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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 5MJ 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 2–30M⊕ 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(I|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|I), 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 ∼2σ significance. Figure 11 shows

Figure 4. Same as Figure 3, but for Jupiter analogs within 3–7 au and 0.3–13 MJ instead of the broader giant population.

Figure 5. Analytical mass distributions for small planets used in this work
(green) and from Neil & Rogers (2020) (purple). This work assumes a uniform
distribution in ln(M). Assuming a uniform distribution in ln(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 log-normal
mixture model to a sample of Kepler planets and found a distinct small planet
component, shown here. This model leads to an 18.3% recovery rate in our
survey.
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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 3.57M⊕, below which we are almost entirely insensitive
even to close-in planets. We therefore select a mass range of
2–30M⊕, as opposed to 1–10M⊕. 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 2–20M⊕ and 0.023–0.5 au. We show these results
in Table 3. P(I|O) is consistent for both definitions of an inner
small planet; P(O|I) is ∼1σ 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 2M⊕ to 3M⊕, since there are no companion
small planets in our sample that are less massive than 3M⊕.
These changes decreased P(I|O) and P(I) by less than 1σ and
1.5σ, 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

Figure 6. Left: occurrence grid for the full CLS sample of 719 stars. Cell shade and number annotation reflect the median expected number of planets per 100 stars in
each bin. Empty bins show an expected upper limit on occurrence as the 84.1th percentile on the occurrence rate posterior. Right: same, but only for the 28 hosts of
detected small planets with M sin i < 30 M⊕ and a < 1 au. Note that this sample includes 55 Cncʼs four cold giants, whereas our fractional analysis in Figures 3 and 4
excludes 55 Cnc, since its inner ultrashort period planet is undetectable by our automated search due to our period limits. The right-hand panel shows that there is an
absence of warm gas giants in our sample of detected small planet hosts.

Figure 7. Top: cold giant planets without detected inner small companions in
the CLS sample, with associated completeness contours. The contours show
that the data sets associated with these systems are somewhat sensitive to
planets within 0.5 au and 30 M⊕; we have outlined our small planet parameter
space in green for context. This means that we can say with some confidence
that not all of these systems harbor undetected small planets. Bottom: small
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.
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probabilities are ∼1σ 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 1.65σ
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.

L.J.R. led the construction of this paper, including perform-
ing all analysis, generating all of the figures, and writing this
manuscript. Y.C., F.D., H.A.K., and A.W.H. advised substan-
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therein.

We thank the anonymous reviewer for constructive feedback
on our analysis, particularly regarding the details and pitfalls of
measuring planet occurrence. We thank Ken and Gloria Levy,
who supported the construction of the Levy Spectrometer on
the Automated Planet Finder, which was used heavily for this
research. We thank the University of California and Google for
supporting Lick Observatory, and the UCO staff as well as
UCO director Claire Max for their dedicated work scheduling
and operating the telescopes of Lick Observatory.

A.C. acknowledges support from the National Science
Foundation through the Graduate Research Fellowship Pro-
gram (DGE 1842402). G.W.H. acknowledges long-term
support from NASA, NSF, Tennessee State University, and
the State of Tennessee through its Centers of Excellence
program. A.W.H. acknowledges NSF grant 1753582. H.A.K.
acknowledges NSF grant 1555095. P.D. gratefully acknowl-
edges support from a National Science Foundation (NSF)
Astronomy & Astrophysics Postdoctoral Fellowship under
award AST-1903811.

This work has made use of data from the European Space
Agency (ESA) mission Gaia (https://www.cosmos.esa.int/
gaia), processed by the Gaia Data Processing and Analysis
Consortium (DPAC, https://www.cosmos.esa.int/web/gaia/
dpac/consortium). Funding for the DPAC has been provided
by national institutions, in particular the institutions participat-
ing in the Gaia Multilateral Agreement.

