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ABSTRACT

Recent studies have shown that the radii and masses of adjacent planets within a planetary system are corre-
lated. It is unknown how this ‘peas-in-a-pod’ phenomenon originates, whether it is in place at birth or requires
evolution, and whether it (initially) applies only to neighboring planets or to all planets within a system. Here
we address these questions by making use of the recent discovery that planetary system architectures strongly
depend on ambient stellar clustering. Based on Gaia’s second data release, we divide the sample of planetary
systems hosting multiple planets into those residing in stellar position-velocity phase space overdensities and
the field, representing samples with elevated and low degrees of external perturbation, respectively. We demon-
strate that the peas-in-a-pod phenomenon manifests itself in both samples, suggesting that the uniformity of
planetary properties within a system is not restricted to direct neighbors and likely already exists at birth. The
radius uniformity is significantly elevated in overdensities, suggesting that it can be enhanced by evolutionary
effects that either have a similar impact on the entire planetary system or favour the retention of similar planets.
The mass uniformity may exhibit a similar, but weaker dependence. Finally, we find ordering in both samples,
with the planet radius and mass increasing outwards. Despite its prevalence, the ordering is somewhat weaker
in overdensities, suggesting that it may be disrupted by external perturbations arising from stellar clustering.
We conclude that a comprehensive understanding of the ‘peas-in-a-pod‘ phenomenon requires linking planet
formation and evolution to the large-scale stellar and galactic environment.

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

star formation — stellar dynamics

1. INTRODUCTION

Over the past decade, the number of exoplanetary systems
with multiple planets has increased to the point that statisti-
cal studies have become possible. The success of the Kepler
mission (Borucki et al. 2010, 2011) has been instrumental in
achieving this major step. One of the most surprising discov-
eries resulting from this growing sample of multi-planet sys-
tems has been the correlation between the radii (Ciardi et al.
2013; Weiss et al. 2018) and masses (Millholland et al. 2017;
Wang 2017) of neighboring planets within a system. Not only
do planets on adjacent orbits have similar properties, but their
orbits are also regularly spaced. Taken together, this coher-
ent behaviour has been named ‘peas in a pod’ (Weiss et al.
2018). While it is still debated whether this uniformity could
be due to observational biases (Zhu 2020), recent statisti-
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cal arguments imply that the effect is astrophysical in nature
(Murchikova & Tremaine 2020; Weiss & Petigura 2020).

The key question is how the peas-in-a-pod phenomenon
originates. Empirically, it may manifest itself in two ways,
both of which may coexist and may already be present at the
time of formation, or appear only after evolution.

1. Planetary properties may be correlated between neigh-
boring planets (i.e. on adjacent orbits), even though
there may be large-scale gradients throughout a plan-
etary system, such that any random pair of planets
within a system exhibits less uniformity than neigh-
boring planets.

2. Planetary properties may be correlated throughout a
planetary system, such that the variance in planet prop-
erties between systems is greater than within them.

Because we can only observe planetary systems in their
present state, it is challenging to determine which of the
above two manifestations applies the most generally, when
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this uniformity sets in, and if there is an evolution between
neighbor-based uniformity and system-wide uniformity.

Planetary systems are known to undergo post-birth evolu-
tion in terms of their orbital structure and architecture (e.g.
Kennedy & Wyatt 2013), as well as the planetary composi-
tion (e.g. Berger et al. 2020). If the observed uniformity is
in place at birth, then it may be possible to distinguish be-
tween neighbor-based and system-wide uniformity if a sub-
set of systems could be identified that experienced significant
perturbation or evolution. This might also enable determining
if the uniformity is in place at birth, or emerges gradually.

