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ABSTRACT

It has recently been shown that stellar clustering plays an important role in shaping the properties of planetary
systems. We investigate how the multiplicity distributions and orbital periods of planetary systems depend on
the 6D phase space density of stars surrounding planet host systems. We find that stars in high stellar phase
space density environments (overdensities) have a factor 1.6-2.0 excess in the number of single planet systems
compared to stars in low stellar phase space density environments (the field). The multiplicity distribution of
planets around field stars is much flatter (i.e. there is a greater fraction of multi-planet systems) than in overden-
sities. This result is primarily driven by the combined facts that: (i) ‘hot Jupiters’ (HJs) are almost exclusively
found in overdensities; (ii) HJs are predominantly observed to be single-planet systems. Nevertheless, we find
that the difference in multiplicity is even more pronounced when only considering planets in the Kepler sam-
ple, which contains few HJs. This suggests that the Kepler dichotomy — an apparent excess of systems with a
single transiting planet — plausibly arises from environmental perturbations. In overdensities, the orbital periods
of single-planet systems are smaller than orbital periods of multiple-planet systems. As this difference is more
pronounced in overdensities, the mechanism responsible for this effect may be enhanced by stellar clustering.
Taken together, the pronounced dependence of planetary multiplicity and orbital period distributions on stellar
clustering provides a potentially powerful tool to diagnose the impact of environment on the formation and
evolution of planetary systems.

Keywords: solar-planetary interactions — exoplanet systems — exoplanet formation — planet formation —

star formation — stellar dynamics

1. INTRODUCTION

The comparison of planetary properties between single-
and multiple-planet systems has long been used to probe the
formation and evolution of planetary systems (Wright et al.
2009; Lissauer et al. 2011; Winn & Fabrycky 2015; Mul-
ders et al. 2018; Weiss et al. 2018a,b). Motivated by the
rich variety of exoplanetary systems observed with the Ke-
pler mission (Borucki et al. 2010, 2011), the similarity of
the host-star properties, planet radii, and radius valley for
single-planet and multi-planet systems has been used to in-
fer they have a common origin (Weiss et al. 2018a; Rogers
& Owen 2020). However, since the early days of Kepler, it
has been known that using a single population of planetary
systems that matches the higher multiplicities simultaneously
underpredicts the number of singly transiting systems (Lis-
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sauer et al. 2011; Hansen & Murray 2013; Ballard & Johnson
2016). The apparent excess of systems with a single transit-
ing planet — known as the Kepler dichotomy (e.g. Johansen
et al. 2012) — places important constraints on the degree to
which all planets may share a common origin.

Different scenarios have been proposed to explain the ori-
gin of the Kepler dichotomy (see e.g. He et al. 2019, 2020,
and references therein). Some scenarios attempt to assess
whether all observed planet properties can be described by
a single underlying population. Such studies invoke an in-
trinsically high fraction of single systems (Fang & Margot
2012; Sandford et al. 2019) or a strong anti-correlation be-
tween the mutual inclination scale and the multiplicity of
each system (Zhu 2020). Other scenarios assert that more
than one planet population is required, between which the
orbital properties may vary (e.g. the mutual inclination, see
Mulders et al. 2018; He et al. 2019). Observations show
an anti-correlation between planet multiplicity and their dy-
namical excitation (e.g. Morton & Winn 2014a; Van Eylen
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et al. 2019), which points towards a scenario in which high-
multiplicity systems can became dynamically unstable and
lose some of their planets (see e.g. Zinzi & Turrini 2017),
leaving behind dynamically excited, compact systems. In this
case, most observed ‘single’ planets are, in fact, part of mis-
aligned multiple-planet systems (He et al. 2020). These sce-
narios suggest perturbations of planetary systems may play a
role in shaping the Kepler dichotomy.

Following the idea that the Kepler dichotomy may result
from perturbations, we assess the role that the ambient stellar
clustering plays in shaping the multiplicity and orbital prop-
erties of planetary systems (also see e.g. Cai et al. 2018). We
take the sample of known exoplanets and use the ambient
stellar phase space density obtained with Gaia (Gaia Col-
laboration et al. 2016, 2018) to divide the sample into low
and high ambient stellar phase space densities (Winter et al.
2020), which we refer to as planets residing in the ‘field’ and
in ‘overdensities’, respectively. These subsamples are con-
sidered as reflecting environments of low and high degrees
of perturbation.

This investigation mirrors those in a set of companion pa-
pers, where we investigate the impact of stellar clustering on
the orbital period distribution of planets and the incidence
of hot Jupiters (Winter et al. 2020) and on the correlation
between the properties of adjacent planets (Chevance et al.
2021, i.e. ‘peas in a pod’, Weiss et al. 2018a), as well as
its role in turning sub-Neptunes into super-Earths (Kruijs-
sen et al. 2020, i.e. driving them across the ‘radius valley’,
Fulton et al. 2017). These findings demonstrate that stellar
clustering has a major impact on the architectures of plane-
tary systems, plausibly through external photoevaporation or
dynamical perturbations (e.g. Winter et al. 2020).

