupiters.
The red arrows indicate planetary periods shorter and longer than the current ~ 2-year
survey baseline. HD 75732 d and HD 219134 g have orbits well beyond three years, and are
only resolved due to their extensive observing histories.
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Figure 2.6: Distribution of eccentricity versus orbital separation for confirmed exoplanets
between 0.01 and 30 AU with o, < 0.1 (blue points). The four resolved giants in our sample
are shown in orange. TOI-1669 b and HD 219134 g have eccentricities consistent with zero,
and each is represented by an arrow, the base of which shows the 84% upper eccentricity
limit. It is not obvious that the distribution from which these planets’ eccentricities are

drawn is distinct from that of the underlying population.
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Chapter 3

ethraid: A simple method for
characterizing long-period companions
using Doppler, astrometric, and imaging
constraints

A version of this chapter was previously published in The Astronomical Journal (Judah Van

Zandt & Erik A. Petigura, 2024a, AJ 167, 6, 250).

Abstract

We present ethraid,! an open source Python package designed to measure the mass (m,) and
separation (a) of a bound companion from measurements covering a fraction of the orbital

period. ethraid constrains m, and a by jointly modeling radial velocity (RV), astrometric,

Wan Zandt and Petigura (2024c)
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and /or direct imaging data in a Bayesian framework. Partial orbit data sets, especially those
with highly limited phase coverage, are well-represented by a few method-specific summary
statistics. By modeling these statistics rather than the original data, ethraid optimizes
computational efficiency with minimal reduction in accuracy. ethraid uses importance
sampling to efficiently explore the often broad posteriors that arise from partial orbits. The
core computations of ethraid are implemented in Cython for speed. We validate ethraid’s
performance by using it to constrain the masses and separations of the planetary companions
to HD 117207 and TOI-1694. We designed ethraid to be both fast and simple, and to give
broad, "quick look" constraints on companion parameters using minimal data. ethraid is

pip installable and available on Github?.

3.1 Introduction

Fitting the orbits of exoplanets is one of the best tools for uncovering their origins, evolu-
tionary history, and relationship to neighboring planets. Keplerian fits to RV observations
produced the first detections of hot Jupiters orbiting Sun-like stars (Mayor and Queloz, 1995;
Butler et al., 1997; Cochran et al., 1997), and higher-precision measurements have facilitated

mass determinations of smaller planets (Pinamonti et al., 2018; Luque et al., 2019).

Planets with long periods, from years to decades, present multiple observational challenges.
In particular, their orbits require consistent and prolonged monitoring to characterize. Long-
term RV surveys (see, e.g., Rosenthal et al. 2021) confront this problem directly by compiling
observational baselines over multiple decades. Though fruitful, these efforts are costly in

terms of both human time and telescope time.

Furthermore, these surveys are observationally inefficient in two ways. First, the precise mass

and orbital parameters of each companion are often not of immediate interest. For example,

Zhttps://github.com/jvanzand /ethraid
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studies of giant planet occurrence rates (Fulton et al., 2021) or the correlation between
giants and other planet classes (Bryan et al., 2019; Rosenthal et al., 2022) are principally
concerned with differentiating between giant planets, brown dwarfs, and stars, which may be
accomplished with less than a full orbit. Although precise constraints may be useful, some
science cases benefit from greater statistical breadth over precision measurements of specific

orbital parameters.

Second, once legacy surveys end, their final catalogs may still include targets with too little
phase coverage to characterize (Rosenthal et al., 2021). Without further observation, these
time series represent significant investments of telescope time with minimal scientific return.
Both of these limitations motivate tools for extracting planetary information from partial

orbits.

Many existing Bayesian orbit fitters are well-suited to performing precise fits using RVs
(radvel, Fulton et al. 2018; The Joker, Price-Whelan et al. 2017), astrometry (orbitize!,
Blunt et al. 2020; OFTI, Blunt et al. 2017), or both (orvara, Brandt et al. 2021). Some
of these codes are designed to be robust against specific orbit fitting challenges (e.g., non-
Gaussian posteriors, low phase coverage, and high-dimensional parameter spaces). However,

their performance tends to suffer as these limitations are taken to the extreme.

In this work, we present ethraid, an open source Python package designed specifically to
constrain companion mass and separation given partial phase coverage. ethraid can simul-
taneously model summary statistics of up to three independent data types: linear/quadratic
RV trends, astrometric trends from the Hipparcos-Gaia Catalog of Accelerations (Brandt,
2018, 2021), and direct imaging contrast curves. In the remainder of this paper, we refer to

these summary statistics as the "data."

This paper takes the following structure. In Section 3.2 we describe ethraid’s fitting al-

gorithm, including parameter sampling, forward modeling and likelihood calculation, and
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marginalization to derive posteriors. Section 3.3 gives the mathematical details of our for-
ward model for each of RVs, astrometry, and direct imaging data. We discuss ethraid’s
performance in Section 3.4 and basic usage in Section 3.5. We test the strengths and weak-
nesses of this code in Section 3.6. Finally, we give a brief list of future improvements planned

for ethraid in Section 3.7 before concluding in Section 3.8.

3.2 ethraid’s Fitting Algorithm

Given some RV, astrometric, or imaging data, ethraid samples a space of orbital models,
assesses each model’s probability of having produced the signal based on both its a priori
probability and the likelihood of the measured signal in light of the model, and uses the
resulting posterior surface to calculate confidence intervals for the inferred companion’s mass

and semi-major axis. ethraid’s approach to this problem consists of three steps:

1. Random sampling of orbital parameters from prior distributions
2. Forward modeling and likelihood calculation

3. Marginalization over orbital parameters

These steps are summarized in Figure 3.1. Before detailing them below, we note an important
assumption that ethraid makes, namely, that any measured signals were produced by a
single bound companion. Consequently, RV and astrometric trends produced by multiple
companions, stellar activity, or instrumental systematics will not be properly interpreted and

may produce misleading results (see Section 3.6).
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Figure 3.1: ethraid’s fitting algorithm. The steps are the same for RVs (left), astrometry
(center), and direct imaging (right): ethraid samples a set of model orbital parameters,
forward models the data-specific parameters, evaluates the model likelihood, and finally
marginalizes many such likelihoods to derive the posterior PDF. Arrows represent inputs
used in a given step: blue arrows show inputs from the previous step, red arrows show
inputs provided by the user, and purple arrows show inputs that are fixed in the code. The
bottom row shows three of the plots available to the user through the plot command. Left:
The 2D m.-a posteriors for each of the RV (green), astrometry (blue), and imaging (gray
line) data sets, plus the combined posterior (red) conditioned on all three. The dark/light
regions of each posterior show 68/95% confidence intervals. For imaging, the gray contour
marks the 95% confidence boundary, with models below/above the contour ruled in/out by
the data. Right: CDFs of the marginalized a and m, posteriors. The vertical red lines
indicate 95% confidence intervals. ethraid also produces corresponding PDFs by default.
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3.2.1 Parameter Sampling from Priors

The algorithm used to sample observations (in our case, model parameters) from a distri-
bution is a key component of any Monte Carlo method. ethraid uses importance sampling
(Kloek et al., 1978), an approach in which observations 6 are sampled according to an im-
portance function ¢(@). The result is that the histogram of a set of N samples, {0, })_,,

converges to ¢ in the limit of large N:

{0,321 ~ a(0), (3.1)

where "~" denotes "has the distribution of." However, because our goal is to calculate the

posterior probability p(@), we must weight each observation:

{6, - wn}ﬁle ~ p(0), (3.2)
where the weights w,, are given by
p(6)
w, = . 3.3
q(6,) (33)

Following the earlier partial orbit fitters OFTI and The Joker, we sample orbital elements
directly from their respective priors, (). This choice is motivated by the fact that partial

orbit data is generally uninformative, resulting in prior-dominated posteriors. Conveniently,

46



choosing ¢ = m(0) simplifies the weight of each model to the model likelihood:

wy, = —————= = L(6,). (3.4)

Thus, ethraid approximates the posterior surface p(@) by creating a histogram of orbital

models, each sampled from the appropriate prior distributions and weighted by its likelihood.

The first step of this procedure is to sample six orbital parameters according to their respec-
tive priors: semi-major axis a, eccentricity e, inclination ¢, argument of periastron of the
companion (not the host star, as is sometimes the case in RV codes; see Householder and
Weiss 2022) w, the mean anomaly at a reference epoch My, and companion mass m.. As all
data products we model are insensitive to the longitude of the ascending node (), we fix it

to 0 arbitrarily. The prior PDFs for these parameters are:

log (1 ZU) ~ u(amim amax)

log (557) ~ UlMemins Memas)
cos(i) ~U(0,1)

w~ U(0,2r)

My ~ U(0, 27)

e~ E(a,m.)

where U denotes a uniform distribution and £ is a user-selected eccentricity distribution.

Options for the latter include

— ‘zero’: a constant distribution of e = (
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— ‘uniform’: a uniform distribution between 0 and 0.99

— ‘kipping’: the piecewise beta distribution for short- and long-period exoplanets pre-

sented by Kipping (2013)
~ ‘piecewise’: a combination of the Kipping (2013) distribution for planets (¢ < 13),
the beta distribution derived by Bowler et al. (2020) for brown dwarfs (13 < 4= < 80),

me

Mj

and a uniform distribution between 0.1 and 0.8 for stars (80 < %*¢) found by Raghavan

et al. (2010).

While the last of these is the most physically motivated in general, the others give users the
option to include prior knowledge about a given system. For example, a dynamically cool
system with multiple known planets on circular orbits may be unlikely to host an eccentric
outer giant. In this case, a user might opt for the ‘kipping’ distribution to favor lower-

eccentricity models.

Our importance sampling strategy differs from MCMC sampling (e.g. radvel), where each
model draw in a chain is dependent on the previous step. Drawing samples independently is
advantageous for characterizing highly non-gaussian or multi-modal posterior surfaces, which
arise often in partial orbit analysis. Our method is similar to the rejection sampling tech-
nique used by OFTI and The Joker, which also draws models independently from a proposal
distribution. However, rather than accepting or rejecting models based on their posterior
probability, ethraid assigns each model a weight according to its likelihood. In practice,
models with a high chance of rejection under rejection sampling are assigned vanishingly

small weights under importance sampling, yielding similar performance.

48



3.2.2 Forward Modeling and Likelihood Calculation

After sampling a set of parameters, ethraid evaluates the model likelihood, that is, the
probability of observing the measured data given the model under consideration. ethraid
accomplishes this by generating synthetic RV, astrometric, and/or imaging data sets, and
comparing them to the observed data. This procedure is repeated for a number of model
orbits specified by the user (typically 10°-10%). The likelihood calculations for each data

type are detailed in Section 3.3.

In the case that multiple data sets are provided, ethraid records the likelihood of each data
set conditioned on each model. Because the RVs, astrometry, and imaging are independent,
ethraid calculates the combined likelihood of all provided data sets as the product of the

likelihoods of each individual data set.

3.2.3 Marginalization

ethraid can generate visualizations of the 1D and 2D marginalized posteriors for a and m..
The marginalization step displays the desired posterior by summing the likelihoods of all
models in the same interval of parameter space. For a 1D posterior, these are intervals in
the desired parameter, for example, Am, ;. For a 2D posterior, they are interval pairs (Aa;,

Amcﬂ-) .

3.3 Forward model

In this section we detail ethraid’s likelihood calculations for RV, astrometry, and imaging
data, including the forward modeling procedure which produces an analytic counterpart to

each measured quantity.
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3.3.1 RV Constraints

If a body on a long-period orbit is left unmodeled, it will present as a gradual increase or
decrease in the RV residuals. For an orbital period much longer than the observing baseline,
the variation is almost purely linear; for a period only a few times the baseline, there may
also be significant quadratic curvature. The RV data therefore comprises the linear and
quadratic coefficients to a second order polynomial fit to the RVs, denoted 4 (m/s/day) and

4 (m/s/day?), respectively.

For each set of sampled parameters, our goal is to forward model 4 and %, whose analytic

forms are given by differentiating the stellar radial velocity ~:

v = K [ecosw + cos(v + w)]
Y= —K [sin(v + w)] (3.5)

§=—K [0? cos(v + w) + Usin(v + w)]

where K is the RV semi-amplitude:

o I G : m.sini (3.6)
1 —e*/a(m.+m,)

and v is the true anomaly, related to the eccentric anomaly E by (Murray and Dermott,

2010)
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e E
= 2at tan — 3.7
v atan [ —tan (3.7)
The derivatives of v are
271 —e?
P(1—ecosE)’
(3.8)
. g 2esin
V= -1 —.
V1—e?
We obtain E by numerically solving Kepler’s equation:
M=F —esinE, (3.9)

where M is the mean anomaly, calculated by advancing the sampled initial mean anomaly

M, some duration t past a reference epoch via

2
M(t) = My + %t, (3.10)

where P is the orbital period calculated from Kepler’s third law. We choose our reference

epoch to be 1989.5 (see Section 3.3.2).
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We evaluate the model log-likelihood by calculating 4 and % at the epoch of the RV obser-

vations and comparing them to their measured counterparts via

1
In (Lryv(0)) = _§X?~2V + Cry

1 .aa_.Q ..aa_..2
:_§<(’th2 ) +(’Ydt2 ’V))_{_CR%

Ydata O';ydata

(3.11)

where Ygqtq and Y41 are the measured slope and curvature of the RV time series, o, ,, and

O340 A€ their respective uncertainties, and Cry is a constant.
a

From Equations 3.5 one may derive (see Appendix 3.10) that for small companion masses,

surfaces of constant 4 and ¥ follow m, o a? and m. o a’/?

, respectively. Thus, for any
sampled companion mass, there is a physical separation at which such a companion would
produce the observed RV trend and curvature. In other words, RV constraints are gener-

ally consistent with a large range of (a, m.) pairs. We seek to break this degeneracy by

incorporating an independent data set: astrometry.

3.3.2 Astrometry Constraints

A star with no orbiting companions will have a constant proper motion. Meanwhile, a
massive companion will induce a change in its host star’s proper motion vector over some
time interval, called the proper motion anomaly (PM,; Kervella et al. 2019). Our goal is to

model the magnitude of the PM, vector.

Our forward modeling procedure for astrometry is similar to the RV case, but is tailored to
the data provided by the Hipparcos-Gaia Catalog of Accelerations (HGCA; Brandt 2021).

This catalog aligned the reference frames of Hipparcos (1989.85-1993.21, Hip 1997) and Gaia
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EDR3 (25 July 2014-28 May 2017; Lindegren et al. 2021) to measure the accelerations of
over 115,000 stars. We choose 1989.5 as the reference epoch ty for our RV, astrometric, and

direct imaging models.

The HGCA reports three proper motions for each target: the epoch proper motions of
Hipparcos (fig) and Gaia (jig) near 1991.25 and 2016.0, respectively, and the average proper
motion given by the difference in position between these epochs divided by their ~25-year
baseline, jigg. The position-derived proper motion is generally the most precise proper
motion measurement owing to the long baseline between the two missions, while /i is usually
the next-most precise. We therefore quantify PM, as Afi, the difference between iz and

lira, and model its norm:

Ap = [Af| = |fe — fincl. (3.12)

We likewise obtain oa, by propagating the measurement uncertainties provided in the

HGCA. The astrometric picture is summarized in Figure 3.2.

Our derivations of fig and jigy¢ differ in one key respect from the procedure used to construct
the HGCA. Brandt (2021) obtained the best-fit positions and proper motions by recalibrating
astrometric fits to the full Hipparcos or Gaia time series. Because simulating and fitting a
model to a full time series would be computationally expensive, we instead calculate the ana-
lytic average of position and proper motion during each mission by integrating over the host
star’s orbit. We take these average quantities to approximate the stellar position and proper
motion at the mission midpoints. To minimize positional uncertainty, Brandt evaluated the
fitted positions at target-specific “characteristic epochs" rather than the mission midpoints.

This disparity introduces an error on the order of 0.01 mas/yr to our model, which we con-
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Figure 3.2: Our model of astrometric proper motion anomaly. Red ellipses show the stellar
orbit associated with a non-luminous bound companion (not shown). Green arrows show
the average proper motion vectors fitted to the data from Hipparcos (left) and Gaia (right).
Gold stars show the average positions during Gata and Hipparcos, and the blue arrow
shows [igq, the average proper motion between them, calculated as the difference in average
positions divided by the difference between the mission midpoints. The proper motion
anomaly Au, shown in red, quantifies the difference between the average Gaia proper motion
and the position-derived proper motion. Figure adapted from Kervella et al. (2019).

sider negligible because it is below both the median (0.047 mas/yr) and minimum (0.016

mas/yr) Ap uncertainty in the HGCA.

Below we derive expressions for the stellar position and velocity due to a companion, and use
them to model Ap. Calculating fige requires the average stellar position over each mission,

while [ig requires the average stellar proper motion over only the Gaia mission.

In a two-body system composed of a host star and a bound companion, the star’s position in

the orbital plane relative to the system barycenter is (Murray and Dermott 2010, eq. 2.41)
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X = —as(cos E — e)
Y =—a,vV1—e2sinFE,

(3.13)

where a, = a# is the semi-major axis of the star’s orbit and the positive X-axis is in the
direction of the companion’s periastron. We use uppercase letters to refer to coordinates in
the orbital plane, and lowercase letters for the sky plane. The average position over a time

interval [t;, to] can be calculated analytically in the usual way: for the X-component, it is

(X) = ! / ; X(t) dt, (3.14)

lo —t

with a similar formula for (Y). We may reformulate this integral as:

1 B(t2) dt
X) = X(F)—dF. 3.15
X =g L X (3.15)

We have X(E) from Equations 3.13 and 4L = w can be obtained from Equation

3.9. Carrying out the above integral and the corresponding one for Y yields

(X) = _ P [(1 + e} sin B — Z(6E + Sin(ZE))] He

27T(t2 — tl) E(t1)

(3.16)

P11 —e? E(t2)
(Y) :u[COSE—ECOSQ(E) .
27T(t2 — tl) 2 E(t1)
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To calculate average proper motion over the same time interval [¢1, t5], we simply evaluate

Equations 3.13 at the interval boundaries and divide their difference by the elapsed time:

X — B E(t2)
= a(cosEl —e
< > to — 11 [ ( )] E(t1)
(3.17)
. -1 E(t2)
(V)= [a*\/ 1 —e?sin E} :
to — 11 E(t1)

Equations 3.16 and 3.17 allow us to define the average stellar position and proper motion

relative to the system barycenter in the orbital plane:

(X) (X)
Forb = <Y> ) ﬁorb = <Y> . (318>
0 0

To express these vectors in the observer frame, that is, with the x- and y-axes in the sky
plane and the z-axis toward the observer, we apply the rotation matrix R (Murray and

Dermott, 2010), which is given in its full form in Appendix 3.12.

Fobs =R Forb
(3.19)

gobs = Rﬁorb
We project these three-dimensional vectors onto the sky by ignoring the z-component, and

convert to angular coordinates using the system’s distance from Earth. The anomalous

position punem and proper motion [ig,.m over either Hipparcos or Gaia are given by
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. Oanom™* 1 |Tobs,x
Panom = = a
6anom Tobs,y
- (3.20)
R Mo 1 |Vobs,x
Hanom = -5 )
d
22 Vobs,y
and the absolute position and proper motion at the mission midpoint t,,;4 are
5 Qlgps*
Pabs =
5abs
o oo * o ax * (tmzd - tO) + Qlgnom* (321>
50 + Ho,s - (tmid - tO) + 6anom

Habs = Ho + Hanom

where the subscript ‘0’ refers to the barycentric position and proper motion at the reference

epoch ty and ax = acosd, where ¢ is the Dec at the epoch at which « is evaluated.?

We use the above results to estimate 1) {ap aps*, i aps }, the stellar RA /Dec at the Hipparcos
midpoint gy mia; 2) {QG.abs*, IG.avs ), the stellar RA/Dec at the Gaia midpoint tg mq; and
3) {Ma.G.abses 1o,G.abs }» the stellar proper motions in the RA/Dec directions at tgmia. We
provide here the procedure for calculating the RA component of the position-derived proper

motion fraqaps- The calculation for the Dec component is analogous.

3For concision, we misuse the o notation in the case of agps*, as it is composed of multiple terms
evaluated at different epochs.
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G abs * —OH abs*

HHG, a,absx =
ta,mid — LH,mid

1

ta,mid — tH,mid

[[050 * +aG,anom * +PJO,0¢* . (tG,mid - tO)]

- [(O{o * +aH,anom*) + MO,a* : (tH,mid - tO)H (322)

G anom ¥ —QH anom * +,u0,o¢* : (tG,mid - tH,mid)

ta,mid — tHmid

o G anom ¥ —OH anom* + [
- 0,
ta,mid — tH,mid

= HHG,a,anomsx + 1o, 0 -

Combining figa aps With fig s from Equations 3.21, we have our final result:

A,u = |/1G,abs - ﬁHG,abs| = |ﬁG,anom - ﬁHG,anom . (323)

The modeled Ay is thus a function only of the anomalous proper motions, i.e., those induced

by the companion. As in Section 3.3.1, we calculate the model log-likelihood as

1
In (Lastro(0)) = __XZStTO + Castro

2
3.24
_ _1 (Aﬂdata B AM)Z +C ( )
2 O'QAud t astro
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3.3.3 Direct Imaging Constraints

RV and astrometric trends are often insufficient to constrain a companion’s properties, either
because one data set is not available (e.g., any star that is not in the original Hipparcos
catalog does not have an HGCA acceleration) or because the constraints they do provide
rule out the same regions of parameter space, leaving the same a-m. degeneracy described
in Section 3.3.2. In these cases, we turn to direct imaging to place an upper limit on the

companion mass.