In this Letter, we consider the recent discovery that plan-
etary system properties depend on the degree of stellar clus-
tering in their large-scale environment (Winter et al. 2020b).
We take the sample of known planetary systems and use the
ambient stellar phase space density obtained with Gaia (Gaia
Collaboration et al. 2016, 2018) to divide the sample into low
and high ambient stellar phase space densities (Winter et al.
2020b), which we refer to as planetary systems in the ‘field’
and in ‘overdensities’, respectively. In a series of compan-
ion papers, we have investigated the impact of stellar clus-
tering on the distribution of orbital periods and the incidence
of hot Jupiters (Winter et al. 2020b) and on planetary mul-
tiplicity (Longmore et al. 2021, relating to the ‘Kepler di-
chotomy’, Lissauer et al. 2011), as well as its role in turning
sub-Neptunes into super-Earths (Kruijssen et al. 2020, i.e.
driving them across the ‘radius valley’, Fulton et al. 2017).
These recent findings demonstrate that the current degree
of stellar clustering in position-velocity space has a major
impact on the architectures of planetary systems, plausibly
through past external photoevaporation or dynamical pertur-
bations (e.g. Winter et al. 2020a). By dividing the sample of
planetary systems into field and overdensity samples, we aim
to carry out a simple experiment to provide further insight
into the physics that cause planets to behave as peas in a pod.

The logic of the experiment carried out in this Letter is
as follows. We use a variety of statistical metrics to quan-
tify the degree of uniformity in planet radii and masses for
our field and overdensity samples. Using the observation that
stellar clustering affects planetary system architectures (and
at least partially seems to do so after the formation of the
planetary system has completed'), we consider these samples
to reflect conditions of low and elevated perturbation, respec-
tively. Before proceeding further, we should briefly distin-
guish between the possible ways in which the environment
may affect uniformity. External photoevaporation is likely to
affect the entire system in a similar way. As such, it would
plausibly increase the degree of uniformity or at least main-

! See e.g. the discussions in Winter et al. (2020b), on the generation of hot
Jupiters and the nature of the phase space overdensities, and in Kruijssen
et al. (2020), on the age dependence of the radius valley.

tain it, both between neighbors and across the planetary sys-
tem at large. By contrast, dynamical perturbations would dis-
rupt or reorder the planetary system architecture. This could
break any initial, neighbor-based uniformity while leaving
any system-wide uniformity unaffected, or might increase the
degree of system-wide uniformity by allowing the retention
of similar planets (e.g. by unbinding outer planets). While
we acknowledge the possibility that other (possibly indirect)
connections between environment and uniformity may exist,
we do not speculate on such links in this work.

Following the above line of reasoning, an empirical com-
parison of the peas-in-a-pod phenomenon between overden-
sities and the field may have the following possible physical
implications. If the peas-in-a-pod phenomenon:

1. is stronger for the field, this means that the perturba-
tions induced by stellar clustering weaken the unifor-
mity post-formation, which (A) suggests an influence
of dynamical perturbations rather than photoevapora-
tion (which should increase uniformity) and also im-
plies that the uniformity is likely to be neighbor-based,
such that (B) the variance between systems is similar
to that within a single system, but larger than that be-
tween adjacent neighbors;

2. persists equally between the field and overdensities,
this either means (A) that the perturbations induced
by stellar clustering affect planetary properties in the
same way across a system (e.g. through photoevapora-
tion), (B) that the uniformity is likely to be system-
wide, such that the variance in planet properties is
much greater between systems than within systems
and a dynamical rearrangement of the planetary sys-
tem does not change the degree of uniformity, or (C)
that the uniformity is not strongly affected by external
processes;

3. is stronger for overdensities, this means that (A) the
perturbations induced by stellar clustering strengthen
the uniformity and (B) likely do so in a system-wide
sense (such that it is not erased by a dynamical rear-
rangement of the planetary system), either by selecting
planets with similar properties to remain, or by causing
them to be subject to similar transformations during
their formation or evolution (either by photoevapora-
tion or dynamical perturbations).

These scenarios represent hypotheses that need to be tested
by future studies directly investigating how the proposed
physical mechanisms affect planetary uniformity. For the
purpose of this Letter, they serve as a practical framework
within which a first interpretation of the observations can
be made. The results presented in this work provide evi-
dence in favour of the second and third of the above sce-
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narios. The uniformity is at least as pronounced in overden-
sities as in the field, suggesting that the peas-in-a-pod phe-
nomenon is system-wide (i.e. the variance in planet prop-
erties between systems is greater than within them), and is
plausibly strengthened by the impact of the large-scale stel-
lar environment.