Software: All code used in this paper is available at github.
com/California-Planet-Search/rvsearch and github.com/
leerosenthalj/CLSIII. This research makes use of GNU
Parallel (Tange 2011). We made use of the following publicly
available Python modules: astropy (Astropy Collaboration
et al. 2013), matplotlib (Hunter 2007), numpy/scipy

(van der Walt et al. 2011), pandas (McKinney 2010), emcee
(Foreman-Mackey et al. 2013), and RadVel (Fulton et al.
2018).

ORCID iDs

Lee J. Rosenthal https://orcid.org/0000-0001-8391-5182
Heather A. Knutson https://orcid.org/0000-0002-5375-4725
Yayaati Chachan https://orcid.org/0000-0003-1728-8269
Fei Dai https://orcid.org/0000-0002-8958-0683
Andrew W. Howard https://orcid.org/0000-0001-
8638-0320
Benjamin J. Fulton https://orcid.org/0000-0003-3504-5316
Ashley Chontos https://orcid.org/0000-0003-1125-2564
Justin R. Crepp https://orcid.org/0000-0003-0800-0593
Paul A. Dalba https://orcid.org/0000-0002-4297-5506
Gregory W. Henry https://orcid.org/0000-0003-4155-8513
Stephen R. Kane https://orcid.org/0000-0002-7084-0529
Erik A. Petigura https://orcid.org/0000-0003-0967-2893
Lauren M. Weiss https://orcid.org/0000-0002-3725-3058
Jason T. Wright https://orcid.org/0000-0001-6160-5888

References

Astropy Collaboration, Robitaille, T. P., Tollerud, E. J., et al. 2013, A&A,
558, A33

Batygin, K. 2015, MNRAS, 451, 2589
Bitsch, B., Trifonov, T., & Izidoro, A. 2020, A&A, 643, A66
Bonfils, X., Forveille, T., Delfosse, X., et al. 2005, A&A, 443, L15
Bouchy, F., Mayor, M., Lovis, C., et al. 2009, A&A, 496, 527
Bryan, M. L., Knutson, H. A., Lee, E. J., et al. 2019, AJ, 157, 52
Buchhave, L. A., Bizzarro, M., Latham, D. W., et al. 2014, Natur, 509, 593
Burt, J., Vogt, S. S., Butler, R. P., et al. 2014, ApJ, 789, 114
Burt, J., Feng, F., Holden, B., et al. 2021, AJ, 161, 10
Butler, R. P., Marcy, G. W., Williams, E., Hauser, H., & Shirts, P. 1997, ApJL,

474, L115
Butler, R. P., Vogt, S. S., Marcy, G. W., et al. 2004, ApJ, 617, 580
Butler, R. P., Wright, J. T., Marcy, G. W., et al. 2006, ApJ, 646, 505
Chachan, Y., Dalba, P. A., Knutson, H. A., et al. 2022, ApJ, 926, 62
Cumming, A., Butler, R. P., Marcy, G. W., et al. 2008, PASP, 120, 531
Dalba, P. A., Kane, S. R., Isaacson, H., et al. 2021, AJ, 161, 103
Dedrick, C. M., Fulton, B. J., Knutson, H. A., et al. 2021, AJ, 161, 86
Díaz, R. F., Ségransan, D., Udry, S., et al. 2016, A&A, 585, A134
Díaz, R. F., Delfosse, X., Hobson, M. J., et al. 2019, A&A, 625, A17
Fang, J., & Margot, J.-L. 2012, ApJ, 761, 92
Fischer, D. A., Marcy, G. W., & Spronck, J. F. P. 2014, ApJS, 210, 5
Fischer, D. A., & Valenti, J. 2005, ApJ, 622, 1102
Foreman-Mackey, D., Hogg, D. W., Lang, D., & Goodman, J. 2013, PASP,

125, 306
Foreman-Mackey, D., Hogg, D. W., & Morton, T. D. 2014, ApJ, 795, 64
Forveille, T., Bonfils, X., Delfosse, X., et al. 2009, A&A, 493, 645
Fulton, B. J., Petigura, E. A., Blunt, S., & Sinukoff, E. 2018, PASP, 130,

