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Abstract

We use a high-precision radial velocity survey of FGKM stars to study the conditional occurrence of two classes of
planets: close in small planets (0.023-1 au, 2-30 M) and distant giant planets (0.23-10 au, 30-6000 M@). We find
that 41713% of systems with a close-in, small planet also host an outer giant, compared to 17.67%4% for stars
1rrespect1ve of small planet presence. This implies that small planet hosts may be enhanced in outer giant
occurrences compared to all stars with 1.7 significance. Conversely, we estimate that 42J_r}§% of cold giant hosts
also host an inner small planet, compared to 27.6f2j§% of stars irrespective of cold giant presence. We also find that
more massive and close-in giant planets are not associated with small inner planets. Specifically, our sample
indicates that small planets are less likely to have outer giant companions more massive than approximately
120 M, and within 0.3-3 au, than to have less massive or more distant giant companions, with ~2.2¢0 confidence.
This implies that massive gas giants within 0.3-3 au may suppress inner small planet formation. Additionally, we
compare the host-star metallicity distributions for systems with only small planets and those with both small
planets and cold giants. In agreement with previous studies, we find that stars in our survey that only host small
planets have a metallicity distribution that is consistent with the broader solar-metallicity-median sample, while
stars that host both small planets and gas giants are distinctly metal rich with ~2.3¢ confidence.

Unified Astronomy Thesaurus concepts: Exoplanets (498)

1. Introduction On the other hand, the same stellar properties that facilitate
giant planet formation, such as high metallicity (Fischer &
Valenti 2005), may also enhance small planet formation. If
higher metallicity stars were more likely to form super-Earths,
we would expect to see a metallicity dependence in their
observed occurrence rate regardless of the presence or absence
of an outer companion. Petigura et al. (2018) analyzed the
metallicity distribution of Kepler stars and planet hosts and
found that warm sub-Neptune (1.7-4 R.) occurrence is weakly
correlated with host-star metallicity, doubling from —0.4 dex to
+0.4 dex with ~2¢ significance. However, Moe & Kratter
(2021) and Kutra et al. (2021) later found that this correlation
disappears if one decorrelates against the metallicity depend-

The relationship between small, close-in planets and outer
giant companions reveals much about planet formation. Gas
giant interactions with protoplanetary disks can create low-
density gaps that halt the inward drift of gas and solids,
possibly suppressing the formation of close-in small planets
(Lin & Papaloizou 1986; Moriarty & Fischer 2015; Ormel et al.
2017). It is also possible that warm or eccentric giants disrupt
the growth of small planets by pebble or planetesimal
accretion, or destabilize the orbits of nascent small planet
cores, as predicted by synthetic population studies (Bitsch et al.
2020; Schlecker et al. 2021). These phenomena would lead to

a population of small planets without outer giant companions,
or an absence of companions within a certain range of mass,
semimajor axis, and eccentricity.
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ence of close binaries, which do not host short-period planets.
This leaves open the possibility that the giant planets formed in
metal-rich disks might directly facilitate small planet formation
via their dynamical impact on the protoplanetary disk structure
(e.g., Hasegawa & Pudritz 2011; Buchhave et al. 2014).

We can explore the tension between these ideas by using
exoplanet surveys to measure the conditional probability that
gas giant hosts also host at least one inner small planet, and
comparing that value to the overall occurrence rates of close-in
small planets and distant giant planets, beyond roughly 0.3 au.
If inner small planet companions to cold giants are rarities
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compared to the broader sample of small planets, then we can
deduce that giant planets in a certain mass and semimajor axis
range suppress small planet formation. Conversely, if small
planet companions to cold giants are common, this implies that
disks that form cold gas giants also provide favorable
conditions for small planet formation, or that cold giants
actively facilitate small planet formation.

Recently, Zhu & Wu (2018) and Bryan et al. (2019)
independently used samples of stars with known super-Earths,
most of which have masses less than 10M,, to directly
estimate the fraction of super-Earth hosts that have outer gas
giant companions. Furthermore, each analysis used Jupiter
analog occurrence rates from Wittenmyer et al. (2016) and
Rowan et al. (2016) to infer the fraction of cold giants that host
inner super-Earths. Bryan et al. (2019) found that 10273{% of
stars with Jupiter analogs (3—7 au, 0.3-13 M;) also host an
inner super-Earth, while Zhu & Wu (2018) reported
90% =+ 20% for the same measurement. Both studies predicted
that nearly all Jupiter analogs host inner small planets, with
high uncertainties in conditional probability due to the indirect
nature of this Bayesian inference. So far, no study has directly
measured the rate at which gas giants are accompanied by inner
small planets. To make this measurement, we need a large
sample of cold Jupiters with radial velocity (RV) data sets that
are also sensitive to the presence of small inner planets, which
requires long-baseline RV observations. The measurement
must also be sensitive to small inner planets, which requires
high-cadence radial velocities or coverage by a photometric
transit survey. The former is a costly undertaking that can only
be done over many nights of ground-based RV observing, and
the latter can only detect planets with edge-on or nearly edge-
on orbits.