2. OBSERVATIONS

We use stellar and planet properties from the NASA Ex-
oplanet Archive (2020). In the following, we describe our
sample selection.

2.1. Stellar clustering

We investigate whether stellar clustering influences the
observed radius and mass uniformity within planetary sys-
tems. We build on the analysis presented in Winter et al.
(2020b), who calculate the relative position-velocity phase
space densities of exoplanet host stars. This is done for all
host stars of the NASA Exoplanet Archive (2020) that have
radial velocities from Gaia’s second data release (Gaia Col-
laboration et al. 2018), i.e. 1522 out of 4141 confirmed exo-
planets at the time of sample construction (May 2020). The
relative phase space densities are also measured for up to 600
neighboring stars within 40 pc of each host star. For each host
star neighborhood with at least 400 members, the probabil-
ity Phun is calculated that this distribution of phase space
densities is drawn from a single Gaussian distribution. In the
cases where P,,;1 < 0.05, a double-lognormal decomposi-
tion is performed, which allows us to identify a low-density
component and a high-density component, and determine the
probability Py, (and equivalently Ppigh = 1 — Foyw) for the
exoplanet host star to be associated with the low-density (and
equivalently the high-density) component. In the following,
we select planetary systems in the field (defined as having
Piow > 0.84) and in stellar overdensities (defined as hav-
ing Phigh > 0.84). These represent a total sample of 1033
planets. Other exoplanet host stars are considered to have an
ambiguous classification and are therefore not selected here.

2.2. Planetary system sample

In order to both limit the impact of the heterogeneity of
the NASA Exoplanet Archive (2020) sample and suppress
any trends with host stellar properties, we apply the follow-
ing additional selection criteria to our sample. We exclude
systems younger than 1 Gyr, that might not yet have stabi-
lized (Kennedy & Wyatt 2013). Phase space overdensities are
likely to disperse dynamically within ~ 4.5 Gyr (Seabroke
& Gilmore 2007). We therefore also omit systems older than
4.5 Gyr. Additionally, we restrict the host stellar mass range
to M = 0.7—2.0 Mg, to ensure that the stellar mass distribu-
tion is similar in both the low- and high-density sub-samples.
Finally, we then keep all multi-planet systems hosting two

or more detected exoplanets. This results in a sample of 48
systems in overdensities (116 planets) and 13 systems in the
field (28 planets).

Despite these additional selection criteria, it remains pos-
sible that there are biases due to differences in detection
methods, most prominently between transit and radial veloc-
ity surveys. Both techniques have different sensitivity biases,
leading to concrete differences in detected planet properties.
Additionally, transit surveys provide planet radii, whereas
radial velocity surveys provide planet masses. The missing
quantity must therefore be estimated using a planet mass-
radius relation (we adopt the relation of Chen & Kipping
2017), which introduces scatter and may therefore affect the
degree of uniformity that we measure. These biases could
affect our results, but only if the occurrence of the differ-
ent detection methods differs considerably between the field
and overdensity samples. In §2.3 and §3.3, we carry out a
set of Monte-Carlo experiments and additional sample divi-
sions through which we quantify the above sources of bias,
and find that correcting for detection method bias would
strengthen our findings, rather than weaken them.

Figure 1 shows the architectures of all (multiple) plan-
etary systems in our sample, split between systems in the
field and systems in overdensities. Visually, it appears that
the overdensity systems on average have smaller orbital peri-
ods and lower mass planets than field systems. This matches
the difference in orbital periods observed when also taking
into account single-planet systems in Winter et al. (2020b).