In this Letter, we investigate the extent to which the Ke-
pler dichotomy and the orbital properties of planets in sin-
gle and multiple systems may arise from such environmental
perturbations.

We find an excess of single-planet systems in overdensi-
ties, strongly suggesting that the Kepler dichotomy might in-
deed arise due to the impact of the large-scale stellar environ-
ment. The single-planet population in overdensities is char-
acterised by shorter orbital periods than the multi-planet pop-
ulation, suggesting that the perturbations cause the remaining
planet to migrate to tighter orbits.

2. METHOD

The subsequent analysis relies on the division of known
exoplanetary systems into field and overdensity systems by
Winter et al. (2020). The primary exoplanet sample is drawn
from the ‘catch-all’ NASA Exoplanet Archive (2020), which
contains a heterogeneous mix of exoplanet detections from
ground-based and space-based facilities using a range of dif-
ferent observational techniques. To avoid issues with various

observational biases related to sample selection, the Winter
et al. (2020) method explicitly does not search for corre-
lations, or look for relationships between planet properties,
within the database alone. Instead, the method splits exo-
planet host stars in the database in a carefully controlled
way using an independent dataset (Gaia), such that the inher-
ent biases, selection effects, etc., in the archive are the same
(within the inherent uncertainties) between the split popu-
lations. Through subsequent Monte Carlo experiments, we
have verified that any residual biases when making the split
are not the cause of the difference in planetary properties be-
tween the sub-samples (see, e.g., Figure 3 and Extended Data
Figures 3, 4, 5, 7, 8 in Winter et al. 2020).

The Winter et al. (2020) sample contains 1522 plan-
ets orbiting 1137 stars, drawn from the NASA Exoplanet
Archive (2020). Winter et al. (2020) calculated the relative,
six-dimensional position-velocity phase space density of ev-
ery exoplanet host star from Gaia’s second data release (Gaia
Collaboration et al. 2018) for which radial velocities are also
available (1522 out of 4141 exoplanets), as well as for up to
600 neighbouring stars (/Ng) within 40 pc of each exoplanet
host. For most exoplanet hosts, the resulting phase space den-
sity distributions of nearby stars is well described with a dou-
ble lognormal. To quantify this, Winter et al. (2020) deter-
mine the probability P, that the phase space density dis-
tribution of each stellar host neighbourhood is drawn from a
single lognormal distribution.

As described in Winter et al. (2020), we first remove stars
from this sample for which it is not possible to reliably de-
compose their phase space distributions into low- and high-
density components. This can be either due to a low num-
ber of neighbours or because their local phase space density
distribution is not bimodal (i.e. we remove stars for which
Phun > 0.05 & Ny < 400). As exoplanet architectures cor-
relate with the mass and age of the host star (Kennedy &
Wyatt 2013; Winn & Fabrycky 2015), we further only in-
clude stars with ages 1—4.5 Gyr and masses 0.7—2 Mg, to
ensure that the low- and high-density sub-samples have simi-
lar distributions in these properties. These cuts leave 399 stel-
lar systems in our fiducial reliable sample.

For these remaining host stars, Winter et al. (2020) per-
form a double lognormal decomposition of the local phase
space density distribution, identifying a low- and a high-
density component. The decomposition yields the probabil-
ity Phigh (respectively Piow = 1 — Phign) that an individ-
ual host star lies in a phase space overdensity (respectively
underdensity). We subsequently split the sample into a high
(Phigh > 0.84) and a low (P, > 0.84) phase space den-
sity sample. The choice of a 1o threshold of 0.84 in Pgn
and Py, represents a compromise between obtaining a large
sample and minimising misclassification. The general con-



STELLAR CLUSTERING AND PLANETARY MULTIPLICITY 3

clusions of the paper are robust against sensible changes in
this threshold.

Table 1 shows the number of stars and the planet mul-
tiplicity distributions for the full reliable sample and differ-
ent low- and high-density sub-samples, which we refer to as
the ‘field’” and ‘overdensities’, respectively. Table 2 shows the
mean distribution of host stellar mass, host stellar metallicity,
host stellar age, distance from the Sun and the number of sys-
tems in which at least one planet has been detected through
transit and radial velocity (RV) measurements, for the sub-set
of the samples in Table 1 with statistically significant differ-
ences in the single-to-multiple planet ratios between the field
and overdensities.

3. RESULTS

We break up the analysis into three parts. Firstly, in §3.1
and §3.2 we focus on planetary multiplicity, as well as on
their orbital periods and resonances, respectively, using the
full Winter et al. (2020) sample (i.e. the ‘Field’ and ‘Over-
densities’ samples in the top rows of Tables 1 and 2). The
Winter et al. (2020) catalogue represents the largest possible
sample of field and overdensities, at the expense of the high-
est degree of sample heterogeneity in terms of e.g. selection
and detection method. In §3.3, we focus on sub-samples of
the Winter et al. (2020) catalogue that are drawn from indi-
vidual exoplanet surveys to reduce the data heterogeneity, at
the expense of sample size.