The California Legacy Survey (CLS; Rosenthal et al. 2021)
is uniquely well suited for this measurement. As a blind RV
survey of 719 stars over three decades, it produced a sample
that is appropriate for a variety of occurrence measurements, is
rich in cold giants, and contains enough stars with high-
cadence observations that we have some sensitivity in the small
planet regime. In this paper, we leverage this survey to explore
the relationship between close-in small planets, which we limit
to 0.03-1 au and 2-30 M,;, and outer giant companions, which
we constrain in two different ways defined below. In Section 2,
we review the star and planet catalog of the CLS. In Section 3,
we describe our methods for computing planet occurrence. In
Section 4, we present our results. In Section 5, we discuss our
findings and their context.

2. Survey Review

The CLS is a sample of 719 RV-observed FGKM stars and
their associated planets created to provide a stellar and
planetary catalog for occurrence studies (Rosenthal et al.
2021). We approximated a quantifiably complete survey by
selecting 719 stars that were observed by the California Planet
Search (CPS; Howard et al. 2010a) and originally chosen
without bias toward a higher or lower than average likelihood
of hosting planets. We took our first observations in 1988 with
the Lick-Hamilton spectrograph (Fischer et al. 2014), and our
latest observations in 2020 with the Keck-HIRES and the Lick-
APF spectrographs. Our typical observational baseline is 22 yr,
and our typical RV precision is 2 m s~ '. We used an automated
and repeatable iterative periodogram method to search for
planet candidates, implemented in the open-source package
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RVSearch (Rosenthal et al. 2021), and performed uniform
vetting to identify false positives. This left us with 178 planets
in our sample, 43 planets with M sin i <30M,, and 135
planets with M sin i > 30 M. Figure 1 shows our sample of
small close-in planets and outer giant companions.

Our stellar sample has a median metallicity of 0.0 [Fe/H], a
median stellar mass equal to 1.0 M., and a small number of
evolved stars. These are reasonable heuristics for verifying that
we successfully constructed a planet-blind occurrence survey,
since a bias toward known giant planet hosts could manifest as
a metal-rich sample (Fischer & Valenti 2005), a particularly
massive sample, or an excess of evolved stars (Johnson et al.
2010).

Since the CLS drew from the CPS RV catalog, our sample
encompasses stars from several Keck-HIRES occurrence
surveys, including Cumming et al. (2008) and Howard et al.
(2010b). We refer the reader to Rosenthal et al. (2021) for the
full star and planet catalog, as well as details of the planet
search and completeness characterization. Table 1 reports the
CLS subset of small planets with M sin i < 0.1 M.

3. Methods
3.1. Occurrence Model

The primary goal of this work is to measure planet
occurrence, particularly of small close-in planets and cold gas
giants. Many studies of RV or transit surveys use the intuitive
occurrence measurement method known as “inverse detection
efficiency” (Howard et al. 2012; Petigura et al. 2013).
According to this procedure, one estimates occurrence in a
region of parameter space by counting up the planets found in
that region, with each planet weighted by the search
completeness in that region. We measured the search
completeness map of our survey by injecting many synthetic
signals into each data set, and computing the fraction of signals
in a given region that are recovered by our search algorithm,
RVSearch. Inverse detection efficiency as defined in Fore-
man-Mackey et al. (2014) is actually a specific case of a
Poisson likelihood method, in which one models an observed
planet catalog as the product of an underlying Poisson process
and empirical completeness map.

Following the analysis in Fulton et al. (2021), we used the
Poisson likelihood method to model the occurrence of planets.
Given a population of observed planets with orbital and M sin i
posteriors {w}, and associated survey completeness map Q(w),
and assuming that our observed planet catalog is generated by a
set of independent Poisson process draws, we can evaluate a
Poisson likelihood for a given occurrence model I'(w|8), where
0 is a vector parameterizing the rates of the Poisson process.
The observed occurrence f(w|0) of planets in our survey can
be modeled as the product of the measured survey complete-
ness and some underlying occurrence model,

L(wl6) = Q(wW)T(w] ). M
The Poisson likelihood for an observed population of objects
is
. K
L= [l [T T(wile), )
k=1

where K is the number of observed objects, and wy is the kth
planet’s orbital parameter vector. The Poisson likelihood can be
understood as the product of the probability of detecting
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Figure 1. Minimum mass (M sin i) vs. semimajor axis values for small (M sin i < 30 M) planets, and their giant outer companions, in the CLS catalog. Diamonds are
small planets without outer giants, pentagons are small planets with outer giants, and circles are outer giants. Contours are the completeness map for small planet hosts.