While qualitative differences are present between the left
and right columns in Figure | in terms of the planet uni-
formity within systems (neighboring planets seem to have
more uniform properties in the overdensity sub-sample), we
caution against a direct physical interpretation of these vi-
sual trends. The field sample has a larger fraction of planets
detected by radial velocity measurements than the overden-
sity sample, which leads to a higher fraction of massive, far-
out planets. In order to draw quantitative conclusions regard-
ing the uniformity within each sub-sample, and additionally
make a comparison between both, it is necessary to construct
control samples through carefully chosen Monte-Carlo ex-
periments.

2.3. Synthetic control samples

Contrary to other studies investigating the peas-in-a-pod
phenomenon (e.g. Millholland et al. 2017; Weiss et al. 2018),
we do not restrict our sample to a homogeneous planet sam-
ple in terms of the detection method. Limiting our sample to
the planets only detected by Kepler would limit the sample
too strongly, preventing us from having statistically signif-
icant numbers of systems in the field and overdensity sub-
samples. A future, homogeneous sample even larger than the
current Kepler sample would be necessary to assess the im-
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Figure 1. Orbital architectures of the planetary systems in the field (left) and the planetary systems in overdensities (right). The systems are
ordered from top to bottom by stellar mass, indicated on the right for each system. The sizes of the dots reflect the planet radii and the colors
correspond to the planet masses, as indicated by the color bar. The peas-in-a-pod phenomenon is clearly present, as adjacent planets tend to
have similar radii and masses. The visual difference in planet uniformity between the field and overdensity sub-samples at least partially reflects
differences in detection method, because the field sample has a larger fraction of planets detected by radial velocity variations. We correct for
this mild detection bias through several control experiments. See the text for further discussion.



WHEN THE PEAS JUMP AROUND THE POD 5

pact of stellar clustering on planet uniformity in a clean ex-
periment, following Millholland et al. (2017) and Weiss et al.
(2018). Therefore, we instead determine whether the hetero-
geneous detection methods for different systems can intro-
duce biases in our conclusions. We carry out a number of
tests to rule out the importance of several potential sources
of bias, and quantify the others.

First, we verify in Table 1 that our sub-samples do not ex-
hibit strong differences in properties of the host star (specif-
ically its mass, metallicity, age, and distance). As the table
shows, the median and dispersion of the host star proper-
ties are indeed similar in both samples. This conclusion is
unaffected when drawing the stellar properties from a dif-
ferent database (e.g. Fulton & Petigura 2018). Additionally,
the mean formal uncertainties on each of the quantities are
smaller than (or equal to) the typical dispersions across each
sample, which in turn are much smaller than the ranges
spanned by the adopted sample cuts. Taken together, this
shows that the similarity between both samples does not re-
sult from dilution (also see Winter et al. 2020b). However,
the median distance of the systems differs between the sub-
samples, even if the dispersion is so large that both ranges
comfortably overlap. In Winter et al. (2020b), distance was
ruled out as a systematic source of bias between the field and
overdensity samples. Finally, we see different proportions of
each sub-sample have been characterized by transit or radial
velocity surveys. This is a potential source of bias that needs
to be addressed.

To enable assessing the statistical significance of our re-
sults and additionally be able to control for observational bi-
ases, we generate a series of control samples, using two sets
of Monte-Carlo realisations. In the first Monte-Carlo experi-
ment, we reshuffle all planets within the {low, high}-density
sub-samples separately, while keeping the orbits and mul-
tiplicity of each system intact. Systems in the field are re-
populated with planets randomly drawn from the field sub-
sample, whereas systems in overdensities are re-populated
with planets randomly drawn from the overdensity sub-
sample. In the second Monte-Carlo experiment, we similarly
reshuffle all planets while keeping the orbits and multiplic-
ity of each system intact, but now draw the planets from the
complete sample, irrespectively of the ambient stellar phase
space density. In both Monte-Carlo experiments, we generate
10* realisations of the planetary systems.>

2 Note that the measured radii and masses are kept constant in these reshuf-
fling experiments. We repeated the experiments when also performing an
additional random draw from each measurement and its uncertainty (and
propagating it through the Chen & Kipping 2017 mass-radius relation if
one of these two quantities has not been measured directly). The resulting
Monte-Carlo experiments are statistically indistinguishable from the ones
presented in this work.