3.1. Multiplicity: full Winter et al. (2020) sample

We start by investigating the multiplicity of the ‘Field’
and ‘Overdensities’ samples from the full Winter et al. (2020)
catalogue. Winter et al. (2020) ruled out stellar mass, metal-
licity and distance as systematic sources of bias between the
field and overdensity samples. It is therefore unlikely that ob-
servational biases in these parameters would manifest them-
selves as differences in planet multiplicity (or orbital period
(ratios), §3.2) between the field and overdensity samples.

Table 1 shows there are clear differences in the distribu-
tion of planet multiplicity between the field and overden-
sities. In particular, overdensities have a greater fraction of
systems with only one detected planet. The final column of
Table 1 shows overdensities have a factor 1.6 excess of sin-
gle planet systems compared to the field. Figure 1 visualises
the planet multiplicity distributions of both sub-samples. The
planet multiplicity distribution of stars in the field sample is
significantly flatter, i.e. a greater fraction of systems in the
field have more than one planet.

Table 2 also shows that there are differences in the frac-
tion of planets in the field and overdensities that have been
detected through transit and RV observations. The most no-
table difference is that only 35% of the field star systems have
planets detected through transits compared to 63% for over-

densities. Given that transit and RV observations are sensi-
tive to detecting planets in different mass and orbital period
regimes, it is possible that this imbalance in detection method
may imprint a bias in the planetary multiplicity, orbital pe-
riod and orbital period ratio between the field and overdensity
samples.

To estimate the potential bias due to imbalances in obser-

vational detection methods, we split the overdensity' sam-
ple into systems where all planets are exclusively detected
through transits (transit-only sample) and those where all
planets are exclusively detected through radial velocity mea-
surements (RV-only sample). These sub-samples contain 67
and 89 systems, respectively. We repeat the entire analysis
in §3.1 and §3.2 using the transit-only and RV-only samples
to determine how robust the identified differences between
the full Winter et al. (2020) field and overdensity samples
are against detection method bias. We then focus our dis-
cussion on results that are found to be robust, defined such
that any bias would act in the opposite direction of the iden-
tified trends, and that correcting for this bias would either
strengthen the results or leave them unchanged, rather than
weakening them. We explicitly refer to the results of the de-
tection method bias test after each analysis step below.

Repeating the multiplicity analysis on the RV-only and

transit-only samples shows that the RV-only samples have a
steeper drop in multiplicity, i.e. they are more likely to detect
single-planet systems. As the field sample planet population
is dominated by RV measurements and recovers a smaller
fraction of single-planet systems than overdensities, we in-
fer that the difference in multiplicity distribution seen be-
tween the field and overdensity systems cannot be explained
by a detection method bias, and that accounting for this bias
would only strengthen the above results.

To illustrate this point, we formulate an approximate cor-

rection of the field and overdensity samples for the detec-
tion method bias. We measure the number of systems per
multiplicity value in the RV-only and transit-only samples,
and normalise them by the total number of systems in the
RV-only sample (Nyy v = 89) and in the transit-only sam-
ple (Nov,tr = 67). For a given multiplicity value, 7, the
normalised fraction of systems is then f; ., and f;, for
the RV-only and transit-only samples, respectively. Relative
to a sample containing an equal number of transit and ra-
dial velocity detections, the bias of each individual detection
method in terms of the fraction of systems per multiplicity
value is defined as,

1 1
5i,rv = 5 (.fi,rv - fi,tr) and 5i,tr = 5 (fi,tr - fi,rv) .
(1)

! A similar experiment cannot be performed for the field sample due to the
low number of field systems.
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Figure 1. Planetary system multiplicity distributions from the full Winter et al. (2020) sample. The left panel shows multiplicity distributions for
the full reliable sample (black, ‘all systems’), as well as the low-density (blue, ‘field’), and high-density (red, ‘overdensities’) sub-samples. The
shaded blue and red dotted lines show the values corrected for the method detection bias (see the text). Error bars represent the Poissonian (v/N)
uncertainties on the data points. Stars show the co-planar multiplicity distribution predicted by Mulders et al. (2018, their fig. 11), scaled down
by a factor of 30 to enable an easier comparison to the samples in this work. The right panel shows the same planet multiplicity distributions, but
this time each sample has been normalised to the number of systems with two planets. Both panels show that the planet multiplicity distribution
of systems in the ‘field’ and ‘overdensities’ differ considerably. While overdensities are greatly dominated by single-planet systems, the planet
multiplicity distribution of stars in the field sample is significantly flatter and more closely matches the model predictions.