Our data is the measured contrast curve, a table of angular separations and corresponding
magnitude differences indicating the dimmest detectable companion at a given projected
separation from the host star. For simplicity, we treat the contrast curve as a step function
with no associated uncertainties. That is, at a given angular separation, any companion
dimmer than the listed limit is completely undetectable, whereas any companion brighter
than the limit would be detected in all cases. Our goal is to calculate a model companion’s
angular separation and magnitude difference to compare to the contrast curve. We begin

with the angular separation.

3.3.3.1 Angular Separation Calculation

Similar to Equations 3.13, we calculate the host-companion separation via

r=a(cosE —e)

y=av1l—e?sinFE,

(3.25)

where we now use the full semi-major axis a instead of a,. Rotating the separation vector
into the sky plane with the rotation matrix R and dividing by the distance to the system d,

we obtain the projected angular separation p:
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(3.26)

)
I
=

o

This approach is fully consistent with Sections 3.3.1 and 3.3.2 in that it incorporates all

orbital parameters into the modeled quantity.

The angular separation calculation above accounts for the fact that each model companion’s
projected separation is a function not only of a, but also of e, 7, w, and E. However,
this detailed procedure is expensive, requiring nearly 300% and 70% the time of the RV and
astrometry calculations, respectively. We detail an approximate calculation of p in Appendix

3.11 which significantly decreases run time at the cost of a slight reduction in accuracy.

3.3.3.2 Contrast Calculation

After modeling a companion’s angular separation, we seek to convert its mass m. to a Amag
contrast in the appropriate band. We model contrast as dependent on m. and the stellar
Vinag only. We linearly interpolated magnitude-mass relations for both stellar (Pecaut and
Mamajek 2013a, Table 5) and brown dwarf (Baraffe et al. 2003, Table 4) companions in
multiple bandpasses to define a function F(m.) which converts a model companion mass to
Amag in whichever of the following bands most closely matches the band of the given contrast
curve: {V, R, I, J, H, K, L'}. Pecaut and Mamajek (2013a) do not include magnitude
relations for the K or L’ bands, though they do for K, and W1. We approximated that
Ky~ K (215um ~ 22um) and W1 ~ L' (3.37Tum =~ 3.78 um) to concatenate the two
tables. The brown dwarf mass-magnitude relations of Baraffe et al. (2003) correspond to

mature systems (5 Gyr).

We also performed a linear interpolation of the measured contrast curve, yielding another
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function fy.:q(p) which converts measured angular separation to measured Amag contrast.
The imaging ‘data’ is then the function fgu,, together with the assumption that at any

separation p’, no companion with Amag < fy.4.(p") was detected.

We therefore have that for a given model separation p and contrast Amag = F'(m.), both
derived from the initial model parameters @, the log-likelihood that no companions were

detected with Amag < fyua(p) is given by

—00  Amag < fiata(p
I0(Limag () = data ) + Cimag - (3.27)

0 Amag > fiata(p)

We visualize ethraid’s imaging likelihood calculation in Figure 3.3.

The independence of the RV, astrometric, and imaging measurements allows us to find the
log-likelihood of all three data sets in light of a model orbit by simply summing Equations
3.11, 3.24, and 3.27.

3.4 Performance

Four processes contribute meaningfully to the computational cost of an orbital fit. These
include sampling orbital parameters from their prior PDFs and, for each sampled orbit,
calculating the likelihood of each of the RV, astrometry, and/or direct imaging data sets.
Therefore, the total time required to run an orbital fit is predetermined by the number of

orbital models sampled (a value input by the user) and the number of data sets provided.

The time required to sample one model orbit and calculate the likelihood of all three data

sets conditioned on that model is ~5.75 us using a single core of a 2.6 GHz Intel Core i7
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Figure 3.3: ethraid’s likelihood calculation for direct imaging. Beginning with a set
of sampled parameters (left), ethraid models angular separation (either exactly or
approximately) using the orbital elements, and contrast using the companion mass, to-
gether with a linear interpolation function derived from Table 5 of Pecaut and Mamajek
(2013a) and Table 4 of Baraffe et al. (2003), denoted by ‘PM13’ and ‘B03,” respectively.
ethraid then determines whether the model companion’s brightness would have exceeded
the minimum detectability threshold at the model separation in the real imaging data (gold
line) and assigns a likelihood of 0 for detectable companions and 1 for non-detectable com-
panions. The example model in the diagram (red star) falls above the threshold, indicating

a companion that would have been detected if it were truly in the system, so we assign it a
likelihood of 0.
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processor. ethraid takes another 0.25 us to multiply the three likelihoods to produce the
combined likelihood, for a total of 6 us per model. The average fraction of total run time
required for each of these steps is: sampling - 6.8%, RVs - 11.0%, astrometry - 46.3%, imaging
- 31.8%, combined likelihood - 4.1%. If the approximate angular separation calculation is
used for the imaging posterior instead of the detailed calculation (see Section 3.3.3), the
share of time required by the imaging calculations drops to < 1%, reducing the overall run

time by ~30%.

ethraid implements the core calculations of Section 3.3 in Cython, which provides a ~5x
speedup over the standard Python equivalent functions, allowing users to produce informa-

tive posterior plots with 10¢ — 107 sampled models on one core in 6 — 60 seconds.

Two potential improvements to the current approach would substantially increase ethraid’s
performance. First, the likelihood calculations are trivially parallelizable. Calculating the
likelihoods for all data sets concurrently could decrease the total run time by 50%, and
further parallelizing within data sets would give greater speedups. Second, the likelihood
and sampled parameter lists tend to overload the working memory when the number of model
orbits is large (2 10%), causing significant slowdowns. An alternative would be to store these
arrays in temporary cached files, or to perform all necessary calculations associated with a

given model or likelihood and then overwrite it immediately.

3.5 Usage, fitting, saving, and plotting

ethraid is installable through pip, and basic usage instructions are available on GitHub.

The typical use case of ethraid is for a system with an unexplained RV trend, though it may

be run on systems with any combination of constraints from RVs, astrometry, or imaging.
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The majority of parameters required to run an ethraid fit are stored in the correspond-
ing system’s .py configuration file. An ethraid configuration file contains all of the RV,
astrometry, and direct imaging data needed to carry out the forward modeling algorithm
laid out in Sections 3.2 and 3.3 (with the exception of the optional contrast curve for direct
imaging constraints), as well as parameters for saving and plotting the calculated posteriors.
We provide descriptions of these inputs in Table 3.1.

Table 3.1: Configuration file parameters

Parameter Name  Data Type Default Value Description
General Parameters unrelated to any one data set, but necessary to perform

fits
num_points Integer 10% Number of model orbits to sample
grid_num Integer [required] Number of bins to divide parameter space into
min_a Float 1 Lower bound of semi-major axis sampling range (AU)
max_a Float 100 Upper bound of semi-major axis sampling range (AU)
min_m Float 1 Lower bound of companion mass sampling range ( Mjy)
max_m Float 1000 Upper bound of companion mass sampling range ( Mjy)
e_dist String ‘piecewise’ Prior distribution from which model eccentricity values are sampled;

options: {‘zero’, ‘uniform’, ‘kipping’, ‘piecewise’}

Stellar Parameters of the host star or whole system
star_name String [required] Host star name to label files; need not match any catalog
m_star Float [required] Host star mass ( My)
d_star Float [required] Earth-system distance (AU)
RVs
run_rv Bool [required] Whether to use RV data; if False, all other RV arguments are optional
gammadot Float — Linear RV trend (m/s/day)
gammadot_err Float — Error on gammadot (m/s/day)
gammaddot Float — Quadratic RV curvature (m/s/day?); setting to None excludes
curvature
gammaddot_err Float — Error on gammaddot (m/s/day?); setting to None excludes curvature
rv_epoch Float — Epoch approximating the midpoint of the RV baseline (BJD)
Astrometry
run_astro Bool [required] Whether to use astrometry data; if False, all other astrometry

arguments are optional
delta_mu Float — Magnitude of proper motion change (mas/yr)

delta_mu_err Float — Error on delta_mu (mas/yr)

(Continued on next page)
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(Continued from previous page)

Parameter Name  Data Type Default Value Description
hip_id String — Hipparcos identifier of host star; alternative to providing delta_mu
directly
gaia_id String — Gaia DR3 identifier of host star; alternative to providing delta_mu
directly

Direct Imaging

run_imag Bool [required] Whether to use imaging data; if False, all other imaging arguments

are optional

imag_calc String ‘exact’ ‘exact’ or ‘approx’: calculate imaging posterior exactly or
approximately
vmag Float — Host star V' magnitude
imag_wavelength Float — Wavelength of imaging data (um)
contrast_str String — Path to .csv file containing contrast curve
imag_epoch Float — Epoch at which imaging data was taken (BJD)
Save
save List [¢proc?| Save processed arrays (‘proc’; binned 2D posteriors) and/or raw

arrays (‘raw’; unbinned 1D likelihoods)

out_dir String € Path to save directory
Plot
scatter_plot List — List of (a, mc¢) pairs to plot 1 or more known companion positions on

2D posterior

num_points Integer 108 Number of model orbits to sample

grid_num Integer [required] Number of bins to divide parameter space into

Note: ethraid’s configuration files are analogous to those used by orvara, and we

model this table after Table 2 in Brandt et al. (2021).

3.5.1 Command Line Interface

ethraid supports three different commands from the command line: run, plot, and lims.
run samples the six-dimensional parameter space and calculates a posterior for each data
set provided, plus an additional combined posterior conditioned on all provided data sets.
Using the save parameter in the configuration file, the user has the option to save the ‘raw’

unbinned posteriors, which they may reshape as desired, or the ‘processed’ posteriors, which
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are smaller and load more quickly but cannot be reshaped. All arrays are saved as hdf5*

files in the specified output directory.

After running a fit, the user may access and plot the saved arrays using the plot command.
plot loads a set of posterior arrays from the specified file path and optionally produces and
saves three figures. The first includes two one-dimensional marginalized posterior PDFs side
by side, one for a and the other for m.. The second is analogous to the first, but shows
CDFs instead of PDFs. The third is a two-dimensional plot in m.-a space displaying the
posteriors conditioned on each data set individually as well as the combined posterior. We

show examples of the one-dimensional CDFs and two dimensional PDFs in in Figure 3.1.

The lims command simply prints the 20 confidence intervals (i.e., 2.5th and 97.5th per-
centiles) of both the m,. and a posterior PDFs to the terminal. It is intended to give a quick
quantitative summary of the orbit fit. Users may load the raw or processed posterior arrays
directly if they wish to calculate more detailed statistics. We caution that the bare numeri-
cal results returned by lims will not necessarily give an accurate summary of the posterior
distribution, particularly in cases where the posterior is under-sampled. We encourage users
to use both the one- and two-dimensional posterior plots to guide their interpretation of the

confidence intervals returned by this command.

Finally, the all command runs run, plot, and 1lims sequentially. We give more information
on the command line interface in Table 3.2.

Table 3.2: Command line interface parameters

Argument Name Data Type Default Value Description

General

-version — — Version number of current ethraid installation

All Arguments common to all commands

-od/-outdir String € Directory to which probability arrays and posterior plots will
be saved

Continued on next page

4https://www.h5py.org/
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(Continued from previous page)

Argument Name Data Type Default Value Description
-v/-verbose — False Whether to print verbose output; no arguments needed.
run Command to perform orbital fit
-cf/-config String [required] Relative path of configuration file
plot Command to plot fit results
-cf/-config String [required] Path to configuration file
-rfp/-read_file_path String [required] Path to saved .h5 results file
-t/-type List [required] ‘1d’ and/or ‘2d’; Whether to save 1d or 2d posterior plots.

No brackets or quotation marks needed; separate multiple

arguments by a space

lims Command to display 95% a and M), confidence intervals
-rfp/-read_file_path String [required]| Path to saved .h5 results file
all Command to run the run, plot, and lims commands

sequentially
-cf/-config String [required] Path to configuration file
-rfp/-read_file_path String [required]| Path to saved .h5 results file
-t/-type List [required] ‘1d’ and/or ‘2d’; whether to save 1d or 2d posterior plots.

No brackets or quotation marks needed; separate multiple

arguments by a space

3.6 Validation

We tested ethraid on four systems to judge its strengths and weaknesses in estimating com-
panion parameters. We chose the first two systems, HD 117207 and TOI-1694, to illustrate
ethraid’s capacity to characterize single companions with fractional orbital coverage. Both
systems host RV-characterized giant planets with well-constrained orbital parameters. We
find that ethraid’s parameter estimates are consistent with these ‘ground truth’ values, re-
gardless of the planet’s phase during the interval of RV observation. We chose the other two
systems, HD 114729 and HD 12661, to demonstrate ethraid’s failure modes. Both of these
systems host two long-period giant companions, violating one of ethraid’s key assumptions
that RV /astrometric signatures originate from a single companion. ethraid’s failure to ac-

curately characterize the companions in either system illustrates the perils of applying this
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code blindly.

We designed our validation algorithm to mimic real applications of ethraid. For systems
exhibiting periodic RV variability, we identified and isolated a subset of the RVs which we
then subdivided into ‘slices’ of equal duration. We chose the number of slices so that the RV
variability was approximately linear/quadratic over each slice, emulating a real data set with
limited coverage of the companion’s phase. We used radvel to fit a second order polynomial
to each slice and recorded the fitted trend and curvature terms. We then applied ethraid
to each fitted trend/curvature pair and determined whether the results were consistent with
the known companion parameters. For all fits, we used the ‘piecewise’ eccentricity prior
and simulated 10® model orbits. We included astrometric trends from the Hipparcos-Gaia

Catalog of Accelerations (HGCA; Brandt 2021) in our analysis when available.

3.6.1 Case Study: HD 117207’s 7.5-year super-Jupiter is identified

using 1.8-year baselines

HD 117207 is a chromospherically quiet (log R’ ;=-5.06) G8 dwarf hosting a super-Jupiter
companion, HD 117207 b, with minimum mass and separation initially reported as 2.06 Mj
and 3.78 AU (Marcy et al., 2005b). Rosenthal et al. (2021), using RVs spanning over 20

years, refined these values to m,sini = 1.87 & 0.075 Mj and a = 3.74470 000 AU.

We identified a roughly 7.5-year section of the full time series and divided it into four slices.
We used radvel (Fulton et al., 2018) to fit linear and quadratic trend terms to these slices.

The results of this fitting procedure are shown in the top five panels of Figure 3.4.

We supplied the linear and quadratic trends from each slice as inputs to a partial orbit fit
using ethraid. We also retrieved this star’s astrometric trend of 0.13 £+ 0.03 mas/yr from

the HGCA and included it in our model. ethraid performed each joint RV /astrometric fit
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in about six minutes. We provide the posteriors of our partial orbit analysis of each slice in
Figure 3.4 and compare these results to the known parameters of HD 117207 b, shown in
each panel as a gold star. In all four cases, the 68% confidence interval derived by ethraid

encompasses the true planet parameters.

We also validated our results for this system against orvara. We used the same HGCA
astrometry and the raw RVs for each slice to emulate our ethraid fits. We ran 10 temper-
atures and 20 walkers over 105 steps, which took about seven minutes (comparable to our
ethraid runs). However, these fits did not converge and gave substantially broader mass
and separation estimates than we obtained with ethraid. After increasing to 10° steps, we
obtained parameter estimates comparable to those from ethraid in about 80 minutes. We
conclude that ethraid’s data compression approach allows it to match the performance of
other robust fitters with minimal loss of information in the regime of highly limited orbital

coverage and with only RVs and absolute astrometry.

3.6.2 Case Study: TOI-1694’s companion mass is bounded by direct
imaging
TOI-1694 is an early K-dwarf with low chromospheric activity (log R}, =-5.0) hosting a

Jupiter analog with a minimum mass of 1.05 + 0.05 M) at a separation of 0.98 = 0.01 AU
(Van Zandt et al., 2023).

We divided the full two-year time series into three slices and fit linear and quadratic trend
terms to them using radvel (Fulton et al., 2018). The results of this fitting procedure are

shown in the top four panels of Figure 3.5.

We supplied the linear and quadratic trends from each slice as inputs to a partial orbit

fit using ethraid. This star is not listed in the HGCA, and therefore has no available
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Figure 3.4: The top panel shows a 7.5-year subset of HD 117207’s RV time series, divided into
four slices based on the epoch in which the RVs were measured. Panels a)-d) show the RVs
from each slice, along with the linear /quadratic trend fit to those RVs using radvel. We show
the measurement error of each RV with horizontal black lines. We used ethraid to model
each trend/curvature pair, along with HGCA astrometry, in panels e)-h), respectively. The
gold star in each panel shows HD 117207 b’s semi-major axis and m, sin ¢ values measured by
long-baseline RV surveys: a = 3.744 AU, m.sini = 1.87 Mj, where we have approximated
a conversion from m.sin to m, by dividing by the median sin¢ value of 0.866. The overlap
between ethraid’s predicted parameters and the true values in all four panels demonstrates
ethraid’s reliability in estimating companion parameters over a range of orbital phases.
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astrometric trend. However, we included direct imaging of this system (Mistry et al., 2023)
obtained in the /-band (832 nm) with the ’Alopeke speckle imager (Scott et al., 2021) in our
analysis. We provide the posteriors from our partial orbit analysis of each slice in Figure
3.5. Although in this case the RV trend and imaging cannot disambiguate between planets,
brown dwarfs, and low-mass stars, they are sufficient to rule out high-mass stars as well as
planetary and brown dwarf companions beyond ~10 AU. Additionally, detection of curvature
in some slices strongly favors models with shorter periods. The RV posteriors are consistent

with TOI-1694 b’s true parameters in all cases.

3.6.3 Case Study: HD 114729’s two companions conspire to pro-

duce misleading parameter estimates

HD 114729 is an inactive (log R}y =-5.02), metal-poor (|Fe/H]=-0.22) solar analog (GO V)
hosting a sub-Jupiter companion with a minimum mass and semi-major axis of m.sin: =
0.892 +0.053 Mj and a = 2.094 +0.022 AU (Rosenthal et al., 2021). We refer to this planet
as HD 114729 Ab. This system also hosts an M dwarf companion: Mugrauer et al. (2005)
directly imaged HD 114729 and found a bound companion at a projected separation of 282
AU. Using the stellar cooling models of Baraffe et al. (1998), as well as Butler et al. (2003)’s
chromospherically derived age of 6 Gyr, Mugrauer et al. (2005) estimated HD 114729 B’s

mass to be 0.253 M.

We isolated a subset of the RV baseline covering approximately four years, divided it into
four equal slices, and fit a second order polynomial to the RVs in each slice. The time series

slices and polynomial fits are shown in the top of Figure 3.6.

We used ethraid to derive m.-a posteriors for each slice, incorporating both the fitted trend
and curvature as well as HGCA astrometry (0.11 £ 0.03 mas/yr), which is the same for all

slices. In all cases, ethraid’s derived posterior distributions are discrepant with the true
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Figure 3.5: Same as Figure 3.4 for TOI-1694’s two year baseline. The gray lines in panels
d)-f) show posteriors derived from direct imaging. The gold stars show TOI-1694 b’s median
semi-major axis and adjusted m, sini values measured by Van Zandt et al. (2023): a = 0.98
AU, m.sint = 1.05 M;. Without astrometry, the trend and imaging data provide too little
information to constrain the planet’s mass and separation. However, they are able to rule out
massive stars as well as the (a, m.) pairs in the white regions. Note also that the posteriors
in panels e) and f) favor shorter-period models due to the higher RV curvature associated
with their trends.
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mass and semi-major axis of HD 114729 Ab at > 20 (Figure 3.6, bottom). This disagreement
is driven by the astrometric data. The RV variability in the one-year slices is dominated
by HD 114729 Ab because of its relatively short ~3-year orbital period, and indeed the
RV-only posteriors agree more closely with that planet’s true parameters. Meanwhile, the
astrometric variability reported in the HGCA is measured over 25 years, and thus includes
a strong contribution from HD 114729 B’s 4400-year orbit. We also plot this companion’s

parameters in Figure 3.6 to demonstrate its consistency with the astrometry data.

Our analysis of HD 114729 illustrates how ethraid’s fits may be misleading in the case of
multiple companions. It is very valuable to provide direct imaging constraints whenever

available to mitigate this failure mode.

3.6.4 Case Study: HD 12661’s two planets are misinterpreted as a

single companion

HD 12661 is an inactive (log R} x=-5.06), metal-rich (|[Fe/H|=0.293) G6 V star with two
gas giant companions (Fischer et al., 2001, 2003). HD 12661 b has a minimum mass of
mesini = 2.283700%2 Mj and a separation of a = 0.824 + 0.011 AU, while HD 12661 ¢ has

mesini = 1.855 + 0.054 My and a = 2.861) 055 AU (Rosenthal et al., 2021).