044504
Fulton, B. J., Weiss, L. M., Sinukoff, E., et al. 2015, ApJ, 805, 175
Fulton, B. J., Howard, A. W., Weiss, L. M., et al. 2016, ApJ, 830, 46
Fulton, B. J., Rosenthal, L. J., Hirsch, L. A., et al. 2021, ApJS, 255, 14
Hasegawa, Y., & Pudritz, R. E. 2011, MNRAS, 417, 1236
He, M. Y., Ford, E. B., & Ragozzine, D. 2019, MNRAS, 490, 4575
He, M. Y., Ford, E. B., Ragozzine, D., & Carrera, D. 2020, AJ, 160, 276
Holczer, T., Mazeh, T., Nachmani, G., et al. 2016, ApJS, 225, 9
Howard, A. W., Johnson, J. A., Marcy, G. W., et al. 2010a, ApJ, 721, 1467
Howard, A. W., Marcy, G. W., Johnson, J. A., et al. 2010b, Sci, 330, 653
Howard, A. W., Johnson, J. A., Marcy, G. W., et al. 2011, ApJ, 726, 73
Howard, A. W., Marcy, G. W., Bryson, S. T., et al. 2012, ApJS, 201, 15
Howard, A. W., Marcy, G. W., Fischer, D. A., et al. 2014, ApJ, 794, 51
Huang, C., Wu, Y., & Triaud, A. H. M. J. 2016, ApJ, 825, 98
Hunter, J. D. 2007, CSE, 9, 90
Johnson, J. A., Bowler, B. P., Howard, A. W., et al. 2010, ApJL, 721, L153
Kipping, D. M. 2013, MNRAS, 434, L51
Kipping, D. M., Torres, G., Henze, C., et al. 2016, ApJ, 820, 112
Kley, W., & Nelson, R. P. 2012, ARA&A, 50, 211
Kutra, T., Wu, Y., & Qian, Y. 2021, AJ, 162, 69

10

The Astrophysical Journal Supplement Series, 262:1 (11pp), 2022 September Rosenthal et al.