1.0 N U E U R R e | M
1 — field (single) I
field (multi)

overdensities (single)

overdensities (multi)

[y
1

field (adjacent pairs) L

Cumulative distribution function (CDF)

] 17 logiopap = —1.07 (field single vs. multi) [ ] !
-l 510 4 S ] . L
0.2 | - logg pks = —0.77 (field single vs. multi) | | ‘," === field (all pairs)
_ ¢ logypap 3.00 (overdensity single vs. multi) = overdensities (adjacent pairs)
- _,"l log,o pks = —5.84 (overdensity single vs. multi) -==- overdensities (all pairs) H
0.0 T RaRL AL T T T
10° 10 107 10° 10* 10° 10 10?

Orbital period [days] Period ratio, P = Ppyt/ P

Figure 2. Orbital period demographics in field and overdensity systems for the full Winter et al. (2020) sample. The left panel shows the
cumulative distribution functions of orbital periods for planets around stars in overdensities (red) and the field (blue). The solid lines show
the distribution for stellar systems with only a single planet (‘single’), while the dashed lines show the distribution for stellar systems with
more than one planet (‘multi’). The pks and pap values in the bottom right corner show the results of two-sample Kolmogorov-Smirnov and
Anderson-Darling tests, respectively, assessing the null hypothesis that the two samples listed in parentheses after the pks and pap values are
drawn from the same population. This is ruled out at high confidence for the overdensity sample, for which the orbital periods of single-planet
systems are significantly smaller than those of multiple-planet systems. For the field sample, the period distributions of single and multi-planet
systems are statistically indistinguishable. The right panel shows the cumulative distribution function of pairs of planets within the same system
with period ratio P = Pout/Pin, Wwhere Poyt and P,y are the periods of the outer and inner planet, respectively. Dashed lines show all planet
pairs and solid lines show only adjacent planet pairs. Blue and red show the field and overdensity samples, respectively. Planetary systems in
overdensities may be somewhat more closely packed than in the field, but not at high significance.
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(e)) (@) 3 4 5 (6) @) ®) )
Sample Total number Number of systems (/V) with different numbers of planets (1,,) Ratio: sing. to mult.
of systems N(np, =1) N(np, =2) N(np,=3) N(np=4) N(np,=5) N(np,=06) N(np, =1)/
N(np > 1)
Full reliable sample 399 311 68 9 7 3 1 3.53+0.43
(‘All’)
Low density 48 35 11 2 0 0 0 2.69+0.87
(‘Field’)
High density 253 205 36 6 4 2 0 4.27+0.68
(‘Overdensities’)
Low density, no hot Jupiters 40 27 11 2 0 0 0 2.08+0.70
(‘Field, no HJ")
High density, no hot Jupiters 157 112 33 6 4 2 0 2.4810.44
(‘Overdensities, no HJ”)
Low density, Kepler & K2 8 5 2 1 0 0 0 1.67+1.22
(‘Field, Kepler/K2")
High density, Kepler & K2 79 52 19 5 3 0 0 1.931+0.46
(‘Overdens, Kepler/K2’)
Low density, Kepler-only 8 5 2 1 0 0 0 1.67+1.22
(‘Field, Kepler’)
High density, Kepler-only 72 46 18 5 3 0 0 1.7740.43
(‘Overdens, Kepler’)
Low density, WASP+HAT 4 4 0 0 0 0 0 -
(‘Field, WASP+HAT")
High density, WASP+HAT 58 56 2 0 0 0 0 28.00+20.15
(‘Overdens, WASP+HAT’)
Low density, Kepler (CKS) 5 2 2 0 1 0 0 0.6710.61
(‘Field, Kepler/CKS”)
High density, Kepler (CKS) 60 38 13 5 3 0 1 1.731+0.46
(‘Overdens, Kepler/CKS’)
Low density, Kepler (CKS), 6 2 3 0 1 0 0 0.5010.43
M. > 0.5Mg
(‘Field, Kep/CKS,0.5Mp ")
High density, Kepler (CKS), 69 44 15 5 4 0 1 1.76+£0.44
M. > 0.5Mg
(‘Overdens, Kep/CKS,0.5M¢ ")
Low density, Kepler (CKS), 6 2 3 0 1 0 0 0.50+0.43

0.5Mp <M. < 1.0Mg
(‘Field, Kep/CKS,0.5 — 1.0Mg ")
High density, Kepler (CKS), 27 18 7 0 1 0 1 2.0010.82
0.5Mp <M, < 1.0Mg
(‘Overdens, Kep/CKS,0.5 — 1.0Mp ")