We chose a ~2.5-year subset of the RVs and divided it into three slices, each covering the
same time interval. We fit linear and quadratic terms to each slice. The RV subset and slices

are shown in the upper panels of Figure 3.7.

We used the trend and curvature derived for each slice in an ethraid partial orbit fit. We
also included the astrometric trend of 0.23 4+ 0.05 mas/yr. The orbit posteriors are shown
in the lower panels of Figure 3.7, along with the the orbital parameters of HD 12661 b and

c. ethraid’s RV posteriors are consistent with planet b’s parameters, which is expected
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as Figure 3.4 for HD 114729. The gold star at the lower left of each panel
shows the semi-major axis and adjusted m, sini of HD 114729 Ab measured by long-baseline
RV surveys: 2.094 AU, m.sini = 0.892 Mj. The upper right star shows the same for HD
114729 B, with a projected separation and mass of 282 AU and M = 0.253 M. We estimated
HD 114729 B’s true separation by dividing the projected separation of 282 AU by 0.79, as
described in Section 3.3.3. Agreement between the planet parameters and the RV posteriors
indicates that ethraid is correctly recovering HD 114729 Ab’s RV signature. Meanwhile,
the consistency between HD 114729 B’s parameters and the astrometric posterior suggests
that HD 114729 B produced the astrometric trend. Note that in panels a) and d), the fitted
trend /curve values had precisions < 20, leading to broad RV posteriors in panels e) and
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because with a larger mass than planet ¢ and a period of 264 days, this planet dominates the
RV variability over the 200-day slices. Furthermore, this consistency is not sensitive to the
phase or curvature of the RV slices. The slices in Figure 3.7 exhibit linear, quadratic, and
higher order curvature, but are all nevertheless consistent with HD 12661 b’s parameters in

the lower panels.

The astrometry posterior, on the other hand, is consistent with neither planet’s parameters.
We modeled the combined astrometric signature of both planets and found that planet c
dominates this signal due to its wider separation. Furthermore, we found that if planet ¢’s
inclination is within 25 degrees of 0 (i.e., a "face-on" orbit), then the resulting underestimate
of planet ¢’s mass (a factor of 2 2.4) may account for the disparity between this system’s
measured and expected astrometric signatures. A third, more distant companion could also

explain this signal, though we did not explore this possibility in detail.

Like HD 114729, HD 12661 shows the limitations of ethraid’s approach to treating RV /astrometric
trends. While planet b dominated the RV trend/curvature because of its short period, planet
¢ had a much greater influence on the astrometric signal. ethraid’s assumption that both
signals were due to one companion produced constraints inconsistent with either planet. We
caution that unless the presence of multiple giant planets can be ruled out, ethraid’s single

companion assumption may produce false parameter estimates.

3.7 Future Improvements

Development of ethraid is ongoing, and we plan to implement a number of improvements

in future versions, including:

1. Parallelization of likelihood calculations.
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Figure 3.7: Same as Figure 3.4 for HD 12661. For this system, we include RVs from both
the Keck/HIRES and APF/Levy instruments. The gold stars show the a and adjusted
mesini values of HD 12661 b (left) and c (right). Planet b dominates the RV signature
due to its short period, as shown by its consistency with the green RV posteriors in each
slice. Meanwhile, planet c is responsible for the majority of the astrometric signal. The
inconsistency between these planets’ measured parameters and the combined posterior (red)
shows that ethraid misinterpreted these separate contributions as originating from a single
object of higher mass.
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2. Dynamic likelihood storage to mitigate RAM overload.

3. Analytical removal of the RV and astrometric signatures of known stellar companions,

improving ethraid’s predictive power in systems like HD 114729 (Section 3.6.3).

4. Improved companion mass prior to reflect the relative prevalences of planets, brown

dwarfs, and low-mass stellar companions.

5. Inclusion of brown dwarf cooling models for systems of ages other than 5 Gyr.

We compiled the above improvements based primarily on our own use of ethraid, but
we welcome contributions from the exoplanet community to make ethraid a useful and

accessible tool.

3.8 Conclusions

In this work we presented ethraid, an open-source Python package for constraining the
masses and separations of long-period companions using RVs, astrometry, and direct imaging.
ethraid uses simple data inputs to calculate RV and astrometric posteriors, requiring only
two values and their errors for the first and one value and its error for the second. Due
to the limited information content of this data, ethraid is designed to broadly constrain
companion parameters rather than to produce tight orbital fits, giving a ‘first look’ at the
nature of a companion and helping to disambiguate between multiple competing hypotheses
(e.g., a close-in planet vs. a distant M dwarf). ethraid is pip-installable and may be

downloaded from GitHub.

We demonstrated ethraid’s strengths and weaknesses by testing it on four systems hosting
one or more known companions. HD 114729 (Butler et al., 2003) hosts a giant planet

and a stellar companion, and HD 12661 (Fischer et al., 2001, 2003) hosts two gas giant
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planets. In both cases, ethraid’s assumption of a single companion led to spurious parameter
predictions. HD 117207 and TOI-1694 each host only one distant giant planet. ethraid
consistently recovered HD 117207 b’s parameters, and although a lack of astrometric data
prevented a recovery of TOI-1694 b, our combined RV-direct imaging analysis ruled out

high-mass stellar companions and high-separation (2 10 AU) planets and brown dwarfs.

ethraid leverages up to three exoplanet detection techniques to constrain companion prop-
erties given minimal observational data. It is intended to help users evaluate the merit of
potential companion models, as opposed to giving precise parameter constraints. We caution
that due to ethraid’s implicit assumption that any input signals are caused by a single com-
panion, applying it to multi-companion systems may give nonphysical results. Users may
run ethraid on a system using one configuration file. We plan to maintain and improve

ethraid so that it may be of use to the community.

Software: radvel (Fulton et al., 2018)
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3.10 Appendix 3A: Posterior Shapes

The RV and astrometry posteriors derived in Section 3.3 take on specific shapes, i.e., m.a
dependencies. Moreover, these dependencies vary as functions of a and m, because different
approximations hold in different regimes. We describe these dependencies here. Note that
ethraid does not employ the following analytic descriptions during orbital fits; we provide

them to aid the user in interpreting their results.

3.10.1 RYV Posterior

We first reproduce Equations 3.5-3.8:

v = K [ecosw + cos(v + w)]
¥ =—K [vsin(v + w)] (3.28)

¥ =—K [0?cos(v+w) + Usin(v + w)]

e sini
K / 2 M, sin i (3.29)
1 —e*\/a(m,+m,)

(3.30)
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along with Kepler’s third law,

4r2a?
PP=— " 3.31
G(my + m,) ( )

From Equation 3.29, we see that K o« ——2¢=——, while Equations 3.30-3.31 tell us that

v a(me+my) !

U o \/(mcj—gm*) and i oc et Using these proportionalities in Equations 3.28, we obtain

a3

o ome .. me/(me+my)
yoc?, v o e . (3.32)

ethraid explores different (a, m.) combinations given fixed values of RV trend and curvature,
so the posterior shapes are more clearly expressed by taking v and % to be constant. In that

case, we have

me < a®,  mey/ (me +my) o a’l?. (3.33)

Because of 4’s dependence on \/m , the corresponding m.-a relation varies from
me < a”/? to m, o< a”/3 for m, << m, and m, > m,, respectively. In practice, most sampled
companions have masses well below that of the host star, so m. o a”/? prevails. Meanwhile,
when both 4 and % are provided, the RV posterior exhibits character of both relations in
Equation 3.33. Figure 3.8 illustrates the interplay between 4 and % in the RV posterior as

well as 4 posterior’s behavior at the transition between high and low companion masses.
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Figure 3.8: Left: An RV posterior calculated using both 4 and 4. The blue line follows
the relationship m,. o a?, while the red line follows m, o a”/2. Right: An RV posterior
calculated using 4 only, with a host star of 1 M. In the low-mass regime, the posterior
follows m. o< a”/?. However, the slope shifts to m, oc ™/ near 1 M.

3.10.2 Astrometry Posterior

Finding a general relationship between a, m., and Ay is challenging because of the averaging
procedure we carried out in Section 3.3.2. However, the simplifying assumptions that e ~
1 ~ 0 allow us to reach analytical expressions that still capture the shape of the astrometry
posterior. Figure 3.9 shows a diagram of this scenario. We reproduce Equations 3.17 and

3.23 below.

(3.34)
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Figure 3.9: Left: A diagram of the circular, face-on orbit we use to understand the behavior
of the astrometry posterior. The black circle shows the orbit of the host star about the
system barycenter due to a companion at wide separation (2 20 AU). Solid and dotted
arrows show the average stellar position and proper motion vectors, respectively, in each of
the Hipparcos, HG, and Gaia EDR3 epochs. 6y gives the position angle at the HG epoch
relative to the position angle during the Hipparcos epoch. In the long-period regime, using
the small angle approximation for 0y is appropriate. Right: A similar diagram for short
periods (< 2 AU). Arrows ¢; and t5 show the position of the host star at the beginning and
end of the Gaia EDR3 data collection window. We chose t5’s position arbitrarily to illustrate
that for short periods, the angle between the two position vectors is not small, but rather
can take any value on [0,27]. We do not show the analogous vectors for jiyg because Tyg
is nearly nine times the duration of Tg; this larger denominator drives iy to nearly zero
for short-period orbits.

A,LL - |ﬁG’,abs - /zHG,abs| - |ﬁG,anom - ﬁHG’,anom (335)

We begin with the long-period regime, that is, separations corresponding to orbital periods
much longer than Ty¢, the 24.75-year interval between the Hipparcos and Gaia character-
istic epochs. From Equation 3.35 we see that Au depends only on the anomalous proper

motions, so we may neglect center-of-mass proper motion in this derivation.

Because the companion orbit is circular and face-on, the proper motion vector has the same

magnitude at all epochs, that is, |fiy| = |fig| = 2;1—“1;. Furthermore, in the long-period regime,

82



the average proper motion approximates the instantaneous value: |figg| ~ |fig|- The proper

motion components at the Gaia and HG epochs are thus

pa, = —lfic|sin(20nc)

pa, = |fc| cos(20n¢)
(3.36)

puc, = —|fuc|sin(@uc)

HaG, = \finc| cos(Ona),

where 0 is the position angle of the host star at the HG epoch (see Figure 3.9, left panel),

given by

The _ The |G(m. +me) (3.37)
2P 2 a3 '

QHG’ =27

From these proper motions, we may compute Ap:

Ap, = ppe [sin(Oug) — sin(2056)] = pue [—0rc]

3

A,U,y = UHG [COS(QQHg) — COS(QHg)] N UHG |:_§912'-IG:| (338)

. 3
Afl = —puc |:6)HG7 591%1@} ;

2
where we approximated that sin g4 ~ 0y and cosOyg ~ 1 — GHTG. We further approximate

that the x-component of Aji dominates in the long-period regime, yielding:
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2ra, Tya |G(m.+m,)

P 2 a3

B THG G(m* + mc) . G . THG me me
T2, " @ T2, @ a?

|Afl| ~ pne - Onc =
(3.39)

Thus, m. o a® in the long-period regime. This behavior is shown for large a values (a = 20

AU) in the left panel of Figure 3.10.

The short-period portion of the astrometry posterior surface displays two distinct features:
an overall negative slope and a series of spike-like formations extending to high mass. We
derive the general linear character of the astrometry posterior in the short-period regime
using the same picture we used to understand the long-period behavior. First examining jig,

we have from Equation 3.34:

M(t2)

t_# cos M
2—11

: (3.40)

. 1
|MG| = d_
* —%_oin M

to—1t1

M(t1)

where we have applied our assumptions of a face-on circular orbit and converted velocity
to proper motion. Unlike in the long-period regime, T is comparable to or multiple times
the duration of orbits in the short-period regime. As a result, M(t;) and M (t5) may differ
by any angle from 0 to 2w. To continue, we set M (t;) = 0 without loss of generality, and

average over the possible values of M(ts):

fic|d, ~ (3.41)

—ay <COSM - 1> ‘ Ay

to—t1 _
== (gin M — 0) t2—t

to—t1

where () denotes the average over the interval [0, 27]. We may apply this same procedure
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to [iga, but note that in this case, the denominator of the right-hand side of Equation 3.41
is ~ 25 years, as opposed to < 3 years for jig. Thus, fic dominates in the short-period
regime, and we neglect jigg. See the right panel of Figure 3.9 for a pictorial representation
of this scenario. Finally, we use the relation between a and a, to find that m, oc a=! for

short periods:

ay a M

\fald, ~ X Q- M. (3.42)

tg—tl - tQ—tlm*—l—mc
We show this relation in Figure 3.10.

The spikes represent harmonics of T, the 34-month Gaia EDR3 mission baseline. For
periods shorter than the ~ 25-year Hipparcos-Gaia baseline, averaging the orbital position
over that interval produces a cancellation effect, reducing the magnitude of jigs so that fig
dominates Ay in the short-period regime. For orbital periods which divide T, i.e. T itself,
T—ZG, etc., i — 0 as well because the host star returns to its original position over the course
of the Gaia mission, resulting in an average measured velocity of zero. The spikes in the right
panel of Figure 3.10 demonstrate that model orbits must have higher companion mass near
the harmonics to produce a constant value of Au. We observe a similar effect at harmonics
of Ty (left panel of Figure 3.10), though these spikes are less pronounced because both [iyq

and fig contribute to Ay in that regime.

3.11 Appendix 3B: Approximate Angular Separation Cal-

culation

In this appendix we present an alternative method to the one described in Section 3.3.3

which makes use of two simplifying approximations to reduce computation time. First, for
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Figure 3.10: Left: The posterior surface calculated from astrometric data. The red line
follows the relationship m. o< a™!, while the green line follows m, o a?. Right: The
short-period regime of the surface at left. Iso-period lines are shown in red: the right-most
line traces P = Ty ~ 2.83 yr, the next follows P = TTG, then P = TTG, and so on. High-
likelihood models near these periods must have large companion masses to counter the small
net displacement of the star. The same effect can be seen at harmonics of the ~ 25-yr
Hipparcos-Gaia baseline (~ 4 — 16 AU), though it is less pronounced because fig remains
nonzero in this regime even when jigo vanishes.

the imaging likelihood only, ethraid approximates that all models that fall into the same
a-m. bin have the same value of a and m,., namely, the geometric mean of the lower and
upper bin limits. This simplification allows ethraid to evaluate the imaging model likelihood
once per two-dimensional bin rather than once per model, reducing the number of likelihood

evaluations from ~10%-10% to N2, where N is the number of bins in both a and m, space

(N =100 by default).

Second, ethraid models angular separation as dependent only on a. In particular, it makes

the following approximation:
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_{p Ca
de_d’

(3.43)

where (p) is the projected physical separation p averaged over a companion’s possible incli-
nations and orbital positions, and C' is a constant. If C' equals 1, Equation 3.43 gives the
angular separation for a circular, face-on orbit. We calculate the true value of C' by averaging

p, which itself is given by

acos M cos M
PR |asin M| =a |sin M cosi (3.44)
0 sin M sin

where the approximate equality comes from fixing e = 0 (and w = 0 arbitrarily) for simplicity,
so that true anomaly is equivalent to mean anomaly. Noting that the probability density

function of ¢ on [0,7/2] is P(i) = sini and P(M) = 1/27 on [0, 27], the average value of p is

2r  pw/2
(p) = 2i / / V/cos2 M + sin? M cos? i sini di dM. (3.45)
T Jo 0

Note that the vector norm (i.e., the square root term) includes only the components of
that are in the sky plane. Evaluating this integral numerically, we find (p)/a = C' = /4,
meaning that the sky-projected separation is approximately 0.79 times the true separation

on average.

For systems where the RV and astrometric data rule out high-mass models, using the approx-

imation described here may have a negligible effect. The disparity in parameter constraints
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is more pronounced when astrometry is not available, and imaging plays a more central role
in ruling out stellar models. Figure 3.11 illustrates the effect of using this approximation
for TOI-1694: some high-mass models that might in reality have gone undetected by the
imaging data due to their orbital geometries are incorrectly ruled out. Using this approach
to calculating angular separation is a suitable option for users who are comfortable incurring

an error in their imaging constraints in exchange for cutting run time by a factor of ~1/3.

1 4 16 1 4 16
Semi-major axis (au) Semi-major axis (au)

Figure 3.11: Left: Panel d) from Figure 3.5, showing the companion models consistent
with a subset of the RVs of TOI-1694, as well as the imaging data. Note that despite
falling above the gray 95% contour, some high-mass models are consistent with the imaging
data because their orbital geometries result in small projected angular separations from the
host star. Right: Parameter constraints for the same RV and imaging data, but using the
approximate imaging calculation. In the approximate case, the imaging contour represents a
hard bound, above which companions are ruled out with certainty. This causes the 1o upper
bound on mass (dark red) to be underestimated by ~ 30% at 16 AU, while being roughly
unaffected at 8 AU.
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3.12 Appendix 3C: Rotation Matrix

R is the rotation matrix P3P,P1, described in Equations 2.119-2.121 of Murray and Dermott

(2010). It is not given explicitly in that text.

cosflcosw —cosisinsinw —cos§)sinw — cosisin§lcosw  sinésin €2
R=|sinQcosw+cosicosQsinw cosicosQcosw —sinQsinw —sinicosQ | (3.46)
sin ¢ sin w sin ¢ cos w COS?

We exploit a symmetry in Sections 3.3.2 and 3.3.3 which warrants explanation here. In
those sections, we apply R to the stellar position and velocity vectors, despite the fact that
1, w, and € correspond to the companion orbit. {2 and i are the same for the star and the
companion, but the stellar argument of periapsis is offset from that of the companion by 7
radians: w, = w.+m. This means that rotating the stellar position and velocity vectors using
W, is not correct in general. We demonstrate below that for our calculations, this asymmetry

vanishes.

First, we relabel the matrix R above as R, to denote its use of the sampled w.. We also

define the matrix R,, which results from the substitution w, — wy:

Roo Rop Rop —Roo —Ro1 Rop
Re=|Rio Rig Riz|: Ri=|-Riy —Rix Ria|- (3.47)
Roo Ron Rap —Ryo —Rs1 Rap

)

where we have abbreviated the matrix elements for clarity.

We summarize the rotation steps of Section 3.3.2 as
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(X) Roo(X) + Rio(Y) —Roo{X) + (=R10(Y)) (X)

(3.48)

The situation is analogous for v, as well as for p in Section 3.3.3. Thus, the use of R,
instead of R, introduces a single negative sign to each rotated vector. Because all vectors
are equally affected, and in all cases we ultimately work with the vector moduli, this negative

sign has no effect on our likelihood calculation.
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Chapter 4

No evidence for a metallicity-dependent
enhancement of distant giant
companions to close-in small planets in
the California Legacy Survey

A version of this chapter was previously published in The Astronomical Journal (Judah Van

Zandt & Erik A. Petigura, 2024b, AJ 168, 6, 268).

Abstract

Understanding the relationship between close-in small planets (CS) and distant giants (DG)
is central to understanding the formation of planetary systems like our own. Most studies
of this connection have found evidence for a positive correlation, though significant statis-

tical and systematic uncertainties remain due to differences in sample size, target selection
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bias, and even the definitions of ‘close-in small” and ‘distant giant’ planets. Recently, Bryan
and Lee (2024) conducted a study of 184 stars hosting super-Earths (M sini = 1 — 20 Mg
or R = 1—4Rg) to determine the effect of stellar metallicity on the prevalence of dis-
tant giant companions (M sini = 0.5 — 20 My, a = 1 — 10 AU). They found that such
giants are twice as common in the presence of inner planets, but only in metal-rich systems:
P(DG|CS, [Fe/H|>0) = 28.0713% vs. P(DG|[Fe/H|>0) = 14.3*29%. Further, they found
that this correlation disappears for metal-poor stars: P(DG|CS, [Fe/H]<0) = 4.5735% vs.
P(DG|[Fe/H|<0) = 5.07}3%. We conducted an analogous study to test whether this effect
was present in the California Legacy Survey sample. Using the same planet definitions, we did
not find evidence for an enhancement in metal-rich systems: P(DG|CS, [Fe/H|>0) = 1475*%
vs. P(DG|[Fe/H|>0) = 16.4752%. We also found a 20 tension between our conditional rate
and a 2x enhancement. We brought our results into closer agreement with Bryan and Lee
(2024) by repeating our analysis with different planet definitions. For example, considering
only CS planets with 1 < Msini < 10 Mg and DG planets with 0.5 < Msint < 20 M
gives P(DG|CS, [Fe/H|>0) = 47717% and P(DG|[Fe/H|>0) = 20.2722%, consistent with a
2x enhancement. However, we find that this 2x enhancement is also present when we apply
the same planet definitions to the overall sample, challenging the idea that metallicity is re-
sponsible. Our sample, though only ~ 1/6 the size of Bryan and Lee (2024)’s, was assembled
and analyzed self-consistently. The discrepancy between our findings and theirs may arise
from a variety of sources, underscoring the need for large exoplanet surveys to overcome

both small number statistics and sample inhomogeneities.