The first experiment retains any differences in observa-
tional biases between both sub-samples. If any of our find-
ings result from such a bias, it should also appear in this
Monte-Carlo set. The second experiment erases any potential
observational biases by shuffling planets between both sub-
samples. We demonstrate in §3.2 that the statistical metrics
inferred for both experiments are identical, which gives con-
fidence that our findings are not affected by systematic dif-
ferences in observational biases between both sub-samples.

Our Monte-Carlo experiments do not provide a test for
potential observational biases on the multiplicity and orbital
structure within systems, because these are conserved. Radial
velocity and transit surveys are typically sensitive to plan-
ets on different orbital configurations. This could translate
into systematic differences between our two sub-samples, be-
cause they contain different fractions of planetary systems
detected with either method. While we are not specifically
looking at the distribution of orbits or multiplicity, we ac-
knowledge that there might exist a correlation between these
observables and the quantities that we do consider here (e.g.
between orbit and radius, or between orbit and mass). Such
a correlation could be caused by differences in formation
processes between close-in minor planets and far-out giant
planets, and might in turn lead to biases in our conclusions.
To address this potential concern, we have repeated our en-
tire analysis for systems in the overdensity sample containing
only transit detections (19 systems) and systems in the over-
density sample containing only radial velocity detections (14
systems).? This experiment shows that the statistical trends
observed in §3 are opposite to any trends arising from a de-
tection method bias, and would therefore be strengthened if
we would have access to a sufficiently rich, homogeneous
sample. As the sample of well-characterized exoplanetary
systems continues to grow and future work will be able to
repeat our analysis within a sub-sample of systems character-
ized by a single detection method, these sources of potential
concern will be alleviated altogether.

3. UNIFORMITY OF PLANET PROPERTIES IN FIELD
AND OVERDENSITY SYSTEMS

3.1. Peas in a pod

We now discuss whether the observed similarity in prop-
erties (mass and radius) of exoplanets within a system (Ciardi
et al. 2013; Millholland et al. 2017; Weiss et al. 2018) holds
for both sub-samples of planets orbiting field and overden-
sity stars. Figure 2 shows the relation between the sizes and
masses of adjacent planets, split between field and overden-
sity systems. In both cases, we observe a significant correla-

3 A similar experiment cannot be performed for the field sample due to the

low number of field systems.
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Planet sub-sample

Stellar mass Stellar metallicity System age Distance

Number  Number of systems  Number of systems with

[Mg] [dex] [Gyr] [pc] of systems with transit detections radial velocity detections
Field 1.045595  0.1010:35 3.4%95 g3t 13 5 12
Overdensities 1151030 0.07101] 3.0113 2457237 48 32 27
Mean uncertainty 0.08 0.07 1.1 2.7

Table 1. Median host stellar properties for each of the two planet sub-samples listed in the first column. Uncertainties indicate the 16th and
84th percentiles of the distributions. The total number of systems in each sub-sample is indicated, as well as the number of systems for which
at least one planet has been detected by transit or radial velocity surveys. The final row lists the mean formal uncertainty on each quantity.

tion between the radii (R;, R;11) and masses (M;, M;1)
of adjacent planets, with Pearson correlation coefficients of
rp = {0.69;0.42} for planets in field systems and rp =
{0.88;0.39} for planets in overdensity systems. This means
that we observe the peas-in-a-pod pattern that was found in
the Kepler data independently of the ambient stellar phase
space density (Millholland et al. 2017; Weiss et al. 2018) in
both of our samples, with a stronger correlation for the radii
of adjacent planets than for their masses.* The radius unifor-
mity is stronger for systems in overdensities than for systems
in the field. We do not detect qualitative difference in the de-
gree of mass uniformity between both sub-samples.