Table 1. The number of stellar systems and the planet multiplicity distributions for different data samples. The second column gives the total
number of planetary systems in each of the samples. Columns 3 to 8 give the number of systems in each of the samples with the specified number
of detected planets. The final column gives the ratio (and associated Poisson uncertainty) of the number of single and multiple planetary systems.
All samples above the double horizontal line use the stellar parameters from the NASA Exoplanet Archive (NASA Exoplanet Archive 2020).
The Kepler-only samples below the double horizontal line use stellar parameters from the California-Kepler Survey (CKS, taken from Fulton
& Petigura 2018). Rows with M, > 0.5 Mg use a lower mass cutoff of 0.5 M for the host stellar mass, rather than 0.7 M, as for all other
samples. The final row uses an upper mass cutoff of 1.0 M, rather than 2.0 M, for all other samples. The WASP+HAT rows are included
to show that ground-based data currently do not have large enough samples of planets in low-density environments to enable a meaningful
comparison of multiplicities.
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M 2 (3) C)) (5) (6) @ ®)
Sample Stellar Stellar Stellar Distance Number  Num. systems Num. systems
mass metallicity age from sun of with > 1 transit with > 1 radial
Mp] [dex] [Gyr] [pcl systems detections velocity detections
Low density 1.09705L 0087028 32795 65.07L7° 48 17 40
(‘Field’)
High density 127020 0097315 27713 21807320 253 160 182
(‘Overdensities’)
Low density, Kepler (CKS) 0.78T035  0.027035  3.8707%  172.07500 5 5 1
(‘Field, Kepler/CKS’)
High density, Kepler (CKS) 1.087918 007013 29711 380.071370 60 60 14
(‘Overdens, Kepler/CKS’)
Low density, Kepler (CKS), 0751005 —0.12%575  3.870%  172.01900 6 6 1
M. > 0.5Mg
(‘Field, Kepler/CKS,0.5 Mg ")
High density, Kepler (CKS), 107318 007012 2713 354071720 69 69 15
M. > 0.5Mg
(‘Overdens, Kepler/CKS,0.5Mg’)
High density, Kepler (CKS), 0947092 0.027587 17703 285.07730 27 27 6

0.5Mp <Mi < 1.0Mg
(‘Overdens, Kepler/CKS, 0.5 — 1.0Mg’)

Table 2. Investigation of potential observational biases in the properties of different field and overdensity samples (see Table 1 for sample
details). Columns 2 to 5 show the mean +1o distribution of host stellar mass, host stellar metallicity, host stellar age and distance from the
Sun. Columns 6 to 8 show the total number of stellar systems and the number of systems in which at least one planet has been detected through

transit and radial velocity measurements, respectively.

We then weigh these biases by the numbers of systems that
are detected only by radial velocities (/V,) or transit (/NVy;)
in each of the field and overdensity samples to correct the
measurements as

fi— fi— (5'

The number of systems per multiplicity value 7 is then this
corrected fraction f; multiplied by the total number of sys-
tems in the sample (field or overdensity). The results are
shown as shaded dotted lines in Figure 1 and clearly show
that correcting for detection method biases would strengthen
our finding that overdensities show an excess of single-planet
systems compared to the field, increasing the relative excess
of single-planet systems in overdensities relative to the field
from 1.6 to 2.0. This suggests that future work repeating this
analysis on larger and more homogeneous samples has the
potential to find an even stronger multiplicity distribution dif-
ference between systems in the field and in overdensities.

3.2. Orbital period and resonances: full sample

We now turn to a discussion of the orbital period distribu-
tions as a function of planetary multiplicity for the full Winter
et al. (2020) sample. The left-hand panel of Figure 2 shows
the cumulative distribution functions of the orbital period for
the field and overdensities, split into systems with only one
planet (‘single’) and more than one planet (‘multi’). We con-
duct two-sample Anderson-Darling (AD) and Kolmogorov-
Smirnov (KS) tests assessing whether the orbital period dis-
tributions of both single- and multi-planet systems in the field
and overdensities are drawn from the same population. As
reported in Winter et al. (2020), the orbital periods of plan-
ets in the field are significantly larger than in overdensities.
The new analysis here shows that this holds for both single
and multiple planet systems. However, repeating this analy-
sis with RV-only and transit-only samples shows that there is
a strong bias in the RV-only sample towards detecting plan-
ets with longer orbital periods. As planets detected around
field stars are dominated by RV observations, the observed
increase in orbital period for planets in the field compared
to overdensities may be affected by detection method bias.
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We therefore refrain from a quantitative comparison of the
orbital period distributions between the field and overdensity
samples.

Instead, we focus on comparing the orbital period dis-
tributions between the single- and multiple-planet samples
within the field and overdensities independently. This ensures
the analysis is not affected by detection method bias. The
resulting pap and pks-values, shown in Figure 2, strongly
rule out the null hypothesis that the orbital periods of sin-
gle and multiple planet systems in overdensities are drawn
from the same parent distribution. In overdensities, the ob-
served orbital periods of single-planet systems are signif-
icantly smaller than orbital periods of multiple-planet sys-
tems. While the orbital period distributions of single-planet
systems in the field also appear smaller than for multiple-
planet systems, the pop and pkg-values cannot rule out that
they are drawn from the same population.