4.1 Introduction

Planets between the size of Earth and Neptune with orbits less than 1 AU are ubiquitous

(Petigura et al., 2018). In contrast, radial velocity (RV) surveys have uncovered a separate
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population of giant planets at wider separations (a ~ 1 — 10 AU), which orbit 10 — 20% of
stars, depending on the definition used (Rosenthal et al. 2021; Wittenmyer et al. 2020; Fischer
et al. 2014; Cumming et al. 2008). Although rarer than the super-Earths and sub-Neptunes,
these giants are believed to have a significant impact on the development of close-in planets

(Batygin and Laughlin 2015; Izidoro et al. 2015).

The relationship between close-in small planets (CS) and outer distant giants (DG) has
garnered significant attention in recent years. Zhu and Wu (2018) and Bryan et al. (2019)
assembled samples of stars with archival RVs to calculate the occurrence of distant giants
in systems hosting close-in small planets. Both studies found that distant giant occurrence
is enhanced in the presence of inner small planets (P(DG|CS) = 32 £ 8% and 39 £+ 7%,
respectively). Rosenthal et al. (2022) leveraged the California Legacy Survey (CLS), a large
sample of FGKM RV targets with multi-decade baselines, to answer the same question, and

also found an enhancement: P(DG|CS) = 41715%.

The emerging picture of a positive correlation was challenged by Bonomo et al. (2023), who
found evidence for an anti-correlation (P(DG|CS) = 9.3777%) in a sample of 38 Kepler and
K2 systems. RV surveys tailored to the detection of outer giants are currently being carried
out on samples with transiting inner planets discovered by Kepler (Weiss et al., 2024) and

TESS (Van Zandt et al., 2023).

Zhu (2024) added another dimension to the DG-CS relation by proposing that the enhance-
ment of giants found by earlier studies is driven by host star metallicity. In particular, they
suggested that giants are strongly enhanced in the presence of inner companions only in
systems with metal-rich ([Fe/H|>0) host stars. They demonstrated that analyzing only the

metal-rich stars in the Bonomo et al. (2023) sample produces a positive correlation.

To test the claim put forward by Zhu (2024), Bryan and Lee (2024) compiled a sample

of 184 Sun-like stars with archival RV observations, as well as transit- and RV-discovered
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CS planets. They found that distant giants are twice as prevalent in the presence of inner
small planets versus the field rate for metal-rich systems, reinforcing the hypothesis that

metallicity plays a key role in this connection.

The enhancement in giant planet occurrence around metal-rich stars is well known (e.g.,
Santos et al. 2004; Fischer and Valenti 2005b; Johnson et al. 2010). Thus, one would expect
that in metal-rich systems, the prevalence of DG companions in CS systems would increase,
but so would the prevalence of DG planets overall, nullifying any relative increase. The
conclusions of Zhu (2024) and Bryan and Lee (2024) imply that the conditional occurrence

rate of DGs is a more steeply rising function of metallicity than the field occurrence rate.

In this paper we emulate the study carried out by Bryan and Lee (2024) using the California
Legacy Survey (CLS) sample, a catalog of 719 FGKM stars and 178 planets discovered
through RV monitoring over 30 years. Our objective is to test the claim that there exists a
strong positive correlation between CS and DG planets specifically for metal-rich host stars
in this sample. We review the methods and results of Bryan and Lee (2024) in Section 4.2.
In Section 4.3 we give an overview of the CLS sample. We describe our binomial occurrence
model in Section 4.4, and use it to calculate giant planet occurrence rates in Section 4.5.
We explore the effects of expanding our planet definitions and excluding evolved stars in

Sections 4.6 and 4.7, respectively, and discuss our results in Section 4.8.

4.2 Bryan & Lee (2024)

This paper examines the key finding of Bryan and Lee (2024), hereafter BL.24, namely, that
in metal-rich systems, DG planets are twice as prevalent in the presence of CS planets as the
field DG rate for metal-rich systems in the CLS sample. Therefore, we begin by describing

the BL24 sample, including its construction and planet class definitions.
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BL24 selected 184 FGK stars with >20 publicly available RVs and hosting at least one CS
planet, which they defined as having either M sini = 1 — 20 Mg or R = 1 — 4 Rg. Figure

4.1 shows the minimum masses and separations of the planets in their sample.

They calculated the conditional occurrence rate of DG planets, which they defined by
Msini = 0.5 — 20 My and a = 1 — 10 AU, in the metal-rich and metal-poor subsamples,
finding that P(DG|SE, [Fe/H|>0) = 28.0*49% and P(DG|SE, [Fe/H|<0) = 4.5725%.

They then calculated the distant giant field occurrence rates using the CLS sample of Rosen-
thal et al. (2021), hereafter R21. They first removed 121 M dwarfs (M, < 0.6 M) and four
targets with fewer than 20 RV observations, and found P(DG|[Fe/H]>0) = 14.3739% and
P(DG|[Fe/H|<0) = 5.0715% among the remaining 594 stars. We refer to this filtered subset
as the R21 sample in the remainder of this paper, and we show the planets orbiting these
stars in Figure 4.1. Whereas the conditional and field occurrence rates for metal-poor sys-
tems are comparable, the metal-rich conditional rate is larger than its field counterpart by
a factor of two. The sharp divide between the metal-rich and metal-poor samples supports

the claim of Zhu (2024).

4.3 The California Legacy Survey

In this work, we derive all conditional and field occurrence rates using the same 594-star
subset of the California Legacy Survey sample used by BL24. Using a single stellar and
planetary sample naturally controls for selection biases when comparing different statistics.

This sample consists of FGK stars with RV baselines spanning up to 30 years. The R21

"We cross-referenced the system names provided in Table A.1 of BL24 with the Exoplanet Archive
(https://exoplanetarchive.ipac.caltech.edu/; Accessed 9 June 2024) to reconstruct their sample. We found
only one meaningful discrepancy: the putative super-Earth HD 26965 b was initially reported by Ma et al.
(2018), but recently found to be spurious (Laliotis et al., 2023). The removal of this planet would also
exclude HD 26965 from the BL24 sample. We anticipate that this change would have a negligible effect on
the statistical findings of BL24, and conduct our comparison against their original results.
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sample has a median metallicity of 0.0 dex and a median stellar mass of 0.94 M. The R21
catalog comprises 171 substellar and planetary companions (M sini < 80 Mj), 154 of which
have M sint < 13 Mj, and 33 of which have M sin? < 30 M. All companions in the sample
were detected using a uniform search algorithm (RVSearch, Rosenthal et al. 2021). Fulton
et al. (2021) measured the sensitivity of this algorithm in the R21 data set through a suite

of injection/recovery experiments published as part of that study.

The CLS sample may not be free of bias, as Zhu (2022) showed that it hosts hot Jupiters at
about three times the canonical occurrence rate of 1% (Wright et al., 2012). Nevertheless,
our goal is not to measure the absolute conditional occurrence of DG planets. Rather, it
is to test BL24’s finding that metal-rich stars exhibit an increased relative enhancement
of P(DGJ|CS) over P(DG). To do this, we calculated P(DG) and P(DGJ|CS) from a single
sample, allowing us to rule out sample differences as a source of disparity. We chose the R21
sample to match BL24 as closely as possible. We show in Figure 4.1 that the distributions

of small inner planets and outer giants are comparable in the BL.24 and R21 samples.

4.4 Binomial Occurrence Model

In this work, we define occurrence as the fraction of systems hosting at least one planet,
rather than the number of planets per star. Following BL.24, we calculated occurrence using
binomial statistics, assuming that planet occurrence was log-uniform over the parameter
space we considered (M sini = 0.5 — 20 My, a = 1 — 10 AU). We calculated the average
completeness () of the R21 survey and used that to calculate n, g = @) - n,, where n, is the
total number of stars in the sample and n, g is the effective number of stars after correcting
for completeness. The binomial likelihood function for the fraction f. of stars hosting

planets in a given domain is
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Figure 4.1: The companions in the sample of Bryan and Lee (2024) (yellow) and the FGK
subsample of Rosenthal et al. (2021) (blue). BL24 has companions between ~ 1 Mg and
20 Mj, and R21 includes companions from a few Mg up to 80 Mj. The legend gives the
number of companions in each sample in parentheses. We show BL24’s definitions of close-in
small (CS) and distant giant (DG) planets with black dashed boxes. We use blue diamonds
to highlight HD 75732, the only system in the metal-rich R21 sample with planets satisfying
both of these definitions. We use filled black circles to show six planets in the BL24 sample
without measured masses. We estimate their masses using the mass-radius relationship
of Weiss and Marcy (2014). The distributions of giant plants are similar among the two
samples. They also have comparable inner planet distributions, though BL24 contains many
more such planets due to its selection function. This latter similarity makes it unlikely that
a dependence of giant occurrence on inner planet properties, if such a dependence exists,
affected our comparison.
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P(fcell|ndet7 n*,eff) = Cfg:]lft(l - fcell)nndu (41)

where nge is the number of systems hosting a detected planet, n,q = 7N, — Naet 1S the

number of systems in which no planet was detected, and C is a normalization constant: 2

(n*,eff + 1) : P(”*,eff + 1)

C= :
F(ndet -+ 1)F(nnd -+ 1)

(4.2)

We set a uniform prior between zero and one on the planet occurrence rate and numerically

optimized our likelihood function.

4.5 No Evidence of Enhanced Occurrence of Distant Gi-

ants in Metal-rich Stars

45.1 P(DG)

We first calculated the field occurrence of distant giants in the R21 sample to establish a
point of comparison for conditional occurrence. Of the 594 stars in the R21 sample, 52 host
one or more distant giants, and 43 of those hosts are metal-rich. We calculated metal-rich
and metal-poor distant giant field occurrence rates of P(DG|[Fe/H|>0) = 16.4752% and
P(DG|[Fe/H|<0) = 5.8+29%.

Our metal-rich field rate differs from that obtained by BL24 (14.3113%) by > lo. For two
unrelated studies of the same phenomenon, such a disparity could reasonably be attributed to

statistical variation. However, we used the same sample, planet definitions, and occurrence

2We use T to represent the extension of the factorial function to real numbers: I'(z + 1) = z!.
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model as BL24. We therefore attribute this disagreement to our different completeness
correction methodologies. In brief, both our and BL24’s completeness corrections involved
injecting and recovering planetary signals in the measured RVs. However, BL.24 considered
a signal “recovered” if a one-planet model offered a significantly improved fit over the flat
line model (ABIC> 10). By contrast, R21 required that a planetary model be preferred
and that the recovered parameters agree with the injected ones to within 25%. This stricter
criterion would lead to lower completeness, and therefore a higher measured occurrence, as

we observe.

In principle, there is no problem with using a more or less strict completeness correction. It
is only necessary that the same criteria be applied during the initial planet search and the
completeness correction. Thus, a strict planet search will find fewer planets and correct more,
while a less strict search will find more planets and correct less. Because the R21 sample was
compiled using RVSearch, we expect that the RVSearch completeness framework we used

provides a more accurate correction.

4.5.2 P(DG|CS)

We next calculated the conditional occurrence of distant giants in the presence of close-in
small planets (CS). We adopted the mass limits used by BL24 for these planets, M sini =
1 —20 Mg. We also used a separation limit of a < 1 AU, though this filter did not remove
any targets from our subsample. Under this definition, 18 R21 systems host a close-in
small planet, and only one hosts both a close-in small planet and a distant giant. Of this
sub-sample, 13 systems, including the distant giant host, are metal-rich. We calculated a
metal-rich distant giant conditional occurrence rate of P(DG|CS, [Fe/H]>0) = 14742%. This
value is lower than our metal-rich field occurrence rate calculated above, in tension with

most previous studies of this relationship using various CS and DG definitions (e.g. Bryan
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et al. 2019; Rosenthal et al. 2022; Zhu 2024). Moreover, our measured rate is inconsistent
with a 2x enhancement at the 2o level, in contrast to BL24’s finding of a 2x enhancement
at 30 confidence. We compare these measurements and their uncertainties in Figure 4.2.

Table 4.1: Occurrence Rates

Metallicity % within 20
Test Criterion P(DG|CS) P(DG) (2x Enhancement)
BL24 [Fe/H|>0  28.074%% 14.3%29% —
[Fe/Hl <0 45725%  38%11% —
Default [Fe/H]|>0 1472%  164725% 8%
[Fe/H] < 0 <45% 5.8720% 22%
— 1079%  12.071%% 9%
Small DG [Fe/H]>0  31775%  20.2733% 23%
[Fe/H] < 0 <46% 6.377 2% 23%
— 2373'%  14.6779% 22%
Big CS, Small DG [Fe/H|>0  34713%  20.2739% 28%
[Fe/H] < 0 <38% 6.3735% 24%
— 25T51%  145T19% 25%
Small CS, Small DG [Fe/H]>0  47717%  20.2723% 23%
[Fe/H] < 0 <72% 6.27229% 16%
— 4011%%  14.5739% 16%

Note: (1) BL24: CS = 1-20 Mg; DG = 1-10 AU, 0.5-20 Mj; (2)
Default: Same as BL24 definition; (3) Small DG: Same as BL24 but
with DG mass limits of 90 Ms—20 Mj; (4) Big CS, Small DG: CS
= 1-30 Mg; DG = 90 My—20 Mjy; (5) Small CS, Small DG: CS =
1-10 Mg; DG = 90 Mg—20 Mj;. We provide the median occurrence
rates, with uncertainties representing 16th and 84th percentiles. For
occurrence rates consistent with zero, we quote 90% upper limits. The
right-most column indicates the fraction of each of our conditional
posterior distributions that falls within the 95% confidence interval

of a 2x-enhancement over the corresponding field distribution.
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Distant giant occurrence rates in metal-rich systems
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Figure 4.2: Measurements of field (blue) and conditional (orange) occurrence of distant
giants in metal-rich subsets of the Bryan and Lee (2024) and Rosenthal et al. (2021) samples.
BL24 found that distant giants are about twice as prevalent in the presence of close-in small
planets as the field rate they measured from the R21 sample (far left). We measured both
the conditional and field rates using the R21 sample and four different sets of definitions for
close-in small planets and distant giants. The "Default" definition matches BL.24: the inner
planets satisfy 1 < M sini < 20 Mg and the distant giants satisfy 0.5 < M sini < 20 M;
and 1 < a <10 AU. The "Small DG" definition used a 90 M, floor for distant giants. The
"Big CS, Small DG" definition used a 30 Mg ceiling for inner planets and a 90 Mg floor
for distant giants. Finally, our "Small CS, Small DG" definition used a 10 My, ceiling for
inner planets and a 90 My, floor for distant giants. We annotate each distribution with the
planet sample used to calculate it, and include the CS and DG definitions on the x-axis.
Horizontal dotted lines denote distribution quartiles. We use black solid lines to indicate the
95% confidence interval of a 2x enhancement over each field occurrence rate, and label the
upper line with the percentage of each conditional occurrence distribution that falls within it.
BL24’s conditional occurrence distribution is fully consistent with a 2x enhancement, whereas
only 8% of our Default distribution overlaps this interval. Expanding our definitions of inner
planets and distant giants increases the conditional rate, because a significant fraction of the
giant planets in the R21 sample have masses below 0.5 Mj.
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4.6 Broader Planet Definitions Increase P(DG|CS)

We performed our analysis in the previous sections in exact analogy to BL24, including using
the same definitions of close-in small planets and distant giants. Under these definitions,
there were 43 DG hosts, 13 CS hosts, and 1 system hosting both. Here we examine the effect
of broadening these criteria to admit a wider range of planets. The values we quote in this
section are specifically for the metal-rich sample unless otherwise indicated. We show the

metal-rich occurrence rate distributions in Figure 4.2, and we list the corresponding results

for the full and metal-poor samples in Tables 4.1 and 4.2.

Table 4.2: Sample Sizes and Completeness

Test Metallicity Criterion  Average Completeness N, Nyef  Nhosts
Default P(DG) [Fe/H|>0 0.70 351 244.0 43
P(DGICS) [Fe/H|>0 0.83 13 10.7 1
P(DG) |[Fe/H] < 0 0.70 243 170.8 9
P(DG|CS) [Fe/H] < 0 0.81 5 4.1 0
P(DG) — 0.70 594  413.8 52
P(DGICS) — 0.82 18 14.8 1
Small DG P(DG) [Fe/H]>0 0.63 351 2226 48
P(DG|CS) [Fe/H|>0 0.81 13 10.6 3
P(DG) [Fe/H] < 0 0.64 243  156.5 9
P(DGICS) [Fe/H] < 0 0.80 5 4.0 0
P(DG) — 0.64 594  377.9 57
P(DGICS) — 0.81 18 14.6 3
Big CS, Small DG P(DG) [Fe/H|>0 0.63 351 2226 48
P(DG|CS) |Fe/H|>0 0.81 16 13.0 5
P(DG) [Fe/H] < 0 0.64 243 156.5 9
P(DGICS) [Fe/H] < 0 0.83 6 5.0 0
P(DG) — 0.64 594  377.9 57
P(DG|CS) — 0.82 22 18.0 5
Small CS, Small DG P(DG) [Fe/H|>0 0.63 351  222.6 48
P(DGICS) [Fe/H|>0 0.81 8 6.5 3
P(DG) [Fe/H] < 0 0.64 243 156.5 9
P(DG|CS) [Fe/H] <0 0.70 2 1.4 0
P(DG) — 0.64 594  377.9 57
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Table 4.2 — Continued from previous page

Test Metallicity Criterion  Average Completeness Ny Ny eg  Nhosts

P(DG|CS) — 0.79 10 7.9 3

Note: N, gives the number of stellar hosts satisfying the associated metallicity
criterion (and the CS criterion, for P(DG|CS) measurements). N, . gives
the product of N, and the completeness to distant giants among this stellar
subsample. Np.ss denotes the number of systems hosting at least one DG

planet under the given criteria.

First, we decreased the lower bound on DG mass to 90 Mg to include Saturn-mass planets,
giving 48 DG hosts, 13 CS hosts, and 3 hosts of both. The decreased mass limit added more
DGs to our sample and also extended the parameter space to regions of lower sensitivity,
resulting in a larger completeness correction. As a result, we found enhancements in both
the field rate and the conditional rate, P(DG|[Fe/H]) = 20.2722% and P(DG|CS, [Fe/H])

— 31715%, this time finding consistency with a 2x enhancement within 1o.

Next, we retained the lower DG mass bound increased the upper bound on CS planets to
30 Mg. We recovered the same 48 DG hosts, this time with 16 CS hosts among them, and
5 systems hosting both. Our results under this change, P(DG|[Fe/H]) = 20.2732% and
P(DGICS, [Fe/H]|) = 34713%, were consistent with a 2x enhancement. However, the overall
sample exhibited a comparable relative enhancement under these same definitions, suggesting

that metallicity is not responsible (see Table 4.1).

Finally, we lowered the CS mass ceiling to 10 Mg to test giant occurrence around typical
super-Earths. This definition gave 48 DG hosts, 8 CS hosts, and 3 hosts of both. The only
difference between this definition and the first definition in this section is the smaller CS mass
ceiling (10 Mg versus 20 Mg ). Although this change cut out five CS hosts, we retained all
three of the systems hosting both a CS and a DG, meaning that no giants in our sample orbit

inner planets with mass 10 — 20 M. We found P(DG|[Fe/H]) = 20.2752% and P(DGICS,
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[Fe/H|) = 47717%. In this case, our results were fully consistent with a 2x enhancement,
with our median conditional rate greater than the field rate by a factor of 2.2. Again, we saw
a comparable relative enhancement (2.6x) when we applied these definitions to the overall

sample.

4.7 Excluding evolved stars has little effect on occurrence

Stars hosting close-in planets are expected to engulf these companions as they evolve off
the main sequence (Villaver et al., 2014). Although the number of known exceptions to this
picture is growing (e.g., Grunblatt et al. 2024; Wittenmyer et al. 2022; Wang et al. 2019),
evolved stars as a population may host CS planets at a reduced rate, and would therefore

tend to increase P(DQG) in relation to P(DGJCS).

We removed evolved hosts and repeated our analysis to examine conditional occurrence
among only main sequence stars. To exclude evolved hosts from our sample, we removed
all stars with log(g)<4, which reduced our sample from 598 to 531 stars, 324 of which were
metal-rich and 207 of which were metal-poor. The 67 evolved stars we removed host 12
of the 52 giant planets in the CLS, including HD 11964 A, which hosts both a transiting

super-Neptune (M sini ~ 24 Mg) and an outer sub-Jupiter (M sini ~ 0.6 Mj).

We then recomputed the statistics of Sections 4.5 and 4.6. Our average completeness did not
change by more than 2% for any of our experiments. We found that removing evolved stars
decreased our field distant giant rates, though not enough to reach statistical significance.
Finally, because only a single CS system was removed in our "Big CS, Small DG" experiment,
and none were removed in the other experiments, our conditional occurrence rates were

essentially unaffected.
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4.8 Discussion

We used the R21 sample to reproduce the measurement of distant giant occurrence in metal-
rich systems conducted by Bryan and Lee (2024). We focused on the primary result of
that study: that the conditional occurrence of distant giants is significantly enhanced over
the field rate specifically for metal-rich host stars. We used BL24’s finding of a factor of 2

enhancement as a benchmark to test against.