an observed set of objects (the product term in Equation (2))
and the probability of observing no additional objects in the
considered parameter space (the integral over parameter space).
Equations (1) and (2) serve as the foundation for our
occurrence model, but do not take into account uncertainty in
our measurements of planetary orbits and minimum masses. In
order to do this, we use Markov Chain Monte Carlo methods to
empirically sample the orbital posteriors of each system
(Foreman-Mackey et al. 2013; Fulton et al. 2018; Rosenthal
et al. 2021). We can hierarchically model the orbital posteriors
of each planet in our catalog by summing our occurrence model
over many posterior samples for each planet. The hierarchical
Poisson likelihood is therefore approximated as
[~ e—ff(wlﬂ)dw ﬁ L% P(WZW)’ 3)
k=1 Nienz1 p(wile)
where Ny is the number of posterior samples for the kth planet
in our survey, and wj is the n th sample of the kth planet’s
posterior; p(w|a) is our prior on the individual planet
posteriors. We placed uniform priors on In (M sin i) and In
(a). We used emcee to sample our hierarchical Poisson
likelihood, and placed uniform priors on 6.

3.2. Approach to Planet Multiplicity

For both inner small planets and cold gas giants, we are
interested in estimating the probability that a star hosts at least
one planet. This quantity is distinct from the number of planets
per star, both because many stars host more than one small
planet (Fang & Margot 2012; Howard et al. 2012; He et al.
2020) and because the probability of hosting at least one planet
must be less than one. We attempt to resolve this issue with two
constraints on our model. First, we place a hard-bound prior on
the integrated occurrence rate, so that it has an upper limit of
one planet per star. Second, in the case of planetary systems
that contain multiple detected planets in the class of interest, we
only count the planet that was first detected by our search
algorithm. We also report expected number of planets per star
in Table 2, by including all companions in multiplanet systems.

The resulting estimate of the probability that a star hosts at
least one planet depends on the search completeness in the
parameter space of each individual planet. This biases our
sample toward planets with greater RV semiamplitudes, which
tend to be closer in and have a higher mass. These planets are
in higher-completeness regions and therefore will usually be
detected first by iterative search algorithms. Figure 2 shows the
observed multiplicity of the detected small planets in our
sample. Note that this distribution is not corrected for search
completeness, so it cannot be interpreted as the true underlying
multiplicity distribution. Rather, it is showing how many
multiplanet systems we detect with respect to systems where
we only detect one small planet.

4. Results
4.1. Absolute and Conditional Occurrence Rates

Using our occurrence methodology, we measured a set of
distinct occurrence probabilities for the CLS sample. Specifi-
cally, we computed the absolute probability of hosting a small
close-in planet, P(I); the absolute probability of hosting a cold
gas giant, P(O); the probability of hosting a cold gas giant
given the presence of a small close-in planet, P(O|l); the
probability of hosting a small close-in planet given the presence
of a cold gas giant, P(I|0). In each case, we used our approach
to multiplicity to link P(w|6) with T'(w|0). We define the 1
range as 0.02-1 au and 2-30 M. We define the O range in two
ways: broadly, with 30—-6000 M, and 0.23-10 au, and to only
encompass Jupiter analogs as defined in Wittenmyer et al.
(2016) and Bryan et al. (2019), with 3-7 au and 95-4130 M.
Figure 3 shows P(I|O) for the broad definition of giant planets,
while Figure 4 shows P(I|O) for Jupiter analogs. Table 2
reports all absolute and conditional probabilities for these
populations, as well as the average number of planets per star,
both for broad gas giants and Jupiter analogs. It shows that P(J)
and P(I|O) are not significantly separated from each other, at
least partially because the uncertainty in our measurement of P
(1]0) is high. In the following subsections, we compute the
significance of the separation between two probability
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Table 1