https://www.cosmos.esa.int/gaia
https://www.cosmos.esa.int/gaia
https://www.cosmos.esa.int/web/gaia/dpac/consortium
https://www.cosmos.esa.int/web/gaia/dpac/consortium
http://github.com/California-Planet-Search/rvsearch
http://github.com/California-Planet-Search/rvsearch
http://github.com/leerosenthalj/CLSIII
http://github.com/leerosenthalj/CLSIII
https://orcid.org/0000-0001-8391-5182
https://orcid.org/0000-0001-8391-5182
https://orcid.org/0000-0001-8391-5182
https://orcid.org/0000-0001-8391-5182
https://orcid.org/0000-0001-8391-5182
https://orcid.org/0000-0001-8391-5182
https://orcid.org/0000-0001-8391-5182
https://orcid.org/0000-0001-8391-5182
https://orcid.org/0000-0002-5375-4725
https://orcid.org/0000-0002-5375-4725
https://orcid.org/0000-0002-5375-4725
https://orcid.org/0000-0002-5375-4725
https://orcid.org/0000-0002-5375-4725
https://orcid.org/0000-0002-5375-4725
https://orcid.org/0000-0002-5375-4725
https://orcid.org/0000-0002-5375-4725
https://orcid.org/0000-0003-1728-8269
https://orcid.org/0000-0003-1728-8269
https://orcid.org/0000-0003-1728-8269
https://orcid.org/0000-0003-1728-8269
https://orcid.org/0000-0003-1728-8269
https://orcid.org/0000-0003-1728-8269
https://orcid.org/0000-0003-1728-8269
https://orcid.org/0000-0003-1728-8269
https://orcid.org/0000-0002-8958-0683
https://orcid.org/0000-0002-8958-0683
https://orcid.org/0000-0002-8958-0683
https://orcid.org/0000-0002-8958-0683
https://orcid.org/0000-0002-8958-0683
https://orcid.org/0000-0002-8958-0683
https://orcid.org/0000-0002-8958-0683
https://orcid.org/0000-0002-8958-0683
https://orcid.org/0000-0001-8638-0320
https://orcid.org/0000-0001-8638-0320
https://orcid.org/0000-0001-8638-0320
https://orcid.org/0000-0001-8638-0320
https://orcid.org/0000-0001-8638-0320
https://orcid.org/0000-0001-8638-0320
https://orcid.org/0000-0001-8638-0320
https://orcid.org/0000-0001-8638-0320
https://orcid.org/0000-0001-8638-0320
https://orcid.org/0000-0003-3504-5316
https://orcid.org/0000-0003-3504-5316
https://orcid.org/0000-0003-3504-5316
https://orcid.org/0000-0003-3504-5316
https://orcid.org/0000-0003-3504-5316
https://orcid.org/0000-0003-3504-5316
https://orcid.org/0000-0003-3504-5316
https://orcid.org/0000-0003-3504-5316
https://orcid.org/0000-0003-1125-2564
https://orcid.org/0000-0003-1125-2564
https://orcid.org/0000-0003-1125-2564
https://orcid.org/0000-0003-1125-2564
https://orcid.org/0000-0003-1125-2564
https://orcid.org/0000-0003-1125-2564
https://orcid.org/0000-0003-1125-2564
https://orcid.org/0000-0003-1125-2564
https://orcid.org/0000-0003-0800-0593
https://orcid.org/0000-0003-0800-0593
https://orcid.org/0000-0003-0800-0593
https://orcid.org/0000-0003-0800-0593
https://orcid.org/0000-0003-0800-0593
https://orcid.org/0000-0003-0800-0593
https://orcid.org/0000-0003-0800-0593
https://orcid.org/0000-0003-0800-0593
https://orcid.org/0000-0002-4297-5506
https://orcid.org/0000-0002-4297-5506
https://orcid.org/0000-0002-4297-5506
https://orcid.org/0000-0002-4297-5506
https://orcid.org/0000-0002-4297-5506
https://orcid.org/0000-0002-4297-5506
https://orcid.org/0000-0002-4297-5506
https://orcid.org/0000-0002-4297-5506
https://orcid.org/0000-0003-4155-8513