For all systems with more than one planet, we then derive
the ratio of orbital periods, P, of the outer (Pyy,) to inner
(Pin) planet, P = Pyyut/ Piy, for all planet pairs within that
system. Figure 2 shows the cumulative distribution function
of P for the field and overdensity samples, for all planet pairs
and adjacent planet pairs.

The period ratio for planet pairs in overdensities appears
systematically smaller than for the field, with a slightly more
pronounced offset for neighbouring planets than for all planet
pairs. We conduct a two-sample KS test against the null hy-
pothesis that the field and overdensity samples are drawn
from the same P distribution. Despite the apparent offset
between the field and overdensity period ratios, the result-
ing pks (pap) values of 0.14 (0.06) for adjacent pairs and
0.31 (0.25) for all pairs mean the offset is not statistically
significant enough to rule out the null hypothesis. In addi-
tion, repeating the analysis with the RV-only and transit-only
samples suggests a small potential bias of RV-only samples
towards longer period ratios. Lissauer et al. (2011) report a
similar offset in their comparison of Kepler and RV samples.
As the field planet population is dominated by RV measure-
ments, the apparent increase in P compared to overdensities
may therefore be affected by detection method bias.

Finally, we investigate whether there are any differences
in the distribution of orbital period ratios of planetary sys-
tem pairs in relation to mean motion resonances (MMRs;
orbital period ratios that are nearly equal to ratios of small
integers) between the field and overdensity samples. Follow-
ing Lissauer et al. (2011), we use the variable { to measure
the difference between an observed period ratio and nearby
MMRs. In order to treat all neighbourhoods equally, ¢ ranges
between —1 and 1 in each neighbourhood.

For first-order MMRs (for which the orbital period ratios
are j:j — 1,1.e. 2:1, 3:2,4:3, . ..), (7 is given by

1 1
Cl =3 |:7)_1 — Round (73_1>:| y (3)

where ‘Round’ returns the nearest integer. For second order
MMRs (for which the orbital period ratios are j:5 — 2, i.e.,
3:1,4:2,5:3, ...), (5 is given by the analogous expression

2 2

We conduct two-sample KS and AD tests against the null
hypothesis that the field and overdensity samples are drawn
from the same (; and (, distributions. When including all
planet pairs, there are no statistically significant differences
in either the (; or (, distributions between the field and over-
density samples. However, when only considering adjacent
planet pairs, we do find a statistically significant difference.

Figure 3 shows cumulative distribution functions of the
relative proximity of the orbital period ratios of adjacent
planet pairs to MMRs, for the field and overdensity sub-
samples. The pks (pap) value of 0.32 (0.20) shows that there
is no statistically significant difference between the (; distri-
butions of the field and overdensity samples. Given our null
hypothesis threshold, p.f = 0.05, the pks (pap) value of
8.9x 1073 (0.04) suggests that the (, distributions of the field
and overdensities are not likely to be drawn from the same
population. However, we need to correct for the fact that we
are searching for multiple correlations within the data, which
increases the chances of a false positive result.

We use the Holm-Bonferroni (H-B) method (Holm 1979;
see Appendix B of Kruijssen et al. 2019 for a recent as-
trophysical application) to check whether the difference in
(¢ distributions are robust against random fluctuations when
searching for multiple different correlations within a dataset.
We split the p-values shown in Figures 2 and 3 by test statis-
tic, order the four p-values in increasing value, and label them
1 = 1,..,4. We then test each p-value in increasing ¢ order
against the H-B criterion

Pref
pi < 1= ®)
where Ngamp = 4 is the number of samples and p..r = 0.05.
In cases where the above condition is satisfied, the null hy-
pothesis (that both distributions are drawn from the same un-
derlying sample) can be rejected.

For the KS tests, the first two p-values (p; = 1.4x107% <
0.0167, pa = 8.9 x 1073 < 0.0125) pass the H-B criterion,
so both the previously reported orbital period distributions
and the (- distributions are statistically different. Repeating
this for the AD tests (p; = 0.001 < 0.0125, p; = 0.04 £
0.0167), we find that the orbital period distributions pass the
H-B criterion but the (, distributions do not.
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Figure 3. Cumulative distribution functions comparing the orbital period ratios of adjacent planet pairs to mean motion resonances (MMRs)
for the field (blue) and overdensity (red) sub-samples from the full Winter et al. (2020) catalogue. The variables (; (left panel) and (2 (right
panel) quantify the difference between an observed period ratio and first-order and second-order MMRs, respectively, with ¢ = 0 indicating
that a pair coincides with an MMR. The dotted grey line shows the 1:1 relation between the CDF and ¢ values for reference. The bottom-right
corner of each panel shows the pks and pap values for two-sample Kolmogorov-Smirnov and Anderson-Darling tests, respectively, against the
null hypothesis that the field and overdensity samples are drawn from the same ¢ distributions. There is no statistically significant difference
between the (; distributions of the field and overdensity samples. However, the (> distributions of the field and overdensities are not drawn
from the same population. The orbital period ratios of adjacent planets in the field sample statistically lie closer to second-order MMRs than in

the overdensity sample.