Small Planet Sample

Name M sin i (Mg) a (au) Discovery References
HD 107148 b 19.9731 0.1407235018 Butler et al. (2006)
HD 115617 b 16.1+14 02151759938 Vogt et al. (2010)
HD 115617 ¢ 511793 0.0495600008 Vogt et al. (2010)
HD 11964A b 244738 0231573992 Butler et al. (2006)
HD 1326 b 5437542 0.07321 590047 Howard et al. (2014)
HD 141004 b 13.6713 0.123875:9% Rosenthal et al. (2021)
HD 1461 b 6.6°9% 0.063670:00093 Rivera et al. (2010)
HD 1461 ¢ 7.075988 0.112153%4 Diaz et al. (2016)
HD 147379A b 307437 0.331570:992¢ Reiners et al. (2018)
HD 156668 b 5.03408 0.05024703002%  Howard et al. (2011)
HD 164922 b 14314 0.3411590038 Butler et al. (2006)
HD 164922 ¢ 10.53558 0.2292+3:502¢ Fulton et al. (2016)
HD 164922 d 47310 0.1023*39912  Rosenthal et al. (2021)
HD 168009 b 9.5M13 0.1192139017  Rosenthal et al. (2021)
HD 190360 b 21.44+08 0.1294795017 Naef et al. (2003)
HD 192310 b 14.339 0.3262+3:993¢ Howard et al. (2011)
HD 216520 b 104714 0.195473:5023 Burt et al. (2021)
HD 219134 b 16417392 0.234553:99%7 Vogt et al. (2015)
HD 219134 ¢ 412793 0.03838+0:90044 Vogt et al. (2015)
HD 219134 d 7734800 0.14535%017 Vogt et al. (2015)
HD 219134 ¢ 3.57108 0.064667000074 Vogt et al. (2015)
HD 285968 b 9.1714 0.0664970%0043  Forveille et al. (2009)
HD 42618 b 152718 0.5337+3:55%8 Fulton et al. (2016)
HD 45184 b 11.9713 0.064125301 Udry et al. (2019)
HD 45184 ¢ 10.91] % 0.1095500018 Udry et al. (2019)
HD 69830 b 1026405 0.0794735012 Lovis et al. (2006)
HD 69830 ¢ 9.8670%] 0.188275:9028 Lovis et al. (2006)
HD 69830 d 14141 0.6457931 Lovis et al. (2006)
HD 75732 b 9.371043 0.015837 000034 Butler et al. (1997)
HD 7924 b 823704 0.05595+0:5007 Fulton et al. (2015)
HD 7924 ¢ 8.8370:93 0.112155312 Fulton et al. (2015)
HD 7924 d 6.130:58 0.153240:092! Fulton et al. (2015)
HD 90156 b 11.8739 0250979993 Mordasini et al. (2011)
HD 95735 b 18.0122 3.0 Diaz et al. (2019)
HD 97101 b 10.2113 0.240353:5017 Dedrick et al. (2021)
HD 97658 b 7.85%937 0.080513:9919 Howard et al. (2011)
HD 99492 b 267119 0.1231799014 Marcy et al. (2005)
GL 687 b 17.6712 0.165870:9912 Burt et al. (2014)
HIP 74995 b 16.221082 0.040990:50042 Bonfils et al. (2005)
HIP 74995 ¢ 5.06758 0.073591(:9007¢ Mayor et al. (2009)
HIP 57087 b 21.22807% 0.0284970:9002 Butler et al. (2004)
GL 876 b 5.8603% 0.02183*0:99018 Marcy et al. (2001)

Table 2

Absolute and Conditional Probabilities and Number of Planets per Star for
Inner Small Planets, Outer Giants, and Jupiter Analogs

Condition P(Condition) (Np)
Inner 027610038 0.2797903
Outer 0.176+3.52 0.247+0:9%2
Jupiter 0.0729914 0.078+3913
Outer|Inner 0.417) 1‘2 0475013
Jupiter|Inner 0.13370:99] 0.20+042
Inner|Outer 0.42+31] 0.69015
Inner|Jupiter 0.3279% 0.3430:34
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Figure 2. A histogram of observed small planet multiplicity in our sample. This
is not corrected for search completeness, so it should only be interpreted as the
multiplicity of detected planets, not as the underlying multiplicity distribution.

There are 719 total stars in the CLS, in around 29 of which we have detected
small planets.

distributions as
|P, — P
[ 2 2
O'p2 + Upl

where P is the mean of a distribution and 0120 is its variance.

S = “)

4.2. The Impact of Outer Giants on Inner Small Planet
Occurrence, and Vice Versa

Table 2 shows that P(I) = 0.27670.035, whereas P(I|0) =
0.421017. This implies that outer giant planets, according to our
broad definition, enhance the occurrence of inner small planets
with ~lo significance. Also, P(0) = 0.176709%, whereas
P(O|l) = 0417013, This implies that inner small planets
enhance the occurrence of outer giant planets with 1.65¢0
significance. This significance decreases when we narrow our
outer companions to Jupiter analogs instead of a broad range of
cold giants. In that case, P(J|) is only 0.85¢ enhanced over P
(/), and P(I]J) is not separated from P(I). Additionally, whether
we select a broad range of cold gas giants or a specific set of
Jupiter analogs, our results rule out a 100% occurrence of small
inner planets within 2-30 M, to outer gas giants.