https://orcid.org/0000-0003-4155-8513
https://orcid.org/0000-0003-4155-8513
https://orcid.org/0000-0003-4155-8513
https://orcid.org/0000-0003-4155-8513
https://orcid.org/0000-0003-4155-8513
https://orcid.org/0000-0003-4155-8513
https://orcid.org/0000-0003-4155-8513
https://orcid.org/0000-0002-7084-0529
https://orcid.org/0000-0002-7084-0529
https://orcid.org/0000-0002-7084-0529
https://orcid.org/0000-0002-7084-0529
https://orcid.org/0000-0002-7084-0529
https://orcid.org/0000-0002-7084-0529
https://orcid.org/0000-0002-7084-0529
https://orcid.org/0000-0002-7084-0529
https://orcid.org/0000-0003-0967-2893
https://orcid.org/0000-0003-0967-2893
https://orcid.org/0000-0003-0967-2893
https://orcid.org/0000-0003-0967-2893
https://orcid.org/0000-0003-0967-2893
https://orcid.org/0000-0003-0967-2893
https://orcid.org/0000-0003-0967-2893
https://orcid.org/0000-0003-0967-2893
https://orcid.org/0000-0002-3725-3058
https://orcid.org/0000-0002-3725-3058
https://orcid.org/0000-0002-3725-3058
https://orcid.org/0000-0002-3725-3058
https://orcid.org/0000-0002-3725-3058
https://orcid.org/0000-0002-3725-3058
https://orcid.org/0000-0002-3725-3058
https://orcid.org/0000-0002-3725-3058
https://orcid.org/0000-0001-6160-5888
https://orcid.org/0000-0001-6160-5888
https://orcid.org/0000-0001-6160-5888
https://orcid.org/0000-0001-6160-5888
https://orcid.org/0000-0001-6160-5888
https://orcid.org/0000-0001-6160-5888
https://orcid.org/0000-0001-6160-5888
https://orcid.org/0000-0001-6160-5888
https://doi.org/10.1051/0004-6361/201322068
https://ui.adsabs.harvard.edu/abs/2013A&A...558A..33A/abstract
https://ui.adsabs.harvard.edu/abs/2013A&A...558A..33A/abstract
https://doi.org/10.1093/mnras/stv1063
https://ui.adsabs.harvard.edu/abs/2015MNRAS.451.2589B/abstract
https://doi.org/10.1051/0004-6361/202038856
https://ui.adsabs.harvard.edu/abs/2020A&A...643A..66B/abstract
https://doi.org/10.1051/0004-6361:200500193
https://ui.adsabs.harvard.edu/abs/2005A&A...443L..15B/abstract
https://doi.org/10.1051/0004-6361:200810669
https://ui.adsabs.harvard.edu/abs/2009A&A...496..527B/abstract
https://doi.org/10.3847/1538-3881/aaf57f
https://ui.adsabs.harvard.edu/abs/2019AJ....157...52B/abstract
https://doi.org/10.1038/nature13254
https://ui.adsabs.harvard.edu/abs/2014Natur.509..593B/abstract
https://doi.org/10.1088/0004-637X/789/2/114
https://ui.adsabs.harvard.edu/abs/2014ApJ...789..114B/abstract
https://doi.org/10.3847/1538-3881/abc2d0
https://ui.adsabs.harvard.edu/abs/2021AJ....161...10B/abstract
https://doi.org/10.1086/310444
https://ui.adsabs.harvard.edu/abs/1997ApJ...474L.115B/abstract
https://ui.adsabs.harvard.edu/abs/1997ApJ...474L.115B/abstract
https://doi.org/10.1086/425173
https://ui.adsabs.harvard.edu/abs/2004ApJ...617..580B/abstract
https://doi.org/10.1086/504701
https://ui.adsabs.harvard.edu/abs/2006ApJ...646..505B/abstract
https://doi.org/10.3847/1538-4357/ac3ed6
https://ui.adsabs.harvard.edu/abs/2022ApJ...926...62C/abstract
https://doi.org/10.1086/588487
https://ui.adsabs.harvard.edu/abs/2008PASP..120..531C/abstract
https://doi.org/10.3847/1538-3881/abd408
https://ui.adsabs.harvard.edu/abs/2021AJ....161..103D/abstract