Adopting the same planet definitions and statistical methods as BL24, we did not find
evidence for a strong enhancement of DGs in the presence of CS planets in metal-rich systems.

Instead, our measurements are in tension with a factor of 2 enhancement at the 2o level.

We tested the effect of changing our DG and CS definitions on our inferred occurrence rates.
Broadening these definitions to admit more CS or DG planets increased the measured condi-
tional occurrence by a greater factor than it did the field occurrence (see Table 4.1), leading
to larger relative enhancements for broader planet definitions. However, we saw similar in-

creases in relative enhancement for the overall sample, suggesting that the enhancement of

P(DGJCS) over P(DG) is not dependent on metallicity.

As a final test, we checked whether removing evolved stars from our sample caused an
appreciable change in our calculated occurrence rates. We found that although our basic
prediction that this would decrease P(DG) in relation to P(DG|CS) was borne out, the effect

was not statistically significant.

The design of our study differs from BL24 in both the sizes of our respective samples and
the homogeneity of our analyses. BL24 assembled a sample of 184 small-planet-hosting
stars, a number of which also hosted distant giants. Their large sample size allowed them to
compute P(DG|CS) with a 5% fractional uncertainty. However, because their sample only

included systems with inner planets, they could not use it to establish P(DG). They therefore

105



compared their conditional occurrence rate to the field rate from the R21 sample with the
assumption that the two samples were drawn from the same underlying distribution of stars
with the same P(DG). This assumption may not be correct, and the increased measurement

precision from using a larger sample may have come at the cost of decreased accuracy.

We used the R21 sample to compute P(DG) and P(DG|CS) self-consistently, so we did not
contend with biases arising from different samples. However, the R21 sample contains far

fewer CS planets than BL24, resulting in large fractional uncertainties on our measurements

of P(DGJCS).

A third difference is the use of different completeness correction algorithms. In particular, we
used stricter criteria for injected planet recoveries, resulting in lower average completeness
and therefore higher inferred occurrence rates. Because these criteria resemble the actual
detection pipeline used to compile the R21 sample more closely than BL24’s, we expect that

our completeness correction is more accurate.

Despite the rapid growth of the census of exoplanets over the last few decades, samples large
enough to support homogeneous, multi-dimensional analyses, such as conditional occurrence
rate estimates, are not yet available. The largest blind RV surveys, with sample sizes of
~1000, were compiled over decades and are unlikely to grow by an order of magnitude in
the near future. However, improvements in RV precision will provide increased sensitivity
to small planets over time. This will directly enable more precise measurements of P(CS),
but it will also reveal CS planets in DG-hosting systems. Therefore, we expect improved

precision on P(DG|CS) even in the absence of larger samples.

Leveraging other detection methods is another promising avenue for improving occurrence
rate statistics. For example, using uniform transit missions to identify close-in small planets
can efficiently establish a sample of CS-hosting stars, and using RVs to follow up such a

sample homogeneously (i.e., without regard to metallicity, probability of a distant giant,
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etc.) can provide P(DG|CS) even with modest RV precision. Furthermore, searching for
distant giant signatures in astrometric data from Gaia could be used to make a robust
measurement of P(DG) for comparison. The risk of inter-sample biases from cross-method
comparisons remains a concern, but will diminish as large surveys approach statistically

identical target samples.
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Chapter 5

The TESS-Keck Survey XXIV: Outer
Gilants may be More Prevalent in the

Presence of Inner Small Planets

A version of this chapter was accepted to be published in The Astronomical Journal (Judah

Van Zandt et al., 2025, Accepted to AJ).

abstract

We present the results of the Distant Giants Survey, a three-year radial velocity (RV) cam-
paign to search for wide-separation giant planets orbiting Sun-like stars known to host an
inner transiting planet. We defined a distant giant to have ¢ = 1-10 AU and M, sini =70
4000 Mg = 0.2-12.5 Mj, and required transiting planets to have a < 1 AU and R, =1-4 Rg.
We assembled our sample of 47 stars using a single selection function, and observed each star

at monthly intervals to obtain 30 RV observations per target. The final catalog includes
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a total of twelve distant companions: four giant planets detected during our survey, two
previously known giant planets, and six objects of uncertain disposition identified through
RV /astrometric accelerations. Statistically, half of the uncertain objects are planets and the
remainder are stars/brown dwarfs. We calculated target-by-target completeness maps to ac-
count for missed planets. We found evidence for a moderate enhancement of distant giants
(DG) in the presence of close-in small planets (CS), P(DG|CS) = 31713%, over the field
rate of P(DG) = 1673%. No enhancement is disfavored (p ~8%). In contrast to a previous
study, we found no evidence that stellar metallicity raises the enhancement of P(DG|CS)
over P(DG). We found evidence that distant giant companions are preferentially found in
systems with multiple transiting planets and have lower eccentricities than randomly selected
giant planets. This points toward dynamically cool formation pathways for the giants that

do not disturb the inner systems.

5.1 Introduction

Planets between the size of Earth and Neptune with orbital periods less than one year occur
around the majority of Sun-like stars (Petigura et al., 2018). Meanwhile, giant planets with
orbital periods longer than one year occur around 10-20% of stars (Rosenthal et al., 2022;
Wittenmyer et al., 2020; Fischer et al., 2014; Cumming et al., 2008). The spread in values
arises from different stellar samples along with different definitions of what constitutes a
“distant giant planet.” The close-in small planet (CS) population was compiled primarily
using the transit method (Kepler/ K2/ TESS), while most distant giants (DG) were discovered
with the radial velocity (RV) technique. Historically, transit and RV surveys have targeted
nearly disjoint stellar populations (Wright et al., 2012; Winn and Fabrycky, 2015), resulting

in few systems thoroughly searched for both planet types.

Different planet formation theories disagree on whether the occurrence rates of CS and
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DG planets should be positively or negatively correlated. In-situ models predict solid-rich
protoplanetary disks will facilitate the growth of planetary cores both interior and exterior
to the ice line, suggesting a positive correlation (e.g., Hansen and Murray 2012; Chiang and
Laughlin 2013). By contrast, models that involve significant migration predict that distant
giants could dynamically perturb the cores of nascent small planets, either barring them
from inward migration (Izidoro et al., 2015; Izidoro and Raymond, 2018) or driving them

into their host star (Batygin and Laughlin, 2015; Naoz, 2016).

Multiple studies have sought to clarify this picture in recent years by measuring the condi-
tional occurrence of distant giants, P(DGJ|CS), the probability of a system hosting a giant
planet given the presence of a close-in small planet. Using samples compiled from literature
systems with archival RVs, Zhu and Wu (2018) and Bryan et al. (2019) found enhancements
of giants in CS-hosting systems over the field rate: P(DG|CS) ~ 30% and P(DGI|CS) =
39 + 7%, respectively. Rosenthal et al. (2022) also found an enhancement of P(DG|CS) =
41 £+ 15% using a uniform sample of legacy RV targets from the California Legacy Survey
(CLS; Rosenthal et al. 2021). In contrast, Bonomo et al. (2023) found no evidence for a
correlation among a sample of 38 Kepler/K2 systems: P(DG|CS) = 9.3771%. However, Zhu
(2024) noted that the average metallicity of the Bonomo et al. (2023) sample was sub-solar,
and that correcting for this raised the conditional rate to 39717%. The variation among
these results highlights the importance of uniform sample selection in statistical analyses.
For example, Hot Jupiter occurrence rates measured from transit surveys (~0.6%) differ at
the 3o level from those measured from RV surveys (~0.8-1.2%), which is likely attributable
to the suppression of binary star systems in RV surveys (see Winn and Petigura 2024 and

references therein).

The Distant Giants Survey aims to measure P(DG|CS) in a homogeneously compiled sample
of Sun-like stars hosting transiting CS planets detected by TESS (Ricker et al., 2015). We

introduced the survey and presented the confirmed giant plants in our sample in Van Zandt
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et al. (2023). In this work, we present the completed Distant Giants Survey, including a
uniform analysis of the partial orbits in our catalog, as well as our measurement of P(DG|CS).
In Section 5.2, we review our survey’s target selection function and observing strategy. We
describe our planet detection algorithm in Section 5.3. We summarize our catalog of full and
partial orbit detections in Section 5.4, and describe the partial orbits in detail in Section 5.5.
We characterize our survey sensitivity in Section 5.6, and measure conditional occurrence
framework in Section 5.7. We present our results in Section 5.8 and discuss them in Section

5.9.

5.2 Survey Review

The Distant Giants Survey targeted 47 Sun-like (M, = 0.5 — 1.5 My, Teg < 6250 K) TESS
targets, each hosting at least one transiting planet candidate (Guerrero et al., 2021), compiled
to determine the conditional occurrence rate of long-period gas giants in the presence of
inner small planets (Van Zandt et al., 2023). We carried out our survey as part of the
larger TESS-Keck Survey (TKS), a multi-institutional RV survey of over 100 TESS objects
of interest (Chontos et al., 2022b). We prioritized RV amenability in our sample, selecting
stars with low activity (log Ry < —4.7), low rotational velocity (vsini < 5.0 km/s), and
high declination (6 > 0°) to facilitate observations from Keck and Lick Observatories. We
did not require our targets to have prior RV observations, nor did we exclude targets with
extant RVs. We required that the transiting companion have R, < 10 Rg to include a
few sub-Jovian size planets, but we apply further restrictions on inner planet radius in our
occurrence calculations (see Section 5.7). Our final sample exhibits a metallicity consistent
with solar (median [Fe/H|=0.10, ofpe/m = 0.17 dex). For stars with T, > 4800 K, we report
metallicity values calculated using SpecMatch-Synthetic (Petigura, 2015), while for stars

with Ty < 4800 K, we report metallicities from SpecMatch-Empirical (Yee et al., 2017).
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Figure 5.1: Stellar and transiting planet parameters of the Distant Giants Survey.
Panel (a): metallicity and V-band magnitude of stars with companions detected as resolved
orbits (blue squares), companions detected as accelerations (red diamonds), and with no
detected companions (black circles). Unfilled circles show other systems in the larger TESS-
Keck Survey. Other panels are same as (a) but for for Vsini and log R}y, (panel b), stellar
radius and temperature (panel ¢), and transiting planet radius and orbital period (panel d).
For multi-transiting systems we show the first planet to pass our survey filter (lowest TOI
number).

112



TOI = HIRES RV

1472 mm m - n - = Qeeloc Mol HE ® = ® W " EE E N - - "= man

1471 mm mn - - =m - eI XD B DX aEm - - - = -

465 m = [ R | [ B | [ ] "= = E = EE B e [ N T | [ ] [ ] " = = m APF RV

1669 mm = " EE =B " N cEcodeom B W [ ] - "= = = LI I | -

1710 - = EEE = L ] - = = = L ] - -

1694 == =5 EEE B = =EE =B ™ "= == - - Increas|ng

1716 - . EEE . - - - [ ] o Wicce o ool [ ] [ ]

1723 L I | EEE E B [ 3 ] " = = = oo {oco o oo [ ] - RA

509 - -mEE . [ 1] - = = EE EER B [ I []

1773 - O oo We o o o o R — po Boo o a c0colo M

1775 [ ] - [ ] [N ] e @ [ ] - EE E m [ ] [ ] | I I | -

1797 CooN B N K camnn = I - DX TOCHE EEmE L[] L] L I ] [ ]

1194 [ ] - = - . .= - - -n L] L ] - -

1279 a = - = [ I ] [ ] [ ] [ ] [ ] [ e | [ ] [ ] [ ]

1451 m = [] omom TR o - mao ool -mIaa-En o m oo Mo oo [

1823 = = [ ] L] - L ] L ] - " = ® EEN ® =N L ] - =n - - n

1173 [ ] - . L] - . - = [ I | " B EEE EEN B [ ] - L[] -nm [ ]

1824 mmm mm e =N - — - - ECEaOEE B N O EE N " I ] .

1272 == -m - EEmEEw - " m s s ToEE W [ B [] L]

1249 = mm [ [] (] [ | == oM EE EEN ® [ [] [] am [}

1794 m = = [ I | L] "= B m B Mee @ ® @ E EE EER B [ ] == = -

1174 mmm - ] s === " = " e =EE N ] [ I ] [ R 1] ]

1180 = = = L] [ ] " = == =N - L ] " E Em EE B - L ] - =

1247 == - = —EEa = W " EamEmE m TaEesd —

1411 ==m ®m cccoco @ oM B e ool B EN - - = n -man [ ] [ ] - - .-

1751 s m m = "= CXTRITIOOT - — " N EEEEE =S RN == =@

1269 m = = L ] "= " = = =N Poww@o-@  H A0 B B - . -

1246 s = " mE i) iiaie i miai el omi g o A O B EEEEENCE- o o o [ ]

1753 - m [ ] EE BN W MoK cccse oxccll B OB N EE B NN [ ] - E EEEE

1437 mmmm B omee T R o Do o Do o R o @ oo DodDo oDl o M == ]

1244 - . L] - = "= mon L[] " E E N EE W L ] - - mmEE

1742 n smmm = - . BT B VY TR AR T e ocfo DM D@l @ B [ ] [ I ]

1248 "= [ ] wwoll @ B H H B oo EE EE E BN B [ ] [ ] L] ] [ ]

2088 mmmm [ ] [ ] - == = Woao D " =mE = " ®E N EEER

1691 = =m = [ ] [ ] ] EE B EH OB E oQoo & E e EE E EEN B ] [ ] ]

1438 m = = m = [ ] "= = E E E B [ I | " BN EEeD - "= = E = =Em -

1255 mmmm = =w " EEE ® E® ® E BN @ T Emmm = O [ I |

1443 " = = D - - = n - - . EEw - " = mas -

1339 zoemms = m 3 - - " meom A T [ B |

1444 —mwm-am-- 0% - e " = EmEEEm "= == n

1288 = m m oo WMo oo L ] " = s EEmE = =

1611 . N Do o -n oo Boo@ oTMoT oW W L ] - =

1759 mEsm = mE = [ ] [ ] mEE E EN [ ] [ ] [ 1]

1410 mm = me = [ ] B B X3 Ccl 0o E@cdl @mao ooo B - EEEw [ ] [ ] [ ]

1469 = wlliooo-om>-o (o @ gamamme 0000 - [

1422 " = = = L ] -n " Ep @ ® mEE ® O @ @ B 1 ] [ ] L[]

1758 mm m @ ®m m@m " ®E EE B B EE X WX B o K "= e -
2021-02-01 2022-02-01 2023-02-01

Figure 5.2: Radial velocity observations of the Distant Giants Survey. In total we
collected 1990 RVs from Keck/HIRES (red squares) and 2036 observations from APF /Levy
(gray circles) between 1 August 2020 and 31 January 2024. Note a few targets had prior RVs
which are not shown. TOI identifiers are shown in the left margin, ordered by right ascension.
Each year label on the z-axis marks February 1, the first day of the “A” observing semester.
The typical target in our survey is not accessible from Keck for about three months per year,
resulting in the diagonal cadence gaps. The eruption of Mauna Loa in November 2022, as
well as unrelated damage to the lower shutter of the Keck I dome between November 2022
and May 2023, resulted in a substantial decrease in observation cadence for targets between
RA ~16-22 hr, which did not reach elevations >40° during this period.
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We summarize the stellar properties of the targets in the TKS and our sample in Figure 5.1,

and we provide stellar and transiting planet properties in Table 5.1.

Table 5.1: Distant Giants Sample

TOI TKS Name RA (deg) Dec (deg) \% Tex |Fe/H| Rp(Rg) P (days) Distant Giant? Trend?

465 WASP156 32.8 2.4 11.6 5032 0.29 5.6 3.8 X X
509 63935 117.9 9.4 8.6 5534 0.09 3.1 18.1 X X
1173 T001173 197.7 70.8 11.0 5352 0.18 9.2 7.1 X X
1174 T001174 209.2 68.6 11.0 5124 0.00 2.3 9.0 X v
1180 T001180 214.6 82.2 11.0 4790 -0.01 2.8 9.7 X X
1194 T001194 167.8 70.0 11.3 5428 0.33 8.9 2.3 X X
1244 T001244 256.3 69.5 11.9 4675 -0.04 2.4 6.4 X X
1246 T001246 251.1 70.4 11.6 5158 0.17 3.3 18.7 X X
1247 135694 227.9 71.8 9.1 5648 -0.13 2.8 15.9 X X
1248 T001248 259.0 63.1 11.8 5272 0.22 6.6 4.4 X X
1249 T001249 200.6 66.3 11.1 5514 0.29 3.2 13.1 X X
1255 HIP97166 296.2 74.1 9.9 5214 0.28 2.7 10.3 X X
1269 T001269 249.7 64.6 11.6 5466 -0.06 2.4 4.3 X X
1272 T001272 199.2 49.9 11.8 5091 0.21 4.3 3.3 X X
1279 T001279 185.1 56.2 10.7 5414 -0.10 2.6 9.6 X X
1288 T001288 313.2 65.6 10.4 5357 0.26 4.7 2.7 v X
1339 191939 302.0 66.9 9.0 5355 -0.15 3.2 8.9 v X
1410 T001410 334.9 42.6 11.1 4666 0.16 2.9 1.2 X X
1411 GJ9522A 232.9 47.1 10.5 4478 -0.10 1.4 1.5 X X
1422 T001422 354.2 39.6 10.6 5852 -0.03 3.1 13.0 X X
1437 154840 256.1 56.8 9.2 6049 -0.19 2.4 18.8 X X
1438 T001438 280.9 74.9 11.0 5234 0.08 2.8 5.1 X v
1443 T001443 297.4 76.1 10.7 5160 -0.30 2.1 23.5 X X
1444 T001444 305.5 70.9 10.9 5466 0.14 1.3 0.5 X X
1451 T001451 186.5 61.3 9.6 5735 -0.01 2.5 16.5 X X
1469 219134 348.3 57.2 5.6 4839 0.11 1.2 3.1 v X
1471 12572 30.9 21.3 9.2 5599 -0.03 4.3 20.8 X v
1472 T001472 14.1 48.6 11.3 5186 0.28 4.3 6.4 X X
1611 207897 325.2 84.3 8.4 5091 -0.04 2.7 16.2 X X
1669 T001669 46.0 83.6 10.2 5551 0.26 2.2 2.7 v X
1691 T001691 272.4 86.9 10.1 5689 0.03 3.8 16.7 X X
1694 T001694 97.7 66.4 11.4 5069 0.12 5.5 3.8 v X
1710 T001710 94.3 76.2 9.5 5734 0.15 5.4 24.3 X X
1716 237566 105.1 56.8 9.4 5861 0.06 2.7 8.1 X X
1723 T001723 116.8 68.5 9.7 5800 0.16 3.2 13.7 X X

Continued on next page
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Table 5.1 — Continued from previous page

TOI TKS Name RA (deg) Dec (deg) \% Teg |Fe/H] Rp(Rg) P (days) Distant Giant? Trend?

1742 156141 257.3 71.9 89 5733 0.18 2.2 21.3 X v
1751 146757 243.5 63.5 9.3 5961 -0.38 2.8 37.5 X X
1753 T001753 252.5 61.2 11.8 5620 0.03 3.0 5.4 X X
1758 T001758 354.7 75.7 10.8 5142 -0.03 3.8 20.7 X X
1759 T001759 326.9 62.8 11.9 4420 -0.20 3.2 37.7 X X
1773 75732 133.1 28.3 6.0 5363 0.42 1.8 0.7 v X
1775 T001775 150.1 39.5 11.6 5349 0.19 8.1 10.2 X X
1794 T001794 203.4 49.1 10.3 5663 0.02 3.0 8.8 X X
1797 93963 162.8 25.6 9.2 5948 0.10 3.2 3.6 X v
1823  TIC142381532 196.2 63.8 10.7 4917 0.28 8.1 38.8 X v
1824 T001824 197.7 61.7 9.7 5216 0.12 2.4 22.8 X X
2088 T002088 261.4 75.9 11.6 4902 0.31 3.5 124.7 X X

Note: Properties of the 47 stars in the Distant Giants sample, plus the periods and
radii of their inner companions. For multi-transiting systems, we checked planets in the
order that TESS detected them, and show the properties of the first one that passed
our filters. We truncated period precisions for readability. Median uncertainties are as
follows: |Fe/H]-0.06-0.09 dex; R,—9.6%; P—60 ppm. We calculated metallicity values
using the SpecMatch-Synthetic code (Petigura, 2015) for host stars with T,g > 4800
K (o[pe/m) = 0.06 dex). We used SpecMatch-Empirical (Yee et al., 2017) for host stars
below this limit (ope/m) = 0.09 dex). We retrieved all other values from Chontos et al.
(2022b). We also indicate in the two right-most columns which systems exhibit either

a fully resolved giant planet signal or a long-term RV trend.