For the purposes of this work, we have assumed a small
planet mass distribution that is uniform in In(;). Assuming a
uniform distribution in In(a), this leads to a 25% recovery rate
in our survey of small planets within 2-30 M, and 0.023-1 au,
given our search completeness. Neil & Rogers (2020) fit a joint
mass—radius period distribution to a sample of Kepler planets,
and found a small planet mass distribution that is approxi-
mately log-normal, with mean f,, /. = 0.62 and o m,) =
2.39. Figure 5 plots and compares these two distributions. We
find that assuming this log-normal distribution changes our
average planet recovery rate within our small planet box from
25% to 18.3%, which would increase our corresponding
occurrence rate for inner super-Earths in systems with outer gas
giants from 42% to roughly 58%. We conclude that our choice
of mass distribution constitutes an additional source of
uncertainty that is comparable to our measurement errors.
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Figure 3. Left: two measurements of the conditional occurrence of inner small planets given the presence of an outer gas giant. The black distribution is our direct
measurement, while the green distribution uses Bayes’ theorem to infer it from other measurements. Right: our sample of planet pairs with small planets within the
region of interest, with our inner small planet box outlined in red and our outer giant box outlined in purple. We assign a number to each planetary system and label

individual planets accordingly.

4.3. 0.3-3 au Giant Suppression of Inner Small Planets

Figure 6, which shows occurrence grids of cold gas giants
for our entire sample and for our sample of small planet hosts,
provides tentative evidence that “lukewarm” giants within
roughly 0.3-3 au may suppress small planet formation. The
highest-completeness region of the small planet host parameter
space, within 3 au and above ~120 M, is empty, whereas
there are many detected giant planets in that region without
detected small companions.

We can test the significance of our absence of lukewarm
giants by referring to the broader distribution of gas giants,
shown in the left panel of Figure 6, and calculating the
probability of drawing 10 planets (our observed outer
companions) from this distribution and finding zero within
the lukewarm Jupiter region. Normalizing the occurrence map
shown in Figure 6, we find a 31.1% probability that a giant
planet between 0.23 and 10 au will be found with M sin i >120
Mj and a <3 au, and 68.9% otherwise. We can simplify this
test by using the binomial distribution to test the probability of
drawing zero out of 10 planets from a 31.1% lukewarm Jupiter
probability, which simplifies to 0.689'° = 0.0241. Thus, given
our measured occurrence map for giant planets between 0.23
and 10 au, there is a 2.41% probability of drawing 10 planets
from this population and seeing zero lukewarm Jupiters more
massive than 120 Mj and within 3 au. We drew this lukewarm
boundary and performed this test after observing a paucity of
lukewarm Jupiter companions, so it is possible that our result is
biased by our sample. However, this definition of lukewarm
Jupiter is physically motivated by mass and orbital separation,
so it is more meaningful than a boundary arbitrarily chosen to
exclude all planets.

The top panel of Figure 7 provides additional evidence that
not all giant planets beyond 0.3 au host inner small planets,
since the set of systems that host cold gas giants without
detected small inner planets have nonzero sensitivity to said
small planets, particularly within 0.1 au and above 7 M.
Independently, in a collection of 78 systems containing cold
gas giants, we discover five systems with detected small planets
in our small planet range. Without a completeness correction,
this yields a 6.41% probability of outer giants hosting inner
small planets. Our completeness-aware methods yield 42%, a
factor of ~6.5 times greater than this raw value. Conversely,

the bottom panel of Figure 7 shows that the set of small inner
planets without detected outer companions are sensitive to
those companions with a completeness correction less than a
factor of 1.5. Taken together, these results suggest that small
planets are correlated with cold Jupiters, but potentially
suppressed by warm Jupiters. The two exceptions in our
sample are 55 Cnc, which hosts a very warm giant and an
ultrashort period super-Earth, and GL 876, which hosts a 2 day
sub-Neptune and a 2:1 resonant pair of super-Jupiters at 30 and
60 days. The fact that the two super-Jupiters are in an orbital
resonance suggests that they likely formed farther out and then
migrated inward (Yu & Tremaine 2001), perhaps explaining
how the inner sub-Neptune was able to form despite their
presence.

4.4. Metallicity Distributions

We used our sample to reproduce the previously derived
result (Zhu & Wu 2018; Bryan et al. 2019) that small planet
hosts with outer gas giants are consistently more metal rich
with 97% significance than hosts of lonely small planets, as
seen in Figure 8. This phenomenon agrees with the well-
established correlation between metallicity and giant planet
formation and, therefore, may be independent of the presence
of small planets. However, since the CLS sample contains few
systems with both outer giants and inner small planets, it is
difficult to test the reverse effect and determine whether giant
planet hosts with small planets have a different metallicity
distribution than lonely giant planet hosts.