https://doi.org/10.3847/1538-3881/abd0ef
https://ui.adsabs.harvard.edu/abs/2021AJ....161...86D/abstract
https://doi.org/10.1051/0004-6361/201526729
https://ui.adsabs.harvard.edu/abs/2016A&A...585A.134D/abstract
https://doi.org/10.1051/0004-6361/201935019
https://ui.adsabs.harvard.edu/abs/2019A&A...625A..17D/abstract
https://doi.org/10.1088/0004-637X/761/2/92
https://ui.adsabs.harvard.edu/abs/2012ApJ...761...92F/abstract
https://doi.org/10.1088/0067-0049/210/1/5
https://ui.adsabs.harvard.edu/abs/2014ApJS..210....5F/abstract
https://doi.org/10.1086/428383
https://ui.adsabs.harvard.edu/abs/2005ApJ...622.1102F/abstract
https://doi.org/10.1086/670067
https://ui.adsabs.harvard.edu/abs/2013PASP..125..306F/abstract
https://ui.adsabs.harvard.edu/abs/2013PASP..125..306F/abstract
https://doi.org/10.1088/0004-637X/795/1/64
https://ui.adsabs.harvard.edu/abs/2014ApJ...795...64F/abstract
https://doi.org/10.1051/0004-6361:200810557
https://ui.adsabs.harvard.edu/abs/2009A&A...493..645F/abstract
https://doi.org/10.1088/1538-3873/aaaaa8
https://ui.adsabs.harvard.edu/abs/2018PASP..130d4504F/abstract
https://ui.adsabs.harvard.edu/abs/2018PASP..130d4504F/abstract
https://doi.org/10.1088/0004-637X/805/2/175
https://ui.adsabs.harvard.edu/abs/2015ApJ...805..175F/abstract
https://doi.org/10.3847/0004-637X/830/1/46
https://ui.adsabs.harvard.edu/abs/2016ApJ...830...46F/abstract
https://doi.org/10.3847/1538-4365/abfcc1
https://ui.adsabs.harvard.edu/abs/2021ApJS..255...14F/abstract
https://doi.org/10.1111/j.1365-2966.2011.19338.x
https://ui.adsabs.harvard.edu/abs/2011MNRAS.417.1236H/abstract
https://doi.org/10.1093/mnras/stz2869
https://ui.adsabs.harvard.edu/abs/2019MNRAS.490.4575H/abstract
https://doi.org/10.3847/1538-3881/abba18
https://ui.adsabs.harvard.edu/abs/2020AJ....160..276H/abstract
https://doi.org/10.3847/0067-0049/225/1/9
https://ui.adsabs.harvard.edu/abs/2016ApJS..225....9H/abstract
https://doi.org/10.1088/0004-637X/721/2/1467
https://ui.adsabs.harvard.edu/abs/2010ApJ...721.1467H/abstract
https://doi.org/10.1126/science.1194854
https://ui.adsabs.harvard.edu/abs/2010Sci...330..653H/abstract
https://doi.org/10.1088/0004-637X/726/2/73
https://ui.adsabs.harvard.edu/abs/2011ApJ...726...73H/abstract
https://doi.org/10.1088/0067-0049/201/2/15
https://ui.adsabs.harvard.edu/abs/2012ApJS..201...15H/abstract
https://doi.org/10.1088/0004-637X/794/1/51
https://ui.adsabs.harvard.edu/abs/2014ApJ...794...51H/abstract
https://doi.org/10.3847/0004-637X/825/2/98
https://ui.adsabs.harvard.edu/abs/2016ApJ...825...98H/abstract
https://doi.org/10.1109/MCSE.2007.55
https://ui.adsabs.harvard.edu/abs/2007CSE.....9...90H/abstract
https://doi.org/10.1088/2041-8205/721/2/L153
https://ui.adsabs.harvard.edu/abs/2010ApJ...721L.153J/abstract
https://doi.org/10.1093/mnrasl/slt075
https://ui.adsabs.harvard.edu/abs/2013MNRAS.434L..51K/abstract
https://doi.org/10.3847/0004-637X/820/2/112
https://ui.adsabs.harvard.edu/abs/2016ApJ...820..112K/abstract
https://doi.org/10.1146/annurev-astro-081811-125523
https://ui.adsabs.harvard.edu/abs/2012ARA&A..50..211K/abstract
https://doi.org/10.3847/1538-3881/ac0431
https://ui.adsabs.harvard.edu/abs/2021AJ....162...69K/abstract