Our observation suggests that there exists some way of
increasing the radius uniformity within systems by stellar
clustering. This might arise from several mechanisms. For
instance, these systems may be disrupted in such a way that
similar planets remain and others are removed. Alternatively,
the architectures of the systems may be modified in such a
way that the planets become more similar (e.g. by moving
them closer to the star, evaporating their atmospheres, and
driving them down the radius valley, see e.g. Owen & Wu
2013; Fulton et al. 2017; Kruijssen et al. 2020). The fact
that both the mass and the radius exhibit uniformity suggests
that both of these mechanisms may be at play. The fact that
the radius uniformity is stronger than the mass uniformity
in overdensity systems may suggest that photoevaporation
could play an important role (also see Kruijssen et al. 2020).

Due to the heterogeneity of detection methods across our
sample, some planets only have direct radius (respectively
mass) measurements, such that the mass (repectively radius)
is inferred from the planet mass-radius relation (Chen & Kip-
ping 2017). If we restrict our sample to the planet pairs for
which observational measurements are available (see the di-
amond symbols in Figure 2), the peas-in-a-pod behaviour of
planets in overdensity systems may be slightly stronger than
for field stars. However, the low-number statistics of the field
sub-sample prohibit definitive conclusions.

4 We caution that the outliers in Figure 2 generally represent systems with an
inner rocky planet and an outer gas giant with a large period ratio (see Fig-
ure 1). Therefore, it might be possible that these systems have undetected

planets in between, which would affect the uniformity signal.

We compare the observations with the second Monte-
Carlo experiment described in §2.3, in which planets are
shuffled across both sub-samples (field and overdensities).
No peas-in-a-pod pattern is observed, and the Pearson corre-
lation coefficients are rp = —0.01 for both the radii and the
masses of adjacent planets. This quantitatively demonstrates
the excess uniformity observed in both sub-samples.

3.2. Quantitative metrics

We now calculate various statistical metrics to quantify
the degrees of uniformity and ordering within planetary sys-
tems in the field and in overdensities. In addition, we com-
pare these between our measurements and the Monte-Carlo
samples described in §2.3 and investigate whether our find-
ings might be affected by observational biases.

In the top row of Figure 3, we show the observed Pear-
son correlation coefficients (indicated in Figure 2), as well
as the probability distribution functions of both Monte-Carlo
experiments. As discussed in §3.1, this shows that the uni-
formity of radii between adjacent planets is stronger than the
uniformity in mass, and this uniformity is more pronounced
for planetary systems in overdensities. This means that stellar
clustering transforms planetary systems in a way that further
homogenizes their radii.

The correlation between properties of adjacent planets
disappears after reshuffling the planets, irrespectively of
whether this is done within or across the sub-samples, as the
medians of the probability density functions are close to zero.
In addition, we find great similarity between the histograms
for both Monte-Carlo experiments (solid and dashed lines)
as well as the number of standard deviations their medians
differ from the observations (A). Because the first Monte-
Carlo experiment draws from within each sub-sample (there-
fore maintaining any detection method and distance differ-
ences) and the second Monte-Carlo experiment draws from
the entire sample (therefore erasing any detection method and
distance differences), their similarity demonstrates that dif-
ferences in detection method and distance between the field
and overdensities do not affect our conclusions. For clarity,
the middle and bottom rows of Figure 3 therefore only in-
clude the probability distribution functions obtained with the
first Monte-Carlo experiment (shuffling within sub-samples),
but both experiments yield consistent results. Due to the low-
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Figure 2. Left: Radius of a planet R, ; versus the radius of the next adjacent planet R, ;1. Right: Mass of a planet M, ; versus the mass of
the next adjacent planet M, ;1. Planets in field systems are shown in blue, whereas planets in overdensity systems are shown in red. Diamond
symbols represent pairs of adjacent planets for which the quantity on both axes has been measured directly, with error bars representing the
1o uncertainties. Dots represent pairs of adjacent planets for which this quantity has been inferred for at least one of them using the planet
mass-radius relation of Chen & Kipping (2017). The grey-shaded density contours represent the results of our Monte-Carlo experiment in
which the planets are randomly reshuffled between the combined sample of field and overdensity planets (see the text). In both panels, the
Pearson correlation coefficients for each sub-sample (field, overdensity and Monte-Carlo simulation) are indicated in the bottom right corner.
Similarities between the properties (especially radius, and also mass) of adjacent planets are observed for both sub-samples. Uniformity in
radius is stronger for overdensities (i.e. perturbed systems, with 7p = 0.88) than in the field (i.e. unperturbed systems, with rp = 0.69).