5. Discussion

5.1. Reconciling our Results with Other Occurrence Work and
Known Systems

Bryan et al. (2019) found that P(I|J) = 102’:;‘1‘%, while Zhu
& Wu (2018) found that P(I|J) =90% =+ 20%. Our measure-
ments of P(I|J) = 32"%¢% and P(I|0) = 4271]% are con-
sistent with the 2019 measurement, but are 20 inconsistent
with the 2018 measurement. Additionally, both of our
measurements are more than 2.50 separated from 100%.

Our finding that gas giants within a certain mass and semimajor
axis range suppress the formation of inner small planets is highly
conditioned on these mass and semimajor axis ranges. We limited
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component, shown here. This model leads to an 18.3% recovery rate in our
survey.

this analysis to giant planets within 0.3-3 au. Conversely, Huang
et al. (2016) found that half of all warm Jupiters have small planet
companions by performing a similar analysis on the Kepler
sample. They defined a warm Jupiter as a giant planet within
10-200 days; 200 days corresponds to a ~0.67 au orbit around a
solar mass star, which is only beyond the inner limit of our
“lukewarm” range by about a factor of 2. This implies that our
two results are not necessarily incompatible. Rather, they are
drawn from mostly separate giant planet populations, which may
have distinct formation or migration mechanisms.

Additionally, while the CLS does not contain 0.3-3 au giant
companions to small planets, the Kepler sample contains
several known systems that fit this description. For instance, the
Kepler-167 system contains a 1 Mj giant at 1.9 au with three
super-Earths, and the Kepler-1514 system contains a 5 Mj giant
at 0.75 au with an inner 1.1 R, planet at 0.1 au (Kipping et al.
2016; Dalba et al. 2021). Several other Kepler systems contain
planets that satisfy or almost satisfy our criteria for small and
giant pairs (Holczer et al. 2016; Morton et al. 2016), as well as
non-Kepler systems (Bouchy et al. 2009; Stassun et al. 2017).
We have not claimed that 0.3-3 au giants completely prevent
the formation of small inner planets, only that these giants host

inner small planets within 2-30 M, with a significantly smaller
frequency than giant planets outside this range. Looking to the
future, long-baseline RV follow-up of a very large sample of
hosts of close-in small planets, such as a subsample of the
TESS survey (Ricker et al. 2015), may uncover a larger number
of outer giant companions. This would help clarify the precise
distribution of these companions in mass and semimajor axis
space.

5.2. Comparison between Direct Measurement and Bayesian
Inference of P(1|O)

Figure 3 shows that our direct estimate of P(I|O) is lower
than our indirect estimate using Bayes’ theorem, which
calculates P(I|O) as a function of P(O|l), P(O), and P(I).
These probabilities are likely mismatched because they assume
uniform occurrence across giant planet parameter space, and
Figure 6 shows that this is not the case. While our broad sample
of giant planets fills M sin i and semimajor axis space, we
found no outer companions to small planets among our warm
Jupiters, as discussed in Section 4.3. This means that our
population of outer giant companions and broader giant planet
sample are distinct in parameter space, and that choosing a
wide swath of M sin i and semimajor axis space for our
Bayesian inference is not justified. This would also explain
why our Jupiter analog comparison, shown in Figure 4, shows
a closer match between a direct measurement and Bayesian
inference; 3-7 au and 0.3-13 Mj is a narrower range of
parameter space, and well separated from the warmer giants
that appear to suppress small planet formation. This difference
in giant classification could explain why the two posteriors
more closely agree for the narrow definition of Jupiter analogs
than for the broader definition that includes all cold gas giants.

5.3. The Nature of Cold Giant Companions

Figure 9 shows both all giant planets and outer giant
companions to small planets in eccentricity, M sin i, and
semimajor axis space. The outer companions have an upper
limit on eccentricity within 0.4, whereas the broader sample
follows the beta distribution first described in Kipping (2013).
Figure 10 marginalizes over the occurrence distributions shown
in Figure 6 to produce mass functions for these two populations
within 0.23-10 au. This marginalization shows that outer
companions are more frequently found at lower masses than the
broader giant sample, with ~2¢ significance. Figure 11 shows
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Figure 7. Top: cold giant planets without detected inner small companions in
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that the data sets associated with these systems are somewhat sensitive to
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planets without detected outer companions in the CLS sample, with associated
completeness contours. We have outlined our outer giant parameter space in
purple for context.

histograms of the maximum a posteriori eccentricities of all
giant planets and outer giant companions to small planets. The
broad sample has a moderate-to-high-eccentricity tail that is not
shared by the outer companions. This makes intuitive sense,
since eccentric giants are disruptive to the inner regions of a
planetary system, and can disrupt the early stage formation of
small planets by sweeping through protoplanetary disks, or
dynamically scatter small planets.