Lin, D. N. C., & Papaloizou, J. 1986, ApJ, 309, 846
Lissauer, J. J., Hubickyj, O., D’Angelo, G., & Bodenheimer, P. 2009, Icar,

199, 338
Lovis, C., Mayor, M., Pepe, F., et al. 2006, Natur, 441, 305
Marcy, G. W., Butler, R. P., Fischer, D., et al. 2001, ApJ, 556, 296
Marcy, G. W., Butler, R. P., Vogt, S. S., et al. 2005, ApJ, 619, 570
Mayor, M., Bonfils, X., Forveille, T., et al. 2009, A&A, 507, 487
McKinney, W. 2010, in Proceedings of the 9th Python in Science Conf., ed.

S. van der Walt & J. Millman, 56
Moe, M., & Kratter, K. M. 2021, MNRAS, 507, 3593
Mordasini, C., Mayor, M., Udry, S., et al. 2011, A&A, 526, A111
Moriarty, J., & Fischer, D. 2015, ApJ, 809, 94
Morton, T. D., Bryson, S. T., Coughlin, J. L., et al. 2016, ApJ, 822, 86
Naef, D., Mayor, M., Korzennik, S. G., et al. 2003, A&A, 410, 1051
Neil, A. R., & Rogers, L. A. 2020, ApJ, 891, 12
Nelson, B. E., Robertson, P. M., Payne, M. J., et al. 2016, MNRAS, 455,

2484
Ormel, C. W., Liu, B., & Schoonenberg, D. 2017, A&A, 604, A1

Petigura, E. A., Howard, A. W., & Marcy, G. W. 2013, PNAS, 110, 19273
Petigura, E. A., Marcy, G. W., Winn, J. N., et al. 2018, AJ, 155, 89
Reiners, A., Ribas, I., Zechmeister, M., et al. 2018, A&A, 609, L5
Ricker, G. R., Winn, J. N., Vanderspek, R., et al. 2015, JATIS, 1, 014003
Rivera, E. J., Butler, R. P., Vogt, S. S., et al. 2010, ApJ, 708, 1492
Rosenthal, L. J., Fulton, B. J., Hirsch, L. A., et al. 2021, ApJS, 255, 8
Rowan, D., Meschiari, S., Laughlin, G., et al. 2016, ApJ, 817, 104
Schlecker, M., Mordasini, C., Emsenhuber, A., et al. 2021, A&A,

656, A71
Stassun, K. G., Collins, K. A., & Gaudi, B. S. 2017, AJ, 153, 136
Tange, O. 2011, login: USENIX Mag., 36, 42
Udry, S., Dumusque, X., Lovis, C., et al. 2019, A&A, 622, A37
van der Walt, S., Colbert, S. C., & Varoquaux, G. 2011, CSE, 13, 22
Vogt, S. S., Wittenmyer, R. A., Butler, R. P., et al. 2010, ApJ, 708, 1366
Vogt, S. S., Burt, J., Meschiari, S., et al. 2015, ApJ, 814, 12
Wittenmyer, R. A., Butler, R. P., Tinney, C. G., et al. 2016, ApJ, 819, 28
Yu, Q., & Tremaine, S. 2001, AJ, 121, 1736
Zhu, W., & Wu, Y. 2018, AJ, 156, 92

11

The Astrophysical Journal Supplement Series, 262:1 (11pp), 2022 September Rosenthal et al.