number of field systems, the probability distribution func-
tions for the Monte-Carlo field sample are wider in all pan-
els of Figure 3. This obstructs a quantitative comparison be-
tween the absolute deviation values (A) between the field and
overdensity sub-samples — these can only be used to assess
the statistical significance of the uniformity. Nonetheless, the
absolute value of the Pearson correlation coefficients in the
top left panel clearly demonstrates that the uniformity in ra-
dius is increased in overdensity systems.

The uniformity in radius and mass between adjacent plan-
ets within systems can be described in terms of clustering in
the %, j—Rp j+1 and M}, j—M,, ;1 planes. Following Mill-
holland et al. (2017), we measure the total distance Dg be-
tween all adjacent pairs (Npair) in the log R, j-log Ry, j1+1
plane, defined as:

Noa:
pair R . i

Dr= ) |log 723):1 : (1)
i=1 J>

where I}, ; ; and R}, j41, are the radii of the inner and outer
planet in the pair ¢. The total distance D), between all ad-
jacent pairs in the log M;-log M;; plane is defined in an
analogous way. These two quantities are shown in the middle
row of Figure 3. For both quantities and both sub-samples,

we measure a significantly stronger clustering (smaller Dg
and D)) than for randomized samples from the Monte-Carlo
experiment. Based on this metric, the masses also exhibit in-
creased uniformity in overdensities, similarly to the observa-
tion for radii in the top left panel.

Recent studies have found that planets within a system
tend to be ordered, with larger planets having longer orbital
periods (Millholland et al. 2017; Kipping 2018). Following
the former of these papers, we calculate the ordering metric
Op, for planet radii, defined as:

Npair

Ry jivi

Or = lo P,J+ ’17

R Z giRpji,
=1 e

2
with an analogous definition for the ordering metric for
masses, Oj;. These two quantities are shown in the bottom
row of Figure 3. In both panels, the ordering of the observed
systems is positive, at a moderately statistically significant
degree. This means that the radii and masses of planets within
a system tend to increase outwards. The ordering may be
somewhat stronger for field systems, but this is hard to es-
tablish unambiguously given the small number statistics and
heterogeneous sample.
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Figure 3. Quantitative metrics describing the degree of uniformity and ordering for the radii (left) and masses (right) of adjacent planets in
multiple systems residing in the field (blue) and in overdensities (red). Each panel shows the observed values as thick vertical lines (with thick
dotted lines showing the values corrected for observational method bias, see the text), and the probability distribution functions obtained from
the Monte-Carlo control samples (see §2.3) as histograms. The solid line histograms show the results of the first Monte-Carlo experiment, in
which planets are shuffled within their given sub-sample (field or overdensity). The dashed line histograms (only shown in the top row) show
the results of the second Monte-Carlo experiment, in which planets are shuffled across the combined sample. The top row shows the Pearson
correlation coefficients (compare Figure 2), with uniformity increasing towards the right. The middle row shows the distance metric defined
in Equation 1, with uniformity increasing towards the left. The bottom row shows the ordering metric defined in Equation 2, with quantities
increasing with orbital period towards the right. The difference between the observed values and the medians of the Monte-Carlo samples
is indicated in the top right corner of each panel, in units of the standard deviation of the probability distribution function. We find highly
statistically significant peas-in-a-pod patterns and moderately significant ordering of both the radii and masses, with stronger uniformity in
overdensities.

3.3. Influence of detection method bias overdensity sample; 92% of the systems in our field sample
have at least one planet detected by radial velocity surveys,
compared to 56% in our overdensity sample. We use the con-
trol experiment in which we divide the overdensity sample
in transit-only and radial velocity-only systems to illustrate
how a simple, ad-hoc correction for detection method biases
would affect our findings.