5.4. An Aside on our Sample Selection Criteria

Our selection criteria differ from those of Bryan et al. (2019)
in a number of ways. Our lowest mass planet has M sin i equal
to 3.57 M, below which we are almost entirely insensitive
even to close-in planets. We therefore select a mass range of
2-30 M., as opposed to 1-10 M. We chose our upper limit on
M sin i as an estimate of the mass threshold for runaway gas
accretion (Lissauer et al. 2009). This limit also happens to
correspond to a possible valley in the mass—radius distribution
of planets, as seen in Neil & Rogers (2020). In order to test
whether this difference will significantly challenge our
comparison to the prior results, we recompute our measure-
ments with tighter limits on small planet parameter space,
moving to 2-20 M, and 0.023-0.5 au. We show these results
in Table 3. P(1|O) is consistent for both definitions of an inner
small planet; P(O|l) is ~1o distinct. We cannot compare
Jupiter analog conditional probabilities because the narrower
sample of small planets does not include any companions to
Jupiter analogs. These results imply that our choice of M sin i
and a limits for small inner planets do not significantly impact
our comparisons to studies with different definitions of small
planets. We also explored the impact of changing our lower M
sin i limit from 2 My, to 3 M, since there are no companion
small planets in our sample that are less massive than 3 M.
These changes decreased P(I|O) and P(I) by less than 1o and
1.50, respectively, as seen in Table 3.

Additionally, we did not search for planets with orbital
periods less than 1 day, since this would produce alias issues in
our automated search pipeline. This leads to a complication
regarding 55 Cnc, which hosts a super-Earth with an orbital
period of 0.74 days. This planet is the only previously known
ultrashort-period planet (USP) in our sample, and this system is
one of the few that we initialized with known planets in our
search, including a Keplerian orbit for the USP in order to
properly model our RV data. This system also stands out from
the rest of our sample in a number of other ways, such as
hosting both a hot Jupiter and multiple outer, less massive
giants. Since our blind search does not extend below 1 day, we
should in principle limit our small planet sample to planets
beyond 0.02 au, which corresponds to just over a 1 day orbit
around a G dwarf. This excludes 55 Cnc and its giant planets
from our Bayesian estimates of inner and outer companion
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Table 3
Same as Table 2, but Middle Column is for Small Planets within 2-20 M, and
0.023-0.5 au, while Right-Hand Columns are for 3-30 M, and 6-30 M,

(1 au, (0.5 au, (0.5 au, (0.5 au,
Condition 2-30 M) 2-20 M) 3-30 M) 6-30 M)
Inner 02761098 0.281799% 0.191+993¢ 0.14379930
Outer|Inner 0415013 0.29791¢ 0.43+317 0424013
Inner|Outer 0.42t3}§ 0.46:339 0.287033 0.219t8,8§2
Jupiter|lnner  0.133+350 No 0215943 0.2150:0
detections
Inner|Jupiter 032102 No 025751 0.1615:43
detections
Outer 0.176:9%

Jupiter 007279014

probability and leaves only two planets within the Jupiter
analog box instead of three. We opted to exclude 55 Cnc from
our conditional probability analysis for the sake of consistency,
but left it in our outer giant occurrence grids shown in Figure 6.
Redoing the analysis with an inner limit of 0.015 au, so that 55
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Cnc is included, we find that the probability of hosting a close-
in small planet given the presence of an outer Jupiter analog is
O.39f8j%é, as opposed to O.32f8j%é without 55 Cnc. Likewise,
when including 55 Cnc, the probability of hosting a close-in
small planet given the presence of a cold gas giant in broader
parameter space (0.23—10 au, 30-6000 M) is 0.42+017 as
opposed to 0.427017 without 55 Cnc, i.e., nearly identical.

Alongside 55 Cnc, GJ 876 is the one other system in our
sample that hosts both a detected small planet and warm gas
giants. This system hosts a small planet on a 2 day orbit and
two giant planets in a 2:1 resonance at 30 and 60 days. We
propose that this system is the exception that supports our
theory of warm Jupiters suppressing inner small planet
formation, since this resonant pair may have migrated inward
from beyond 1 au (Yu & Tremaine 2001; Batygin 2015;
Nelson et al. 2016).

5.5. An Aside on Multiplicity Bias

We investigate whether our estimate of the probability that a
star hosts at least one planet (P(1+)) in a given parameter space
is systematically biased in cases of high planet multiplicity. We
estimate the possible magnitude of this effect using a Monte
Carlo experiment to recover the true value of P(1+) given a toy
model for planet multiplicity and simulated observed popula-
tion. First, we choose an underlying probability of hosting at
least one planet p, as well as a simple multiplicity distribution
J» given the presence of at least one planet, capped at three
planets.