We tailored our observing strategy to detect planets with long periods and large K-amplitudes:
we observed each target once per month, primarily using the HIRES spectrograph coupled
to the Keck I telescope (Vogt et al., 1994), with supplementary observations for bright tar-
gets (VV<10) from the APF/Levy spectrograph at Lick Observatory (Vogt et al., 2014). We
used the HIRES exposure meter to integrate to a minimum SNR of 110 per pixel. We set a
goal of 30 total HIRES observations per target over the nominal three-year duration of the

survey. We obtained median values of 37 RV observations, an 1109-day (3.0-year) observing
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baseline, and 1.7 m/s photon-limited RV uncertainty per target. We add HIRES’s 2 m/s
instrumental noise floor (Fulton, 2017b) to this last value in quadrature to obtain 2.6 m/s
total RV uncertainty. We collected a total of 4026 RVs, 1990 of which were taken using
Keck/HIRES. We reached at least 25 RVs and at least 1096-day (3.0-year) baselines for all
of our 47 systems. We show our target cadence over the survey duration in Figure 5.2, and

provide a subset of the full RV data set in Table 5.2.
Table 5.2: Distant Giants Radial Velocities

TOI TKS Name BJD RV (m/s) RV Error (m/s)  Instrument
TOI-465 WASP156 2.459071e4+06  -18.054364 1.564020 hires_j
TOI-465 WASP156 2.459093e+06 1.107389 1.559804 hires j
TOI-465 WASP156 2.459143e+06 -0.437076 1.581019 hires_j
TOI-465 WASP156 2.459182e+4-06  -12.919443 1.729959 hires_j
TOI-465 WASP156 2.459239¢-+06 5.979829 2.182647 hires_j
TOI-465 WASP156 2.459269e+06 18.029111 1.558576 hires j
TOI-465 WASP156 2.459396e+06 11.567155 1.714726 hires_j
TOI-465 WASP156 2.459445e+06 21.068103 1.478714 hires_j
TOI-465 WASP156 2.459477e+06 1.831015 1.563436 hires_j

Note: A subset of the radial velocity measurements used in
our analysis. All measurements were collected between 1 August
2020 and 31 January 2024 using the Keck/HIRES and APF /Levy
spectrometers. We provide the full set of 4026 RVs in the online

publication of this chapter.

5.3 Planet Detection Algorithm

We detected planets using an automated algorithm that we applied uniformly to all RV
timeseries. In broad strokes, our approach follows that of the Rosenthal et al. (2021) analysis
of the California Legacy Survey (CLS). We used the RVSearch blind search algorithm to select
an RV model by iteratively adding planet signals, then we fit the preferred model to the RV

data using radvel. However, there are some key differences between our survey and CLS:
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Figure 5.3: Flow diagram of our planet detection algorithm. We used the same
algorithm for detecting planets (Section 5.4) and for computing completeness (Section 5.6).
We began by initializing an orbital model with the RV data and the ephemerides of any
known transiting planets. We then determined whether the data supported the inclusion of
a trend, that is, if a trend model was favored over a flat model by ABIC > 5, after which we
added a new planet to the model. We computed ABIC between the starting model and a
model with a trial planet over a dense grid of trial periods. If the maximum ABIC exceeded
30, we performed a final model comparison test to select a model with a planet, a trend, or
both. We iteratively added planets to the model in this way until no more were found. For
the injection /recovery experiments described in Section 5.6, we began with the final model
from Section 5.4 to retain any planets found during the initial search. We then injected
a synthetic planetary signal into the data and began the recovery at the trend test step
(outlined in red). When the search terminated, we checked whether the injected signal was
recovered, either as a planet or as a trend, and recorded the result.
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in the CLS, the targets had more RVs (N ~ 70) recorded over longer observing baselines
(t ~ 20 yr). We therefore tuned the search algorithm to the characteristics of our dataset.

We summarize our procedure schematically in Figure 5.3 and provide further details below.

We first established an initial model which included the transiting planet(s) along with their
periods P and times of conjunction ¢., which we retrieved from the TESS data validation
reports. We optionally included a linear and/or quadratic term in our model to account for

any long-term non-periodic variability.

Next, we constructed a grid of trial periods. The spacing is such that there is at most a
phase slip of 1 radian between the trial periods to ensure significant peaks are not missed.
For each candidate period, we introduced an additional planet to the model, which we will
refer to as the ‘trial planet.” With the trial planet’s period fixed, we fit the remaining orbital
parameters — time of periastron t,, eccentricity e, argument of periastron w, and RV semi-
amplitude K. If a trend was included based on the prior step, we allowed its parameters to
vary as well. During the fitting, we held parameters of all other planets fixed. We calculated
the change in Bayesian Information Criterion (ABIC; Schwarz 1978) between each model
and a model without the added planet. We repeated this step for all trial periods to produce

a ABIC periodogram.

In principle, we may adopt any significance threshold to accept or reject periodic signals,
provided that it is used in both the initial search and the completeness correction (described
in Section 5.6). We identified ABIC > 30 as a threshold that produced relatively few false
positive and false negative detections across our sample. If the maximum ABIC value did
not exceed 30, we removed the trial planet from the model, designated the current model as
preferred, and terminated the search. If the maximum ABIC exceeded 30, we refined the fit
using a finer period search, and performed a final comparison to select a trend or a planetary
model. To do this, we generated three copies of the orbit model: (1) trial planet and no

trend, (2) no trial planet and a trend, and (3) both trial planet and trend. From these, we
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selected the model with the highest ABIC.

If our three-way model comparison favored a trend only, we designated the current model as
preferred. Otherwise, we added another planet to our model and repeated the search until
one of the termination conditions was met. As an additional termination condition, we set a
maximum of eight planets on each system’s model, though in practice never found evidence
for more than two. After determining our final preferred model, we derived credible orbital

solutions by sampling our posterior probability with emcee (Foreman-Mackey et al., 2013).

5.4 Planet Catalog

5.4.1 Six companions with resolved orbits

We identified six giant planets with P < tp..c where we could fully resolve the orbits and
measure planetary parameters with small fractional uncertainties. Two such planets, HD
219134 g (Vogt et al., 2015) and HD 75732 d (Fischer et al., 2008), were known prior to the
start of our survey. We announced the discovery of two more, TOI-1669 b and TOI-1694 c,
in Van Zandt et al. (2023), and confirmed the mass of HD 191939 f in Lubin et al. (2024b).
Knudstrup et al. (2023) independently resolved TOI-1288 ¢ for a total of six giants. We

display the masses and periods of these giants and their inner companions in Figure 5.4 and

Table 5.3.
Table 5.3: Resolved Distant Giants planet properties
Transiting Planet Giant Planet
TOI TKS Name Period Radius Mass Period Separation Msin ¢ Ref
(days)  (Ra) (Ma) (days) (AU) (My)
1288 T001288 2.7 5.24 £0.09 4243 4431?11)) 1.1£+04 0.26 £ 0.02 1
1339 191939 8.9 3.39+0.07 10.4+0.9 8.54+0.9 3.6+0.2 32+0.5 2
1469 219134 3.1 1.3+0.6 4.54+0.5 2101+ 3 3.06+0.04 0.31+0.01 3,4
1669 T001669 2.7 24+0.2 5.2+3.1 502 + 16 1.13 £0.03 0.57 £ 0.07 5
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Table 5.3: (continued)

Transiting Planet Giant Planet
TOI TKS Name Period Radius Mass Period Separation Msin ¢ Ref
(days)  (Ra) (Ma) (days) (AU) (M;)
1694 T001694 3.8 54+0.2 26 £ 2 389 £4 0.98 £0.02 1.05+0.05 5
1773 75732 0.7 2.0+0.3 8.3+0.3 5285 + 5 5.61£0.09 3.84+0.08 4,6

References — (1) Knudstrup et al. (2023), (2) Lubin et al. (2024b), (3) Vogt
et al. (2015), (4) Rosenthal et al. (2021), (5) Van Zandt et al. (2023), (6)

Dawson and Fabrycky (2010)
Note: Columns 3-5 refer to properties of the transiting companion, and

columns 6-8 refer to the distant giant. The right-most column gives the refer-
ence(s) for giant planet mass and period, as well as the transiting planet mass,
if available. We list our own fitted giant planet separations. For TOI-1288,
the reference is for all parameters of both planets. We cite transiting planet
parameters for HD 191939 from Lubin et al. (2022b). We cite transiting planet
parameters for the remaining systems from the TESS Data Validation Reports.
Typical transiting planet period uncertainties are of order 10~* — 107 days.
We include HD 191939, HD 219134, and HD 75732 in this table because we
detected them in our full RV data sets. However, we treat these signals as

trends in our homogeneous statistical analysis.

5.4.2 Six companions with partial orbits

120

We detected six massive companions as long-term linear and/or quadratic RV trends and
list them in Table 5.4. We noted that multiple trends with 3o significance manifested in our
sample, only to be ruled out by subsequent RV measurements. We therefore adopted a trend
threshold of 40 to exclude these signals while retaining as many true trends as possible. The
masses and orbital period of such objects have large uncertainties; often the RVs alone are

insufficient to determine whether the object is a planet, brown dwarf, or star. We compute



-
o
I-b

103_' 732d
5 Lroiteou 39
\. To1- 1669 b.
T 84D 219134 ¢

TOI-1288 ¢

: : RV detection

5 .%g., ) Transit detection

; @ Survey TOI

{ | = Survey TOI with trend
10094 00 @  oarc® m Survey Distant Giant

10 10' 102 103 = 10%
Period (days)

Figure 5.4: Close-in small planets and their distant giant companions. Masses
and periods of exoplanets from our survey (bold squares) and the NASA Exoplanet Archive
(faded circles) for context . Red/blue points indicate planets discovered using the transit/RV
method. Red squares show true masses of transiting planets in the Distant Giants Survey
measured by RVs (Polanski et al., 2024), while blue squares show minimum mass measure-
ments (M sini). For systems with multiple transiting planets, we show the parameters of
the transiting planet with the lowest TOI designation that passed our filters. Red squares
with yellow borders indicate systems in which we detected a linear/quadratic trend. Giant
planets in our sample are connected to the inner planet in their system by a black line. The
box corresponds to our nominal definition of a Distant Giant.
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the relative probability of each scenario in Section 5.5, incorporating astrometric and imaging
constraints where available. In Figure 5.5 we show the planet masses and separations for
each system in our survey, and indicate the systems in which we detected a trend.

Table 5.4: Distant Giants trend data

TOI TKS Name 4 (m/s/yr) 4 (m/s/yr?) Ap (mas/yr) Direct Imaging? P(planet) P(BD) P(star)

1174 T001174 -27.0 £ 3.7 14.3 £ 2.1 — True 0.53 0.22 0.26

Continued on next page
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Table 5.4 — continued from previous page

TOI TKS Name 4 (m/s/yr) 4 (m/s/yr?)  Ap (mas/yr) Direct Imaging? P(planet) P(BD) P(star)
1339 191939 26.9 £ 0.5 -9.9 £0.5 0.13 £+ 0.03 True 0.98 0.02 0.00
1438 T001438 109 £ 14 -13.5 £ 1.7 — True 0.79 0.08 0.12
1469 219134 -4.4 £ 0.3 0.0 £ 0.0 0.15 £ 0.06 True 1.00 0.00 0.00
1471 12572 -22.0+ 0.4 -0.5 £ 0.5 0.07 £ 0.05 True 0.61 0.08 0.31
1742 156141 13.1 £ 0.5 -6.4 £ 0.5 — True 0.78 0.15 0.08
1773 75732 -68.6 + 12.5 6.8 + 1.0 0.07 £ 0.06 False 0.91 0.03 0.07
1797 93963 9.4+ 18 -12.7 £ 1.8 — True 0.81 0.07 0.12
1823  TIC142381532 -8.6 £ 2.1 0.5 £ 0.9 — True 0.32 0.31 0.38
Total 6.73 0.96 1.34

Note: RV, astrometric, and imaging information for the nine trend systems in our

sample. We include HD 191939, HD 219134, and HD 75732 in this table despite knowing

that their trends are planetary in origin because we treated their signals as trends in

our statistical analysis.

The three columns at the right give the probability of the

measured signal in each system originating from a planetary, brown dwarf, or stellar

companion between 3—64 AU. We derived these probabilities by integrating the posterior

distributions we calculated using ethraid over the appropriate mass interval. Summing

the probabilities for each object type suggests that these nine systems host 5 —6 planets,

2 — 3 brown dwarfs, and ~ 1 stellar companion.

5.4.3 Treatment of pre-survey data

A handful of our targets’ data sets significantly exceed our three-year, 30-observation criteria.

For example, HD 219134 and HD 75732 each have >600 observations over ~30 years. For

such data sets, it is possible to detect many planets. We found that our detection pipeline,

which was tuned for N ~ 30 observations and t,.s ~ 3 yr, struggled to identify the correct

orbital parameters of the smaller planets in these systems. We opted for a simple scheme by

setting a maximum observing baseline of four years, which truncated the data sets of four

systems: HD 207897, HD 191939, HD 219134, and HD 75732. The last three of these each

122



0.4

TOI-2088

T0I-1823 L 4

TOI-1751 ®

TOI-1710 ®

TOI-1742 ®

TOI-1824 ® 03
o—eo

\ 4

\ 4

TOI-1443
TOI-1471
TOI-1437 @
TOI-1758 @
TOI-1691 L 4
TOI-1451 @
TOI-1247 ®
TOI-1759 L 4
TOI-1611 L 4
TOI-1723 L
TOI-1249 L 4
TOI-1422 @

@

@

L 4

*—@

0.2

Eccentricity

TOI-1775
TOI-1255
TOI-1279
TOI-509
TOI-1794 L 2
TOI-1180 L
TOI-1716 ®
L 4

L 4

r0.1

TOI-1339
TOI-1174
TOI-1173 @
TOI-1472 @
TOI-1244 ®
TOI-1753 @

' &

L 4

Yo

TOI-1438
TOI-1248
TOI-1246 —— 0 0—0—0—@
TOI-1269 @
TOI-465 @
TOI-1694 @
TOI-1272 @
TOI-1469 *—o O0—O0—=©
L 4
@
@

1 Mg

300 Mg

1000 Mg
Distant giant
RV trend

TOI-1669
TOI-1288
TOI-1194
TOI-1411 .
TOI-1797 +—o—@ >
TOI-1410 °

TOI-1773 —@ O O ‘—
TOI-1444 e

Q
vo@e -

(@)

0.01 0.1 1 10
Semi-major Axis (AU)

Figure 5.5: Masses and orbital spacings of the planets in each system in our
survey. Systems are ordered according to the semi-major axis of the inner-most transiting
planet. Transiting planets are shown with black markers and non-transiting planets are
colored according to their eccentricity. Marker sizes are proportional to the square root of
the planet true mass (for transiting planets) or minimum mass (for non-transiting planets).
We use red borders to indicate planets which meet our definition of a distant giant. For
systems with RV trends, we place a red triangle at a separation corresponding to six years,
the approximate maximum period for which we could resolve a Keplerian orbit. Based on
Figure 4 of Weiss et al. (2024).
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host a distant giant with P > 5 years, which presented as trends in the truncated data. We
treated these signals as trends for our trend analysis (Section 5.5) and occurrence calculations
(Section 5.7), but recognized their planetary nature in our analysis of correlations between
distant giants and inner small planet properties (Section 5.8). HD 219134 and HD 75732 each
have many four-year windows which we could have selected for our analysis. We conducted
our occurrence calculation multiple times using different observing windows, and therefore
sampling different phases of the giant planet in each system, to verify that our results were

not sensitive to our choice of observing window.

5.5 Trend Analysis

5.5.1 ethraid

We characterized companions detected as trends using ethraid (Van Zandt and Petigura,
2024a). This code determines the masses and orbital periods that are consistent with a mea-
sured RV trend, imaging constraints, and/or astrometric accelerations through importance

sampling.

We assumed that the measured signal originated from a single object (as opposed to multiple
bodies or stellar activity). We also assumed that its semi-major axis is between 3 and 64 AU;
smaller orbits would be resolved as Keplerians and objects with larger orbits would have
such high masses that they would be easily detected as stars. We considered companions
between 0.1 — 1000 Mj, covering planets, brown dwarfs, and low-mass stars. We adopted an

informative M-a prior, which we expand upon in Section 5.5.2

We included astrometric constraints from the Hipparcos — Gaia Catalog of Accelerations

(HGCA, Brandt 2021) and imaging constraints from Polanski et al. (2024). The joint M-a
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constraints for these objects are shown in Appendix 5.12 along with notes on each system.
For each system, we collected the posterior samples output by ethraid and integrated the
distribution over three mass intervals: M < 13 My, 13 My < M < 80 My, and 80 Mj; < M.
We report these fractions in Table 5.4 as the probability that the companion is a planet,

brown dwarf, or star, respectively.

5.5.2 Mass-Separation prior

We implemented a prior on mass and separation to reflect the intrinsic prevalence of com-
panions with different properties. We derived this prior distribution based on the occurrence
rates of sub-stellar (CLS; Rosenthal et al. 2021) and stellar (Raghavan et al., 2010) compan-

ions to Sun-like stars.

We chose to define this prior over the interval 0.03 — 64 AU, 0.05 — 1000 Mj, extending
to smaller masses and separations than our trend analysis required both because the CLS
has high sensitivity and many detections in this regime (see Figure 5.6), and to examine
features of planet and brown dwarf occurrence as a function of separation (see Section 5.9.4).
We calculated survey completeness in this domain using the ensemble of injection/recovery
experiments published by Rosenthal et al. (2021).! Following previous occurrence studies
(see Winn and Petigura 2024 for a review) we divided this region into two-dimensional
intervals uniform in logarithmic space. We used five intervals in mass and five intervals in
semi-major axis, giving 25 cells. Our mass bins approximately correspond to sub-Jupiters
(0.05-0.3 Mj), Jupiter analogs (0.3-3 Mj), super-Jupiters (3-13 Mj), brown dwarfs (13—
80 Mj), and stars (80-1000 Mj). We chose our semi-major axis bounds to approximate
log-uniform spacing between 0.03-64 AU. We employed the Poisson occurrence method of

Section 5.7.2 to calculate the occurrence rate in each cell.

! Accessible at https://github.com/leerosenthalj/CLSI/tree/master

125


https://github.com/leerosenthalj/CLSI/tree/master

80 1.0
\\
C\\1000
0.8
13 . < I % \ 0.08
—~ / % o 'o e ° L4 i % .
= 7w % = oo
- 3 l Y—
= . I
D r, e 2 7 0.04
= * e N4=  ©
oo L) = % S
> | Q
0.3 * i P 002
e o i 0.2& )
|
e CLSpl t
BEES B
0. oo
®o3 02 1 16 64 Separatlon AU)

Separation (AU)

Figure 5.6: Mass/separation prior informed by the Rosenthal et al. (2021) and
Raghavan et al. (2010) surveys. Left: Minimum masses and orbital separations of
the CLS (Rosenthal et al., 2021) sample of planets (blue points) and brown dwarfs (orange
points). We also show the survey-averaged completeness map (red contours) emphasizing the
50% contour with a black line . We compute companion occurrence in the cells defined by
the red dashed lines. Hatch marks show cells containing fewer than three objects, giving rise
to highly uncertain occurrence rates. However, inspection of the RV constraints in Appendix
5.12 shows negligible overlap with these regions, so they do not affect our overall results.
Right: The domain of M and a we explore in our companion search. Each M-a sub-domain
is colored with the number of objects per star and serves as our joint M-a prior described
in Section 5.5.2. The highest mass bins are based on the Raghavan et al. (2010) rates.

For our stellar prior, we used the stellar period distribution of Raghavan et al. (2010).
They fit a normal distribution to a log-period histogram of 259 stellar companions detected
among a sample of 454 Sun-like stars, finding that log P ~ N(5.03,2.28). We integrated
this distribution to estimate the number of companions in each of our five semi-major axis
intervals. We then applied the same occurrence model to these cells, approximating 100%

completeness. We illustrate our mass/separation prior in Figure 5.6.
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Figure 5.7: Side-by-side comparison of injection/recovery results and calculated complete-
ness to resolved orbits (left) and trends (right). We tracked whether our automated search
algorithm recovered injected RV signals successfully (blue/green points for resolved or-
bits/trends), or unsuccessfully (red points). From this collection of recoveries, we calculated
a sensitivity map, with contour lines marking completeness deciles, and the black contour de-
noting the 50% completeness boundary. We injected 2000 signals for each system. Top row:
Completeness for a typical system in our survey (TOI-1173: 3.9-year baseline, 27 observa-
tions). Bottom row: Average completeness of the 47 targets in our survey, with blue boxes
indicating our nominal definition of a distant giant. Our average sensitivity in this interval
is 30% for resolved orbits and 35% for trends. Orange and purple dashed boxes indicate the
giant planet definitions used by Rosenthal et al. (2022) and Bryan et al. (2019), respectively.
Our survey had 32% (27%) sensitivity to resolved orbits (trends) using the Rosenthal et al.
(2022) definition, and 30% (43%) sensitivity using that of Bryan et al. (2019). Note that
we treated resolved orbits and trends as distinct detection classes, meaning that an orbit
recovered as a trend was considered an unsuccessful recovery in the resolved recovery map,
and vice versa.
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5.6 Survey Sensitivity

5.6.1 Distant Giants Survey

While we designed the Distant Giants survey to yield a high uniformity in sensitivity to
distant giants, each star has differences in RV noise properties, observational sampling, and
other properties. We evaluated our sensitivity to both resolved and partial orbits on a

star-by-star basis using an injection/recovery scheme.