Given the (, distributions are statistically different with
one test statistic (KS) but not the other (AD), we opt to re-
port the result as ‘marginal’. Future work with improved data
is required to determine whether the orbital period ratios of
adjacent planets in the field sample statistically lie closer to
second-order MMRs than in the overdensity sample. We note
that repeating the analysis on the RV-only and transit-only
samples shows that the detection method bias works in the
opposite direction to the observed trend. In other words, cor-
recting for this bias would likely strengthen the result that
the (5 distributions are not drawn from the same underlying
sample population.

In summary, the proximity of adjacent planet pairs to first-
order MMRs does not differ significantly between field and
overdensity systems. A larger sample is needed to determine
whether adjacent planet pairs in overdensities are found near
second-order MMRs significantly less often than those in the
field.

3.3. Multiplicity: individual exoplanet surveys

Finally, we return to investigating the difference in exo-
planetary multiplicity between the systems in the field and
overdensities, but now using sub-sets of the Winter et al.
(2020) data. The goal of this exercise is to address the het-
erogeneity of the sample.

Rows 4 and 5 in Table 1 show the exoplanet multiplic-
ity distributions of the field and overdensities when remov-

ing systems with hot Jupiters (HJs; here defined by masses
> H0Mg and semi-major axes < 0.2au) from the Winter
et al. (2020) sample. The single-to-multiple ratio of the field
and overdensities become statistically indistinguishable. This
shows that the larger single-to-multiple planet ratio in over-
densities compared to the field in the full sample is a direct
consequence of HJs being (i) almost exclusively found in
overdensities (Winter et al. 2020), and (ii) unlikely to have
close companions (Steffen et al. 2012).

To see if this can fully explain the difference in multipic-
ity between the field and overdensities, we then concentrate
on data from the Winter et al. (2020) sample that are drawn
from a single observational survey. This approach has sev-
eral advantages. Firstly, the detection method for all sources
is identical, so detection biases (such as RV versus transit)
are not an issue. Secondly, the sample selection for the par-
ent populations is identical. However, these advantages are
offset by the fact that the number of planets in the field and
overdensity samples are reduced.

Table 1 shows that no matter which individual survey is
chosen, the single-to-multiple ratio is higher in overdensi-
ties than the field. However, the low number (or lack) of low
density systems means that it is not possible to tell if this
difference is statistically significant.

To investigate whether the lack of statistical significance
might be caused by poorly constrained stellar parameters,
we repeated the analysis using only the Kepler planet data,



STELLAR CLUSTERING AND PLANETARY MULTIPLICITY 9

3.5 ; Piiresn
o Phigh :

@
L

S il

07 08 0.9 1.0
Minimum Phigp or Plow

o
ot

Single-to-multiple ratio
= N
ot (an)
1 1
———
S
e
T
m—
e

—_

o
Ut
I

<

o
<
<)

Figure 4. Ratio of single to multiple planet systems detected with
Kepler as a function of the probability that the host star is in a high
density (Phigh, red) or low density (Fow, blue) environment. The
crosses show the median single-to-multiple ratio at each Phign and
Piow from 1000 Monte Carlo samples of the data drawn using Pois-
son statistics from the observed multiplicity. The error bars show the
16" to 841 percentile range of the Monte Carlo samples. The red,
opacity-weighted circles show single Monte Carlo realisations for
the high density sample. The vertical dotted line shows the fiducial
threshold value of P = 0.84 used to assign systems to overdensities
or the field.

and replacing the stellar parameters in the NASA Exoplanet
Archive with those from the California-Kepler Survey (Ful-
ton & Petigura 2018, denoted by ‘CKS’ in Table 1 and 2). We
find that the single-to-multiple ratio contrast increases sub-
stantially, with overdensities having a factor 2.6 larger single-
to-multiple ratio than the field. This increases to a factor of
3.5 when the lower mass cutoff of the stars is reduced from
0.7Mg (as in Winter et al. 2020) to 0.5 M, which ensures
that all Kepler stars are included.

Figure 4 shows the results of a Monte Carlo experiment to
determine the statistical robustness of this difference in mul-
tiplicity between the high and low-density Kepler samples.
We generate 1000 synthetic planet populations by randomly
drawing from Poisson distributions with mean numbers of
planets given by the observed numbers of single and multi-
ple planet systems in the low and high-density sub-samples,
and repeat the multiplicity analysis. The error bars in Fig-
ure 4 show the range from the 16th to 84th percentile of the
Monte Carlo realisations. We repeat the multiplicity analysis
using different probability thresholds that a given system is
in a high-density (Phign) or low-density (P ) environment.