Then, we perform a single step of our Monte Carlo
experiment by “creating” 81 stars, the size of our outer giant
O host sample. Each star has a probability p of hosting any
inner small planets, and probability f,, of hosting n such planets,
if it hosts any such planets at all. We sample these planets from
uniform In(a) and In(M) distributions in the desired parameter
space, in our case, our small planet definition. We then
determine how many planets we detect around each star, by
convolving our planet In(a) and In(M) parameters with the
completeness contours of a randomly chosen outer giant host,
and only keeping the planets that have search completeness
higher than a random number drawn from U(0, 1). We
randomly select a new completeness contour for each generated
system.

Once we have our population of observed planets, we run
our Poisson likelihood model on the first-observed planets to
generate our estimate of the probability that a star hosts at least
one planet in a given parameter space, or P(1+4). Figure 12
shows our results for p =0.3 and three different choices of
multiplicity, including the distribution of detected multiplicity
shown in Figure 2. When we assume one small planet per host,
our Poisson model accurately retrieves the underlying prob-
ability of hosting at least one planet. With increasing average
multiplicity, our model marginally overestimates P(1+) by a
small but increasing factor. This is because increasing the
expected intrinsic number of planets per host increases the
probability of detecting at least one planet around a true host.

Correcting for this bias would require confident knowledge
of the multiplicity distribution of small planets, which is
currently contested even after much work with Kepler (e.g.,
Zhu & Wu 2018; He et al. 2019). Resolving this issue would
require a much larger and more complete small planet sample
than the one available through the CLS. Hopefully, future
precise RV exoplanet surveys will produce more rigorous small
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planet multiplicity measurements, and create opportunities to
better understand bias in occurrence rates due to multiplicity.

5.6. Implications for Planet Formation

One key takeaway from our analysis is that lukewarm
Jupiters may either suppress the formation or migration of
small inner planets or destabilize the orbits of inner super-
Earths. The first conjecture fits with theoretical work (Kley &
Nelson 2012; Moriarty & Fischer 2015) that shows how gas
giants that are sufficiently massive or close to their host stars
can create gaps in the protoplanetary disk and prevent the
inward flow of solids beyond their orbits. This cuts off the
supply of material during the critical timescales of pebble
accretion, thus depriving rocky cores of the fuel needed to grow
into super-Earths or larger planets (Chachan et al. 2022).
Alternatively, warm or lukewarm gas giants may excite the
eccentricities of nascent inner small planets and destabilize
their orbits into ejection or accretion (Schlecker et al. 2021).
Both of these explanations imply that a cold gas giant beyond 5
au such as Jupiter is not detrimental to interior small planet
formation, but a Jupiter-mass giant within 0.3-3 au may be.

These ideas do not have to clash with the known coexistence
of small planets and warm gas giants. Huang et al. (2016)
found that warm Jupiters (10-200 days) with close companions
are substantially more common than hot Jupiters (<10 days)
with close companions. It is possible that there is a warm
Jupiter pileup due to migration, which takes cold gas giants all
the way through the region where we see a dearth of warmer
giant companions to small inner planets.

6. Conclusions and Future Work

We explored the relationship between small, close-in planets
and outer giants by computing absolute and conditional
probabilities for these two populations. We found that
42717% of stars that host a giant planet within 0.23-10 au
also host an inner small planet between 2 and 30 M, and that
3273%% of stars that host a Jupiter analog (3-7 au, 0.3—13 M))
also host an inner small planet between 2 and 30 M. These
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probabilities are ~ 10 separated from the absolute probability of
hosting a small close-in planet, implying an inconclusive effect
of outer gas giants on the occurrence of small, close-in
companions. On the other hand, the probability of hosting an
outer gas giant given the presence of a small planet is 1.65¢0
enhanced over the absolute probability of hosting an outer gas
giant. We also confirmed the known result that stars with both
small, close-in planets and cold giants tend to be more metal
rich than stars with only small planets. Additionally, we used
Monte Carlo simulations to estimate how small planet multi-
plicity might bias Poisson estimates of the probability that a
star hosts at least one small planet. We found that multiplicity
may result in overestimating this probability, but that
assumptions in our Poisson model may reduce the magnitude
of this bias.

The next paper in the California Legacy Survey will split our
sample into single-giant and multiple-giant systems and
investigate the differences and commonalities between these
two groups. Taken together with this study of small planets and
cold giants, as well as the broader study of gas giants in Fulton
et al. (2021), this work may reveal new insights into the
formation, evolution, and final architectures of planetary
systems.
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