We began with the system’s preferred orbital model (see Section 5.3), subtracted any fitted
trend/curvature from the data, and injected a synthetic planetary model. We generated
these planets according to the following distributions: log P ~ U (log Py, 10g Ppax), log K ~
U (log Kmin, 10g Kiax), € ~ B(0.867,3.03), t, ~ U(0, P), w ~ U(0,27). Here, Puin, Pnax =
(250 d, 15000 d), Kumin, Kmax = (2 m/s, 300 m/s), and B(0.867,3.03) is the beta distribution
fit by Kipping (2013), which we chose to match Rosenthal et al. (2021) (see Section 5.6.2).
Figure 5.7 shows the suite of experiments for TOI-1173 as an example. We permitted our
algorithm to identify at most one additional planet via the same blind search described in

Section 5.3 and in Figure 5.3, beginning by testing for a trend.

When the search terminated, we recorded any signals recovered during the search. We
considered a planet successfully recovered if P, t,, and K matched the injected values to
25% or better. We considered a recovered trend significant if the fitted value corresponded
to > 8 m/s RV variation (i.e., three times the typical RV measurement error) over a three-
year period. This threshold excluded low-significance trends in an analogous way to our 4o

trend threshold for our real catalog.

We computed completeness maps in a-M sini space for each target by performing a moving
average over the set of successful and unsuccessful detections (see Figure 5.7 for an example).

The survey sensitivity is the average of all individual maps (see bottom row of Figure 5.7).
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Figure 5.8: Average sensitivity to companions as a function of minimum mass and separa-
tion for the California Legacy Survey. Shaded regions show domains of constant detection
probability, and the solid black contour shows the 50% detection probability boundary. We
recalculated this map after adjusting for inclination effects to determine the CLS sensitivity
to true mass (see Section 5.6.2). We show the 50% boundary of the adjusted map as a
dashed black line. We use a blue rectangle to show our nominal definition of a distant giant
(a =1-—10, M = 70 — 4000 Mg). The average CLS sensitivity to minimum/true masses
within this domain is 59% /52%.

As a point of reference, our sensitivity to Jupiter-mass planets as resolved orbits is nearly
100% at 1 AU and declines to 60% near 2 AU (roughly the average baseline). Planets three

times the mass of Jupiter are recovered as trends with 60% completeness between 3-10 AU.
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5.6.2 California Legacy Survey

To calculate the field occurrence rate of distant giants, P(DG), we averaged together the
719 target-by-target completeness maps computed by Rosenthal et al. (2021) for the CLS
sample. Their sensitivity is superior to ours due to their larger RV data sets and longer
target baselines. For example, they maintain >50% sensitivity to 1 Mj objects out to 6 AU

(see Figure 5.8), whereas our sensitivity to Jupiter analogs drops precipitously beyond 2 AU.

A direct comparison of Distant Giants conditional occurrence to CLS field occurrence makes
the implicit assumption that the two samples have the same inclination distribution. How-
ever, if multi-planet systems inside/outside 1 AU are highly aligned, our selection of systems
with transiting planets will favor distant giant planets with edge-on orbits. All else being
equal, we would expect increased sensitivity at a given mass in the Distant Giants sample

since edge-on planets are easier to detect.

In the limiting case where all CS+DG systems are perfectly aligned (i.e., sini = 1), the
completeness maps shown in Figure 5.7 should be interpreted as M-a (as opposed to M sin i-
a). On the other hand, if all systems have random orientations, then the maps are on equal

footing with those of the CLS sample.

We modeled both extremes by recomputing the CLS completeness in the following manner:
for each injected orbit, we drew 10 inclinations from a distribution uniform in cosi. We then
generated 10 realizations of the true mass of the injected companion by dividing M sin+
by sint for each of the inclination draws. We maintained each injection’s status as a suc-
cessful /unsuccessful recovery during this process. We then computed the survey-averaged
completeness of the CLS in M-a (as opposed to M sini-a). The difference between the cor-
rected and uncorrected maps is minor: at 3 AU, the CLS sensitivity to M sini=1 Mj is

60%, while the sensitivity to M=1 Mj is 50%. We show both extremes in Figure 5.8.
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The average completeness of the CLS survey to minimum masses within our nominal distant
giant domain is 59%), while the sensitivity to true masses in the same interval is 52%. This

change produces a 1o (2%) difference in our inferred field occurrence rate P(DG).

5.7 Computing Planet Occurrence

5.7.1 Definitions

In this work, we define a ‘close-in’ planet to have a < 1 AU and a distant planet to have
a =1—10 AU. We define a ‘small’ planet to have R, = 1 —4 Rg for CS planets and a ‘giant’
planet to have M = 70 — 4000 Mg (0.22 — 12.6 Mj;). We also consider modified boundaries

when making direct comparisons to previous studies.

5.7.2 Occurrence Model

Our goal is to measure both the conditional occurrence of giant planets in systems with small
planets P(DG|CS) and the field occurrence rate of giant planets P(DG) and compare the

two rates. For both rates we are considering the number of planets per star.

Following the prescription in Rosenthal et al. (2022), we modeled our observed planet catalog
as a realization of a censored Poisson process. The process is censored because some planets
are missed in regions of imperfect survey completeness (Q(a, M) < 1). Our task is to infer the
parameters, @, of the occurrence rate density function A(a, M |@), where the latter is defined
as the number of planets per star per loga-log M interval. We model X\ as log-uniform over

the DG domain; @ is thus a single number.

The appropriate likelihood has been described previously (e.g., Rogers and Owen 2021) and
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Here, N, is the number of observed planets, wy, is the (a, M) tuple for the kth planet, and

A — the ‘intensity parameter’ — is

A= N, / Q(wi)A\(wy0) dlog(a)dlog(M), (5.2)

where N, is the number of host stars in our sample. Conceptually, the likelihood in Equa-
tion 5.1 can be understood as the product of two terms: the term before the product operator
is the probability of observing N planets regardless of their parameters, and the second is

the probability of observing those planets with their specific a and M values.

Since companions are either detected as trends or resolved orbits, we construct separate

likelihoods for each and multiply their results.

P({wplthr}valthrlg) :P({wpl}7Np1‘9)
(5.3)
-P({w}, Ni:|09)

Here, the subscripts “pl” and “tr” refer to the resolved and trend sub-samples, respectively.

We capture catalog uncertainties by sampling many catalog realizations from our full set
of posteriors, where each realization comprises one sample from each of the 12 posteriors
(three resolved orbits and nine trends). We discard any of the samples that fall outside of
our occurrence domain, and derive the posterior surface using Equation 5.3. We average

together many such distributions to obtain a robust estimate of the occurrence rate density.
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5.7.3 Occurrence Computation

We used this occurrence methodology to calculate P(DG|CS). We first collected the posterior
distributions for all systems hosting a resolved distant giant or a trend. For the resolved
planet posteriors, we used gaussian distributions defined by the planet parameters in Table
5.3. For the trends, we used posterior distributions produced by ethraid (see Appendix
5.12). We drew one sample from each posterior distribution, kept only the samples that
satisfied our distant giant definition, and used Equation 5.3 to calculate planet occurrence
with that realization of our catalog. We repeated this procedure 500 times and averaged the

resulting planet occurrence estimates to account for our uncertainties.

5.8 Results

5.8.1 Distant giants may be enhanced in the presence of close-in

small planets

Using the procedure described in Section 5.7, we found a conditional occurrence rate of
P(DG|CS) = 31713%. We then calculated P(DG) to be between 1675% (not inclination-
corrected) and 1873% (inclination-corrected) using the sample of Rosenthal et al. (2021).
The true field rate is likely intermediate between these two extremes. Our results suggest

with 1o confidence that P(DGJ|CS) is enhanced over P(DG) by a factor of < 2.

To quantify the significance of the enhancement, we randomly drew 10* values from the
P(DG|CS) and P(DG) posteriors and found P(DG|CS) > P(DG) among 92% of the draws.
An analogous experiment with the inclination-corrected P(DG) returned 90%. We therefore
conclude that P(DGJ|CS) is enhanced over P(DG) with > 90% confidence, and that inclina-

tion disparities caused by our transit-hosting sample do not significantly affect this result.
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We summarize our results in Figure 5.9, and report our calculated occurrence rates under

our nominal planet definitions in Table 5.5.

We repeated our analysis with planet definitions that more closely match those of Rosenthal
et al. (2022) and Bryan et al. (2019), hereafter R22 and B19, respectively (see bottom row of
Figure 5.7). R22 adopted the following definitions: DG — a = 0.23-10 AU, M, sini = 30—
6000 Mg; CS — a = 0.023-1 AU, M,sini = 2-30 Mg. The 30 Mg boundary corresponds
to R, ~ 6 Rg (Chen and Kipping, 2017). With this definition, we found P(DG|CS) =
34111% and P(DG) = 2073%, as well as a 95% probability that P(DG|CS)>P(DG). Our
conditional rate is also consistent with R22’s finding of P(DG|CS) = 41115% using a different
sample, though our field rate is 1o higher than their value of P(DG) = 17.6723%, likely owing

to our exclusion of M dwarfs from the CLS sample.

B19 required that @ = 1 —20 AU, M,sini = 0.5—20 Mj for DGs and R, =1 —4 Rg for CS
planets. Under this definition, we found P(DG|CS) = 24713%, lower than their quoted rate of
3947%, and marginally enhanced over the field rate of P(DG) = 1675%. We expect that this
disagreement is due to differences both in our stellar samples and completeness correction
procedures. Using the R22 and B19 definitions, we found evidence for an enhancement of
P(DGI|CS) at 95% and 78% confidence, respectively (see Figure 5.9). We list the results of
these tests in Table 5.5. We did not perform sin ¢ corrections when replicating the field rate
calculations of Rosenthal et al. (2022) and Bryan et al. (2019) because these studies did not
select purely for transiting inner planets in their stellar samples.

Table 5.5: Distant Giants occurrence rates

DG mass limits (Mg) Ni (CLS) Npg P(DG)  CS radius limits (Rg)  Niransiting  Neesolved  Nirena  P(DG|CS)

70-4000 598 55  16%3% 1-4 35 1.0 5.3 31H11%
1-6 42 2.3 6.0 33713%
30-6000 598 4 2003% 1-4 32 1.0 4.8 34117%
1-6 39 3.0 5.5 41717 %
158-6356 598 54 1673% 1-4 32 0.8 4.4 24713%

Continued on next page
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Table 5.5 — continued from previous page

DG mass limits (Mg) N« (CLS) Npg P(DG) CSradius limits (Rg)  Niransiting  Nresolved  Nirend  P(DG|CS)

1-6 39 1.2 5.1 25713%

Note: Field and conditional distant giant occurrence rates under different planet defi-
nitions. The first DG mass limit is our nominal definition. The second and third match
Rosenthal et al. (2022) and Bryan et al. (2019), respectively. We require that CS and
DG planets have a < 1 AU and a = 1-10 AU, respectively. For the other two cases, we
adopt the CS and/or DG separation limits given in Rosenthal et al. (2022) (a = 0.023-1
AU for CS and 0.23-10 AU for DG) and Bryan et al. (2019) (a = 1-20 AU for DG).
We calculated field occurrence rates using the CLS sample (Rosenthal et al., 2021), to

which we applied a mass cut (M, > 0.6 M) to exclude M dwarfs.

5.8.2 No strong evidence that high-metallicity systems exhibit a

greater enhancement of distant giants

Zhu (2024) and Bryan and Lee (2024) reported an enhancement of DGs in the presence of
CS planets specifically in metal-rich (|Fe/H|>0) systems, beyond the enhancement expected
from the established occurrence-metallicity relation (Fischer and Valenti, 2005a). Van Zandt
and Petigura (2024b) tested this claim by repeating the analysis of Bryan and Lee (2024)
but using a single sample to measure both the field and conditional occurrence in metal-
rich systems. They did not find evidence that the enhancement was specific to metal-rich

systems.

We tested the effect of metallicity on giant companion occurrence in the Distant Giants
sample by repeating the analysis of Section 5.7 with only metal-rich systems. Of the 47
systems in our sample, 19 have super-solar metallicity and host a CS planet under 4 Rg. This
subsample includes one of the three systems with a resolved giant with P < 5 yr (TOI-1669),

two of the three systems with a resolved giant with P > 5 yr (HD 219134 and HD 75732),
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Figure 5.9: Measurements of the field (blue) and conditional (orange) occurrence of distant
giants under different planet definitions. Black lines show distribution quartiles. The left set
of distributions show occurrence rates for our nominal definitions: @ = 1-10 AU, M, sini =
70-4000 Mg for DGs and @ > 1 AU, R, = 1-4 Rg for CS planets. The distributions in the
center and right show occurrence rates for planet definitions matching those of Rosenthal
et al. (2022) and Bryan et al. (2019), respectively. We annotate each distribution with the
probability that the conditional rate is enhanced over the field rate.
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and three of the six trend systems (TOI-1438, HD 156141, and HD 93963). We calculated
a metal-rich conditional occurrence rate of P(DG|CS, [Fe/H]>0) = 44*72%. We applied the
same filters to the CLS sample and found a metal-rich field rate of P(DG|[Fe/H]>0) = 2373%,
yielding a probability of 89% that P(DGJ|CS, [Fe/H|>0) is enhanced over P(DG||Fe/H|>0),
similar to our results using the non-metal rich sample. We conclude that there is not strong
evidence that metal-rich systems exhibit a greater enhancement of the conditional distant

giant occurrence rate over the field rate than field stars do.

We also calculated occurrence using the 16 metal-poor systems in our sample that host a
CS planet under 4 Rg,. We found P(DG|CS, [Fe/H]<0) = 20713%, against a field rate of
P(DG|[Fe/H|<0) = 6£2%, giving an 89% probability of enhancement. Our conditional rate
is based on two systems, HD 191939 (|Fe/H|=-0.15) and TOI-1174 (|Fe/H|=-0.004), making
it highly uncertain. Additionally, TOI-1174’s metallicity is consistent with solar. Excluding
this system from the calculation gives P(DG|[Fe/H|<0) = 16717% (84% enhancement prob-
ability). Both of these cases show occurrence rates consistent with an enhancement, though
we caution that they are derived using small samples. Despite large uncertainties, our results
in analyzing the metal-rich, metal-poor, and full samples indicate that metallicity does not
exert a strong influence on the relative enhancement of giants. Rather, both the conditional

and field occurrence rates rise with metallicity, maintaining an approximately fixed ratio.

5.8.3 Inner companions to resolved giants may be preferentially

closer-in

Inspection of Figures 5.1, 5.4, and 5.5 shows that close-in small planets with resolved distant
giants have shorter periods on average than the parent sample. We conducted a two-sample
Kolmogorov-Smirnov test (Massey, 1951) to determine whether the separations of close-in

companions in the six systems hosting a resolved giant were drawn from the same distribution

137



as the separations of the close-in companions in the 35 systems with neither a resolved giant
nor a trend. In systems with multiple transiting planets, we used the separation of the
first TOI detected in the system. We found a p-value of 0.006, meaning that under the
assumption that the two populations are drawn from the same distribution, we would expect
discrepancies greater than or equal to those observed to occur with 0.6% probability. We
repeated this test using only the subset of our targets with transiting planet radii < 4 Rg,
finding p = 0.015. Our findings suggest that outer giants tend to have lower-separation
inner companions, and that this trend may be slightly weaker for inner companions with
smaller radii. We note that the transiting companion with the shortest period, HD 75732 e,
is also accompanied by a 14-day warm Jupiter, which likely had a more significant dynamical
impact on it than the distant giant in this system. We did not find a significant difference
between the period distributions of inner planets in trend systems and of single inner planets

(i.e., those in systems with no resolved giant and no trend).

We note that using the first detected TOI in a system favors shorter separations in systems
with multiple transiting planets. Thus, the pattern described above may be explained if

outer giants are more likely to occur in systems with multiple inner planets (see Section

5.8.5).

5.8.4 Outer companions may have preferentially low eccentricities

To evaluate the eccentricity distribution of our detected giants compared with the broader
giant planet population, we performed the following experiment. For each of the six resolved
giants in our catalog, we drew one eccentricity value from a gaussian distribution centered on
the planet’s median eccentricity and with standard deviation equal to the derived eccentricity
uncertainty. We then recorded the mean of these six eccentricities. We repeated this process

1000 times to account for the eccentricity uncertainty of each planet. We fit a gaussian
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distribution to the average eccentricity values, finding that (esample) = 0.11 £ 0.03.

We used a similar process to quantify the eccentricities of distant giants around field stars.
We began with all planets in the NASA Exoplanet Archive (NEA?) that met our definition
of a distant giant and had eccentricity uncertainty below 0.13, the maximum eccentricity
uncertainty measured among the giants in our catalog. Note that we did not exclude giants
with known inner planets; because there are few systems hosting a confirmed giant and in
which an inner planet can be ruled out at high significance, we chose to compute the field
eccentricity distribution using all giants, irrespective of inner planet presence. To match
the six resolved giants in our catalog, we drew six random planets from this pool, with
probability proportional to our measured completeness to each planet (see Figure 5.7). We
then repeated the procedure we applied to our detected giants, obtaining a distribution of
mean eccentricities for the six sampled giants. We again iterated this process by drawing
1000 such six-planet samples and calculating average eccentricity distributions for each of
them. We found that the typical average eccentricity among a random sample of six planets

from the NEA is (egeq) = 0.25 £ 0.09.

We repeated this analysis with only the four resolved giants whose close-in small planet had
R, < 4 Rg, and found a similar result: (esample) = 0.09 £ 0.03. Our findings show a discrep-
ancy of ~ 1.5 — 20, indicating that the giants in our sample may have lower eccentricities

than field giants. We show the distributions of giant planet eccentricities in Figure 5.10.

5.8.5 Systems with multiple transiting planets may be more likely

to host an outer companion

Eight of the systems in our sample host more than one transiting planet. Four of these

systems systems exhibit either a trend or a resolved orbit. We conducted a simple experiment

Zhttps://exoplanetarchive.ipac.caltech.edu/
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Figure 5.10: Distribution of eccentricity versus orbital separation for confirmed exoplanets
in the NEA with o, < 0.13. Confirmed planets are shown as unfilled circles and confirmed
distant giants (1-10 AU and 70-4000 M) as blue circles. For confirmed giants, marker size
is proportional to our survey-averaged completeness at the planet’s mass and separation. We
show giants in our survey in orange and indicate measurements with less than 30 eccentricity
precision with an arrow, placing the bottom of the arrow at the 1o upper limit. The giant
companions in our survey may have lower eccentricities than the average distant giant, but
a larger sample is needed to draw a strong conclusion.
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to evaluate the statistical significance of the relationship of between inner planet multiplicity
and outer companion occurrence. We randomly drew 12 of the systems from our survey,
corresponding to the number of companions detected in our catalog either as resolved orbits
or as trends, and counted how many of them belonged to the subset of systems with multiple
transiting planets. In 10% of our 10* experiments, four or more of the sampled systems had
multiple inner planets. This finding corresponds to a p-value of 0.1, providing a tentative
indication that the systems exhibiting resolved orbits or trends have multiple transiting

planets more often than average.

Because the nature of the trend systems is uncertain, we repeated the above experiment
using only the resolved systems, two of which host multiple inner planets. We drew six
systems from our target list, and calculated the fraction of times that two or more of them
had multiple inner planets. In this case, there was no evidence of a correlation between
inner planet multiplicity and outer giant presence (p=0.27). We found similar results when

considering only systems hosting inner planets with R, < 4 Rg.

5.8.6 Outer companion occurrence does not correlate with stellar

parameters

We conducted KS tests for a variety of stellar parameters to see they correlated with dis-
tant giant occurrence. We found no significant correlations between the resolved giants
in our sample and Teg (p=0.57), log Ry (p=0.95), or radius (p=0.94). We found ten-
tative evidence that stars hosting resolved giants have lower-than-average vsini (p=0.06)
and higher-than-average stellar metallicity (p=0.09), in agreement with the the established
occurrence-metallicity relation (Fischer and Valenti, 2005a). We found similar results when

restricting our analysis to the systems with transiting planets smaller than 4 R.
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5.9 Discussion

5.9.1 Distant giant occurrence

Our finding of a possible positive correlation between CS and DG planets is consistent with
most previous studies of this relationship (Rosenthal et al.; 2022; Bryan et al., 2019; Zhu
and Wu, 2018). Each of these studies used different — though overlapping — target samples
compiled according to distinct criteria and analyzed by different methods, and although none
was large enough to conclusively measure P(DGJ|CS), the overarching agreement between

them points to a linked formation history between these classes.