https://doi.org/10.1086/164653
https://ui.adsabs.harvard.edu/abs/1986ApJ...309..846L/abstract
https://doi.org/10.1016/j.icarus.2008.10.004
https://ui.adsabs.harvard.edu/abs/2009Icar..199..338L/abstract
https://ui.adsabs.harvard.edu/abs/2009Icar..199..338L/abstract
https://doi.org/10.1038/nature04828
https://ui.adsabs.harvard.edu/abs/2006Natur.441..305L/abstract
https://doi.org/10.1086/321552
https://ui.adsabs.harvard.edu/abs/2001ApJ...556..296M/abstract
https://doi.org/10.1086/426384
https://ui.adsabs.harvard.edu/abs/2005ApJ...619..570M/abstract
https://doi.org/10.1051/0004-6361/200912172
https://ui.adsabs.harvard.edu/abs/2009A&A...507..487M/abstract
https://doi.org/10.1093/mnras/stab2328
https://ui.adsabs.harvard.edu/abs/2021MNRAS.507.3593M/abstract
https://doi.org/10.1051/0004-6361/200913521
https://ui.adsabs.harvard.edu/abs/2011A&A...526A.111M/abstract
https://doi.org/10.1088/0004-637X/809/1/94
https://ui.adsabs.harvard.edu/abs/2015ApJ...809...94M/abstract
https://doi.org/10.3847/0004-637X/822/2/86
https://ui.adsabs.harvard.edu/abs/2016ApJ...822...86M/abstract
https://doi.org/10.1051/0004-6361:20031341
https://ui.adsabs.harvard.edu/abs/2003A&A...410.1051N/abstract
https://doi.org/10.3847/1538-4357/ab6a92
https://ui.adsabs.harvard.edu/abs/2020ApJ...891...12N/abstract
https://doi.org/10.1093/mnras/stv2367
https://ui.adsabs.harvard.edu/abs/2016MNRAS.455.2484N/abstract
https://ui.adsabs.harvard.edu/abs/2016MNRAS.455.2484N/abstract
https://doi.org/10.1051/0004-6361/201730826
https://ui.adsabs.harvard.edu/abs/2017A&A...604A...1O/abstract
https://doi.org/10.1073/pnas.1319909110
https://ui.adsabs.harvard.edu/abs/2013PNAS..11019273P/abstract
https://doi.org/10.3847/1538-3881/aaa54c
https://ui.adsabs.harvard.edu/abs/2018AJ....155...89P/abstract
https://doi.org/10.1051/0004-6361/201732165
https://ui.adsabs.harvard.edu/abs/2018A&A...609L...5R/abstract
https://doi.org/10.1117/1.JATIS.1.1.014003
https://ui.adsabs.harvard.edu/abs/2015JATIS...1a4003R/abstract
https://doi.org/10.1088/0004-637X/708/2/1492
https://ui.adsabs.harvard.edu/abs/2010ApJ...708.1492R/abstract
https://doi.org/10.3847/1538-4365/abe23c
https://ui.adsabs.harvard.edu/abs/2021ApJS..255....8R/abstract
https://doi.org/10.3847/0004-637X/817/2/104
https://ui.adsabs.harvard.edu/abs/2016ApJ...817..104R/abstract
https://doi.org/10.1051/0004-6361/202038554
https://ui.adsabs.harvard.edu/abs/2021A&A...656A..71S/abstract
https://ui.adsabs.harvard.edu/abs/2021A&A...656A..71S/abstract
https://doi.org/10.3847/1538-3881/aa5df3
https://ui.adsabs.harvard.edu/abs/2017AJ....153..136S/abstract
https://doi.org/10.1051/0004-6361/201731173
https://ui.adsabs.harvard.edu/abs/2019A&A...622A..37U/abstract
https://doi.org/10.1109/MCSE.2011.37
https://ui.adsabs.harvard.edu/abs/2011CSE....13b..22V/abstract
https://doi.org/10.1088/0004-637X/708/2/1366
https://ui.adsabs.harvard.edu/abs/2010ApJ...708.1366V/abstract
https://doi.org/10.1088/0004-637X/814/1/12
https://ui.adsabs.harvard.edu/abs/2015ApJ...814...12V/abstract
https://doi.org/10.3847/0004-637X/819/1/28
https://ui.adsabs.harvard.edu/abs/2016ApJ...819...28W/abstract
https://doi.org/10.1086/319401
https://ui.adsabs.harvard.edu/abs/2001AJ....121.1736Y/abstract
https://doi.org/10.3847/1538-3881/aad22a
https://ui.adsabs.harvard.edu/abs/2018AJ....156...92Z/abstract

	1. Introduction
	2. Survey Review
	3. Methods
	3.1. Occurrence Model
	3.2. Approach to Planet Multiplicity

	4. Results
	4.1. Absolute and Conditional Occurrence Rates
	4.2. The Impact of Outer Giants on Inner Small Planet Occurrence, and Vice Versa
	4.3.0.3–3 au Giant Suppression of Inner Small Planets
	4.4. Metallicity Distributions

	5. Discussion
	5.1. Reconciling our Results with Other Occurrence Work and Known Systems
	5.2. Comparison between Direct Measurement and Bayesian Inference of P(I∣O)
	5.3. The Nature of Cold Giant Companions
	5.4. An Aside on our Sample Selection Criteria
	5.5. An Aside on Multiplicity Bias
	5.6. Implications for Planet Formation

	6. Conclusions and Future Work
	References