Figure 4 shows that for planetary systems taken from a
single observational survey (Kepler) with a uniform selection
criterion (i) there is a statistically significant difference be-
tween the single-to-multiple ratio between the high and low
density samples, and (ii) that this difference increases as the
probability that a given system is in a low or high-density

environment increases. As the Kepler sample contains few
HJs (Wright et al. 2012), we conclude that the difference in
multiplicity between low and high-density environments ex-
tends to the full planet population, and is not restricted to
HIJs alone. We also repeat the analysis using different cuts in
stellar parameters to verify that the distributions of host star
properties between the field and overdensities are statistically
indistinguishable (see, e.g. the bottom rows of Table 2).

In summary, no matter how the data are split, the same
trend in planetary multiplicity between the low and high-
density sub-samples is recovered, although the degree of sta-
tistical significance weakens with decreasing sample size.

4. DISCUSSION

We now discuss what insight these observed differences
in the field and overdensity planet populations may provide
into the role that stellar clustering plays in the formation and
evolution of planetary architectures. The planet multiplicity
distribution around field stars provides a considerably bet-
ter match to the multiplicity distribution of co-planar sys-
tems in the Mulders et al. (2018) models. Under the reason-
able assumption that co-planar systems are the least likely to
have been perturbed, the field systems represent an ideal sub-
sample of exoplanetary systems to compare with simulations
and models attempting to understand how planets form and
evolve in effective isolation.

In contrast, we find a factor 1.6-2.0 excess of single-
planet systems in overdensities compared to the field for the
full Winter et al. (2020) sample, and that this increases up to
a factor 3.5 when only using planets detected by Kepler. This
suggests that environments of high stellar phase space den-
sity play a prominent role in setting the planetary multiplic-
ity, and may be a key contributing factor in the observed Ke-
pler dichotomy. Stellar clustering may therefore play an im-
portant role in creating the two different populations of plan-
etary architectures that previous studies (e.g. Lissauer et al.
2011; Hansen & Murray 2013) have concluded are required
to reproduce the observed exoplanet multiplicity distribution.
Further comparison between the overdensity and field planet
populations offers a fruitful new avenue to distinguish the rel-
ative influence of the different mechanisms postulated to be
responsible for producing the excess of single-planet systems
(e.g. Johansen et al. 2012; Hansen & Murray 2013; Morton
& Winn 2014b; Ballard & Johnson 2016).

The observed trend that the orbital periods of single-
planet systems in overdensities are smaller than the orbital
periods of multiple-planet systems is consistent with previ-
ous studies showing that single-planet systems have shorter
periods than systems hosting multiple planets (e.g. Weiss
et al. 2018b, fig. 9). As this trend is far more pronounced in
overdensities than in the field, whatever mechanism may be
responsible for the period decrease in single-planet systems
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must be more effective when the host star resides in a higher
density environment.

Having already concluded that entire planetary system ar-
chitectures can be changed by the environment, the compar-
ison between (7 and (, for the field and overdensities probes
the effect of the environment on mean motion resonances.
As (7 between adjacent planet pairs is indistinguishable be-
tween the field and overdensities, first-order mean motion
resonances must reform easily after disruption by environ-
mental perturbations. Although the result is currently statis-
tically marginal, the fact that the orbital period ratios of adja-
cent planets in the field may lie closer to second-order mean
motion resonances (i.e. have lower (5 than overdensities)
suggests that second-order resonances may reform less eas-
ily after environmental perturbations. Following this logic,
second-order resonances could therefore either be imprints
of the planet formation process, i.e. once they are destroyed
they are not re-established, or they are never truly stable to
perturbations and represent a transient state. In the latter case,
the ratio between their formation and disruption timescales
is higher in environmentally-perturbed systems than in envi-
ronmentally unperturbed systems, causing their incidence to
decrease.

Finally, we note a recent study by Adibekyan et al. (2021),
who compare the orbital period distributions between over-
densities and the field identified by Winter et al. (2020) for a
small, but homogeneous sample of RV-detected planets with
improved host stellar parameters, finding no significant dif-
ference. This result is consistent with our findings (as well
as Extended Data Figure 8 of Winter et al. 2020), which
show that (1) RV detections are generally too small to iden-
tify statistically significant differences and (2) the difference
between overdensities and the field is largest for transit detec-
tions. Our statistical tests using the California-Kepler Survey
sample (Fulton & Petigura 2018) corroborate this interpre-
tation, demonstrating that the environmental dependence of
multiplicity is not dominated by the Jupiter-mass planets de-
tected in RV surveys.

In summary, the above analysis of planetary multiplicity
and orbital period distributions as a function of host stellar
phase space density shows that ambient stellar clustering in
the large-scale environment plays an important role in shap-
ing the architecture of planetary systems. Understanding the
demographics of the planet population at large will require
linking the physical mechanisms acting on this wide variety
of different scales, from planet formation and evolution to
stellar dynamics and galaxy evolution.
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