We derived a lower enhancement factor of P(DG|CS) over P(DG) than prior works, which
may be due to differences between our stellar sample and theirs. We constructed the Distant
Giants sample using a uniform selection function, and we built up the RV baselines for most of
our targets from scratch. Further, our requirement of transiting inner planets necessitated a
more involved completeness correction to account for potential inclination biases. We expect
that these choices resulted in higher accuracy in our inferred occurrence rates, but they
also reduced statistical power by restricting our sample size. Another possible explanation
for our lower enhancement factor is our use of the CLS sample to calculate the distant
giant field rate. Zhu (2022) found that the CLS sample has a hot Jupiter abundance three
times the commonly accepted value of ~1% (Cumming et al., 2008; Mayor et al., 2011;
Wittenmyer et al., 2020). Given that hot Jupiters are frequently accompanied by a distant
giant companion (Zink and Howard, 2023), the overabundance of hot Jupiters in the CLS
may have also led to an overabundance of distant giants. Correcting for this effect could

lower our calculated field occurrence, broadening the gap between P(DG) and P(DG|CS).

The recently-completed Keck Giant Planet Search (KGPS; Weiss et al. 2024) is the largest

survey (63 stars) yet used to address conditional giant planet occurrence, and also targeted
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transiting planet hosts with a uniform selection function and consistent observing strategy.
Due to its similarity to the Distant Giants Survey, the KGPS will serve as a useful point of

comparison for the results presented here.

We calculated our conditional and field occurrence rates using two different stellar samples,
resulting in potential offsets stemming from different stellar parameter distributions (e.g.
mass, metallicity, temperature). The sample sizes of current long-baseline RV surveys (51000
stars) limits the possibility of measuring both P(DG|CS) and P(DG) in a single sample.
Large future surveys of statistically identical stellar samples will alleviate this problem, in

addition to providing more accurate and precise occurrence measurements.

5.9.2 Distant giants and metallicity

The occurrence-metallicity relation has been known for two decades: gas giant planets are
more prevalent around metal-rich stars (Fischer and Valenti, 2005a). This pattern implies
that the high densities of solid material in the protoplanetary disks of metal-rich stars facil-
itate the formation of giant planets. Our study and others before it suggest that giants are

also more prevalent in systems hosting an inner small planet.

A natural question is what the interplay between these two effects is. For example, do
systems with a metal-rich host star and a close-in companion show the same relative en-
hancement over metal-rich field stars as non-metal-rich stars with close-in planets show over
non-metal-rich field stars? Recently, Bryan and Lee (2024) reported an increased relative
enhancement in metal-rich systems, suggesting that high-metallicity environments are es-
pecially well-suited to producing DG-CS systems. In contrast, our findings suggest that
metallicity does not strongly influence the relative enhancement; rather, our full sample ex-
hibits a similar enhancement of distant giants in the presence of close-in small planets as the

metal-rich sample.
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5.9.3 Distant giants and inner planet properties

A positive correlation between DG and CS planets could indicate that DGs help inner planets
form, or that both planets develop independently in similar environments. Whether the DG-
CS relation is causative may be encoded in the dynamical characteristics of the systems that

host them.

In Section 5.8, we found preliminary evidence that, in systems with both an inner transiting
planet and a distant giant, the inner planet(s) have shorter-than-average periods, and the
giants have lower-than-average eccentricities. If real, these patterns could shed light on
the formation history of this class of systems. For example, these giants may have excited
the eccentricities of their inner companions, initiating high-eccentricity migration to shorter
periods through the eccentric von Zeipel-Lidov-Kozai mechanism (Li et al., 2014; Naoz, 2016).
On the other hand, this picture requires a high mutual inclination between the inner and
outer planets, in tension with the possible overrepresentation of giants in multi-transiting
systems. Another explanation is that the giants underwent early Type IT disk migration (Lin
and Papaloizou, 1986), entraining gas and planetesimals in the inner disk and driving them

to shorter separations (Batygin and Laughlin, 2015).

We also found that outer giants may be more common in systems with multiple inner tran-
siting planets. This is somewhat unexpected, given that a misaligned outer giant could
dynamically perturb the multi-transiting geometry (Naoz, 2016). The fact that the system
configurations endured suggests that their giants have low mutual inclinations. This feature,
coupled with the observed tendency for giant companions to have lower eccentricities, points
to a preference for CS/DG systems to either maintain or settle into dynamically cool final

configurations, much like the Solar System.

Obliquity offers another indication of dynamical evolution. Of the six systems hosting re-

solved outer giants, four have measurements of the sky-projected spin-orbit angle between
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the host star and the inner transiting planet: HD 191939 (A = 3.7 & 5 deg; Lubin et al.
2024b), HD 219134 (A = 0 — 20 deg; Folsom et al. 2018), TOI-1694 (A = 9122 deg; Handley
et al. 2024), and HD 75732 (A = 10737 deg; Zhao et al. 2023). The high degree of alignment
in these systems comports with a picture involving low mutual inclinations and gentle plan-
etary migration mechanisms. Obliquity measurements in the remaining two giant-hosting

systems will test this pattern.

Many of the findings presented in this work are suggestive at the 2-30 level, but not sta-
tistically unassailable. To confirm or refute them, similar studies must be performed using
larger stellar samples. For example, the number of TESS candidate hosts recently surpassed
7000, enabling the construction of a quadrupled (200-star) sample under our target selec-
tion criteria. Meanwhile, next-generation RV spectrographs such as the Keck Planet Finder
(Gibson et al., 2016), NEID (Schwab et al., 2016), and the Habitable Zone Planet Finder
(Mahadevan et al., 2012) in the north, as well as ESPRESSO (Pepe et al., 2021) in the south,
offer vastly improved throughput over their predecessors, and more than enough precision to
detect long-period giants. Their enhanced efficiency would permit a survey of an additional
150 systems using the same amount of telescope time needed to observe our original 47-star
sample. Such a survey would open the door to conditional occurrence measurements at the

3-50 level, providing dispositive evidence for or against a correlation.

Additionally, the fourth data release of the Gaia mission (Gaia Collaboration et al., 2016) is
expected to yield tens of thousands of giant companion detections (e.g., Feng 2024; Wallace
et al. 2024). These detections will enable precise estimates of the field rate of super-Jupiter
planets and, combined with small planet detections from RV and/or transit missions, may

help constrain their conditional occurrence as well.
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5.9.4 Brown dwarf occurrence

The mass/separation prior we derived in Section 5.5.2 sheds light on the occurrence rate of
brown dwarfs as a function of orbital separation. Our work takes advantage of the CLS’s
sensitivity to brown dwarfs at wide separations (g 64 AU), which extends into the discovery
space of high-contrast imaging surveys at ~5-1000 AU (e.g. Bowler et al. 2020; Bowler and
Nielsen 2018; Chauvin 2018). Nielsen et al. (2019) measured the prevalence of brown dwarfs
from 10-100 AU, finding that 0.8705% of stars host such a companion. They also found
that brown dwarfs and giant planets (5-13 Mj) exhibit different semi-major axis distribu-
tions, with planets peaking in occurrence between 1-10 AU and brown dwarfs favoring wider

separations.

We integrated our mass-separation prior between 13-80 Mj and 10-30 AU, finding that
brown dwarfs occur at a rate of 1.6 per 100 stars in this interval. Using the simplifying
assumption that the occurrence rate is log-uniform out to 100 AU, we estimate that 3.2% of
stars host a brown dwarf between 10-100 AU, significantly greater than the finding of Nielsen
et al. (2019) over the same interval. On the other hand, we observed a distinction between
giant planet and brown dwarf occurrence, in agreement with Nielsen et al. (2019). We found
that giant planets, which we define as having M = 3 — 13 Mj, peak in occurrence in the
interval 1-4 AU, and decline at greater separations. By contrast, brown dwarf occurrence
may increase at greater separations, reaching its maximum in the interval 16-64 AU. Like
the distinct eccentricity distributions between brown dwarfs and giant planets fit by Bowler
et al. (2020), our finding of disparate separation distributions supports the idea that these
objects follow different formation pathways. We note that our brown dwarf occurrence rate
value of 3.2% is based on a significant extrapolation of the RV-derived occurrence rates in
order to produce a consistent comparison with Nielsen et al. (2019). More work is needed

to perform a comparison without extrapolation.
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It is important to note that a number of effects may have influenced our calculated occurrence
rates. First, stellar companions on inclined orbits may masquerade as lower-mass objects
in RV surveys. We simulated this effect by applying random orbital orientations to a set
of stars following the distribution of Raghavan et al. (2010). We found that on average,
one of the nine brown dwarfs we used in our calculation are likely to be stars, insufficient
to explain the disagreement with Nielsen et al. (2019). Nevertheless, the small number of
brown dwarfs means that significant contamination remains a possibility. Second, despite its
multi-decade baseline, the CLS has limited sensitivity to companions at tens of AU. Many
of the detections are partial orbits with large mass and separation uncertainties, and may
therefore not fall within the bin in which we counted them. For example, the mass of HD
28185 ¢ was recently revised from 40753 Mj to 6 + 0.6 Mj through the incorporation of
HGCA astrometry (Venner et al., 2024). We reserve a more detailed analysis and a firmer

conclusion for future work.

5.10 Conclusion

We presented the results of a three-year RV survey to search for outer giant planets around
47 Sun-like stars with known inner planets. Our final catalog includes six RV trends and six
well-characterized giants. We incorporated all of these detections into a Poisson likelihood
model to calculate the conditional occurrence of distant giants in the presence of close-in
small planets, P(DG|CS). We corrected for missed planets by characterizing our detection
sensitivity in each system. We found that 31712% of stars that host a CS planet (a < 1 AU,
R, <4 Rg) also host a DG (a =1 —10 AU, M, sini = 70 — 4000 Mg). Meanwhile, using
the larger CLS sample of Rosenthal et al. (2021), we determined that between 1675% and
1872% of stars host a DG planet irrespective of the presence of CS planets. Our findings give

tentative evidence for a 1.5 — 2x enhancement of giants in CS-hosting systems, suggesting
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that outer giants and inner small planets may be positively correlated, with giants even

promoting the formation of inner planets.

Sample size and homogeneity are vital components of a precise and accurate measurement
of conditional giant occurrence. Studies of this topic to date, including this one, have had
to prioritize one of these components at the expense of the other. However, advancements
over the last few years have made possible a dramatic increase in sample size without com-
promising sample purity. Making use of this progress will bring the nuances of planetary

formation into sharper focus.
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5.12 Appendix 5A: Companions Detected as Trends

5.12.1 TOI-1174

TOI-1174 is a K2 dwarf at a distance of 95 pc hosting a transiting 2.3 Rg sub-Neptune
with a 9.0-day period. We measured RV trend and curvature of —27.48 +5.97 m/s/yr and
14.48 +2.89 m/s/yr? in this system, indicating the presence of an outer companion (Figure
5.11). Although we were unable to precisely constrain a and M, in this system due to the
lack of astrometry data, 832 nm speckle imaging observations from the ’Alopeke imager
coupled to the 8m Gemini North telescope (Scott et al., 2021) and reduced according to
Howell et al. (2011) ruled out luminous companions beyond ~40 AU and more massive than
~200 Mj. We depict the direct imaging constraints by converting the measured contrast
curves to mass/separation space, assuming circular face-on orbits for simplicity as explained
in Van Zandt and Petigura (2024a). We found that the source of the measured RV variability

is most likely planetary: P(planet) = 53%.
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Figure 5.11: Left: Our orbital fit to the TOI-1174 system using radvel. Panel a) shows the
full RV time series and errors with black circles, with our preferred model as a blue line. Panel
b) shows the residuals to the planetary model, isolating the fitted trend/curvature. Panel c)
shows the RV time series phase-folded to the period of the inner planet in this system. Red
points give binned RV values. We did not recover the inner transiting planet signal in the
RVs. Right: Our ethraid posterior surface derived using the measured trend. Green regions
show models consistent with the RV trend, and red regions show models consistent with both
the RVs and the direct imaging for this system, which revealed no luminous companions.
Dark (light) regions indicate 68% (95%) confidence intervals. The gray line approximates
the contrast limits imposed by imaging for a circular, face-on companion. Gray panels at
low mass and short separations show companion parameters incompatible with the observed
trend due to our observing baseline.
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5.12.2 HD 191939

HD 191939 is a GO dwarf 54 pc away hosting three transiting sub-Neptunes with periods of
8.9, 28.6, and 38.4 days. Multiple studies have probed this system with RVs (Badenas-Agusti
et al., 2020; Lubin et al., 2022b, 2024b), resulting in mass measurements of the transiting
planets, a determination that the system is aligned, and the discovery of a 100-day super-
Saturn (e) and an eight-year super-Jupiter (f). We truncated this system’s time series to four
years, causing HD 191939 f to present as a trend. We combined this trend with an HGCA
astrometric acceleration of 0.13 £ 0.03 mas/yr, which resulted in a 98% probability that the
trend’s origin is planetary. We included adaptive optics imaging from Gemini/NIRI in our
analysis, though it does not rule out any companion models. Figure 5.12 shows our orbital
fit and trend analysis for this system. Our automated search algorithm recovered planet e, as
well as a spurious 900-day planet. This planet demonstrates a shortcoming of our automated
algorithm, which is not designed to be sensitive to multiple signals. Nevertheless, with an
RV semi-amplitude of 3.2 m/s, it did not detract significantly from the signal of planet f,
which has K =47 m/s.

5.12.3 TOI-1438

TOI-1438 is a K1 dwarf at 111 pc hosting two transiting sub-Neptunes, the inner of which
has a radius of 3.0 Rg and a period of 5.1 days (Persson et al. in prep.). TOI-1438 showed the
largest RV trend in our sample: 4 = 41.414+3.41 m/s/yr, ¥ = —13.65 £ 1.40 m /s /yr*(Figure
5.13). Our trend analysis, along with 832 nm speckle imaging from ’Alopeke, indicated that
these signals may originate from a planet (79%), brown dwarf (8%) or stellar companion

(12%).
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Figure 5.12: Same as Figure 5.11 for HD 191939. We included the three transiting planets
in our model, and our blind search algorithm detected the known 100-day super-Saturn as
well as a spurious long-period planet. The blue posterior surface shows constraints imposed
by the astrometric acceleration measured in this system. The trend and curvature in our
truncated RV time series along with the astr01%126tric acceleration, yield a high planetary odds
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Figure 5.13: Same as Figure 5.11 for TOI-1438. We were unable to detect the transiting plan-
ets in this system, but we measured strong trend and curvature, consistent with planetary,
brown dwarf, or stellar companion models.
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5.12.4 HD 219134

HD 219134 is a nearby (6.5 pc) K3 dwarf hosting two transiting super-Earths with periods of
3.1 and 6.8 days. This system has been observed for multiple decades, prividing detections of
four additional planets, including a six-year super-Saturn meeting our distant giant definition
(Vogt et al., 2015). As with HD 191939, we truncated this system’s baseline to four years
and performed our blind search. We tested the dependence of our results on our choice
of truncation window, and found that it had a negligible effect. Our automated algorithm
detected the 47-day Neptune analog (e), but missed a known super-Earth with a 23-day
period (d) and a 94-day super-Earth (f). It also found a strong trend due to HD 219134 g,
which we analyzed together with an HGCA acceleration to find a high planetary odds ratio

of P(planet)~100%. Figure 5.14 shows the results of our full and partial orbit fits.

5.12.5 HD 12572

HD 12572 is a G9 dwarf at a distance of 73 pc hosting two transiting sub-Neptunes. The
inner planet, HD 12572 b, has a radius of 3.9 Rg; and a 20.8-day period (Osborn et al.,
2023). This star’s high brightness (V' = 9.2) allowed us to obtain contemporaneous APF
RVs alongside our HIRES observations. We measured RV trend and curvature of —22.09 £+
2.11 m/s/yr and —0.05 + 0.73 m/s/yr? in this system, as well as a marginally significant
astrometric acceleration of Ay = 0.07 £ 0.05 mas/yr (Figure 5.15). Coupled with Br ~
direct imaging from NIRC2, we calculated a 61% probability that the outer companion in
this system is a planet. Our results are in tension with Osborn et al. (2023), who concluded
that the outer companion is a brown dwarf between 15-50 AU. This disagreement may be

due in part to our informative mass prior, which disfavors brown dwarf companions.
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Figure 5.14: Same as Figure 5.11 for HD 219134. We chose RV measurements from an
arbitrary four-year span of this system’s full data set. We recovered one of the non-transiting
planets using a blind search, but missed two others. We analyzed the measured trend and
HGCA astrometry to calculate a probability near 1 of this signal originating from a planet.
We also tested other four-year spans and verified that our choice did not strongly influence
our final odds ratio.
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Figure 5.15: Same as Figure 5.11 for HD 12572. We measured the mass of the 20-day sub-
Neptune in this system and also found a strong linear trend with no significant curvature. We
also measured a marginal astrometric acceleration, which imposed added constraints (blue
contours). Note that the gray line marks orbital denotes orbital models which are ruled
out by direct imaging under the assumption of a circular, face-on orbit. Companions with
non-zero inclinations and eccentricities may lie beyond the line without being ruled out.
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5.12.6 HD 156141

HD 156141 is a solar analog (G2) at a distance of 73 pc hosting a transiting 2.2 Rgq sub-
Neptune with a 21.3-day period. We measured RV trend and curvature of 30.20 £+ 1.87
m/s/yr and —7.2240.72 m/s/yr?, and ruled out high-mass stellar models using NIRC2 Br v
imaging (Fig 5.16). We found that the outer companion in this system has a 78% probability

of being a planet.

5.12.7 HD 75732

HD 75732 is a nearby (12.5 pc) KO dwarf hosting a transiting ultra-short period (0.74-
day) super-Earth. Like HD 219134, this system is well-characterized from decades of RV
observation (e.g., Fischer et al. 2008). We chose an arbitrary four-year window over which
to fit these RVs, and verified that our choice did not significantly impact our characterization
of the outer planet. We detected the hot Jupiter HD 75732 b, but did not detect the four
other non-transiting planets. The outermost of these, a super-Jupiter with a period of
nearly 14 years, manifested as a trend in our truncated RV time series. We combined this
trend with a marginal detection of HGCA acceleration to constrain the companion’s mass
and separation. Our analysis indicates that the trend is almost certainly planetary, with

P(planet)~91%. We show our orbital fit and partial orbit analysis in Figure 5.17.

5.12.8 HD 93963

HD 93963 A is a G2 dwarf at a distance of 83 pc hosting a transiting 3.2 Rgq sub-Neptune
with a 3.6-day period (Serrano et al., 2022). Our measured RV trend and curvature of
—10.5142.66 m/s/yr and —7.50 £ 3.55 m/s/yr?, together with 832 nm speckle imaging from

"Alopeke, indicate an 81% probability of a planetary outer companion (Figure 5.18). Serrano
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et al. (2022) estimated that the stellar companion to this star, HD 93963 B, has a separation
of > 484 AU and a spectral type of M5 V (= 170 Mj; Pecaut and Mamajek 2013b). We
show in Figure 5.19 that a companion of that mass and separation is incompatible with the

measured RV signature.

5.12.9 TIC 142381532

TIC 142381532 is a KO dwarf 72 pc away hosting a transiting 8.1 R4 sub-Saturn with a 38.8-
day period (Polanski et al., 2024). We measured RV trend and curvature of —13.99 £ 4.60
m/s/yr and 1.79 4+ 1.27 m/s/yr?, and used 832 nm speckle imaging from ’Alopeke to rule
out high-mass stellar companions (Figure 5.20). We calculated a 32% probability that the
measured signals originate from a planet. Despite passing our original radius filter of i, < 10
R4, the transiting planet in this system does not fit most definitions of a “small” planet. We

include it for completeness, but exclude it from our conditional occurrence calculations.
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Figure 5.16: Same as Figure 5.11 for HD 156141. We obtained a marginally significant
measurement of the inner transiting planet’s mass, and high-significance trend and curvature
measurements. The long-term signals in this system are consistent with planets and brown
dwarfs, whereas stellar models are nearly ruled out with the aid of direct imaging.
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Figure 5.17: Same as Figure 5.11 for HD 75732. We detected only one of the four non-
transiting planets in this system using our blind search algorithm. The residual trend,
together with a low-significance astrometric acceleration, constrains the mass-separation
posterior primarily to the planetary regime.
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Figure 5.18: Same as Figure 5.11 for HD 93963. We did not recover either of this system’s
two transiting planets at high significance. We measured a significant trend and marginal
curvature in this system. Our analysis showed that the source of this RV variability is most
likely a planet.
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Figure 5.19: Our second analysis of the trend in the HD 93963 system. We expanded the
semi-major axis range over which we tested companion models and therefore did not use the
informative mass/separation prior described in Section 5.5.2, which is defined for separations
< 64 AU. We indicate the position of the stellar companion, HD 93963 B, with a yellow star.
Our analysis suggests that an M5 dwarf at a separation of 484 AU is too small/too distant
to have caused the observed trend.
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Figure 5.20: Same as Figure 5.11 for TIC 142381532. The inner transiting planet in this
system in a sub-Saturn, which we characterized at high significance. Although this planet
passed our R, < 10 Rg, it is likely a gas giant, so we exclude this system from our occurrence
calculations. Our trend measurement is marginal, and evinces planetary and brown dwarf
models with roughly equal probability.
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