Finally, we need to consider the possibility that the het-
erogeneity in detection methods might affect our findings.
Systems in the field and in overdensities have been observed
in different proportion by different observational techniques:
36% of the systems in our field sample have at least one
planet detected by transit surveys, compared to 66% in our
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After dividing the overdensity sample into systems ob-
served only through transit measurements (19 systems) and
radial velocity measurements (14 systems), we measure each
of the quantities shown in Figure 3 for each detection method
sub-sample, providing us with measurements x, (transits
only) and xRy (radial velocities only). Assuming that a sam-
ple containing an equal number of transit and radial velocity
detections would yield = (x¢, + x,v)/2, we define the bias
of each individual detection method as

5tr = 1 (xtr - xrv) and 5rv = 1 (wrv - (Etr) . (3)
2 2
We weigh these biases by the numbers of pairs that are de-
tected only by transits (/Vy,) or radial velocities ([N, ) in each
of the field and overdensity sub-samples to correct the mea-
surement as

Ntr er
-z — Oty Opy | - 4
v v <Ntr+er ‘ +Ntr+er ) ( )

The results are shown as vertical dotted lines in Figure 3.
Note that this correction automatically accounts for any im-
pact of the high uncertainties on the radii and masses in the
radial velocity and transit samples, respectively (see §2.2),
because we are directly comparing both samples.

Despite the relatively low numbers of systems used in
this control experiment, it shows that the differences seen
between field and overdensity systems cannot be explained
by a detection method bias. Specifically, we find that the ra-
dial velocity-only sample exhibits stronger uniformity than
the transit-only sample, whereas in our main analysis the
strongest uniformity is found in the overdensities (which are
dominated by transiting systems). This opposite behaviour
means that a correction for detection method bias strengthens
our results. Future repeats of our analysis on larger and more
homogeneous samples should therefore find even stronger
differences between field and overdensity systems.

4. DISCUSSION

We have investigated the origin of the ‘peas-in-a-pod’
phenomenon, i.e. the observed uniformity of adjacent planet
properties (radii and masses) within planetary systems.
Specifically, we have aimed to address whether this unifor-
mity depends on the current degree of stellar clustering in
the large-scale stellar and galactic environment of a plan-
etary system. Because enhanced stellar clustering can be a
source of elevated perturbations, this is a fruitful division to
make when attempting to understand the nature of the ob-
served uniformity. Specifically, quantifying the influence of
stellar environment may shed light on whether this unifor-
mity originates during planet formation or is a result of evo-
lution, and whether it is primarily a system-wide property or
applies primarily between neighboring planets. To address
these questions, we have divided the observed population

of multi-planet systems into ‘field’ and ‘overdensity’ sub-
samples, containing systems residing in low and high rela-
tive phase space densities (Winter et al. 2020b). We consider
these samples to reflect conditions of low and elevated en-
vironmental perturbations, respectively. Further sample cuts
are made to ensure uniformity of stellar host properties be-
tween sub-samples (see §2 and Table 1). This results in a
sample of 13 field systems and 48 overdensity systems.

We show that for radii and masses of adjacent planets, the
peas-in-a-pod behaviour persists equally between systems in
the field and in overdensities. The fact that systems that are
perturbed by stellar clustering still exhibit this uniformity
suggests that the correlation of properties between planets
is system-wide, rather than between neighbors, and is likely
to already exist at formation. Therefore, we conclude that the
variance in planet properties between systems is greater than
within systems, similar to the conclusion arrived at by Mill-
holland et al. (2017) and confirming the predictions of nu-
merical simulations (MacDonald et al. 2020).°> This preva-
lence of the peas-in-a-pod behaviour is likely explained by
the fact that radii and masses are set by the system, so that
external perturbations cannot significantly change the unifor-
mity of the system by reordering it. This lends further support
to the conclusion drawn by Murchikova & Tremaine (2020)
that ‘planets know about the system they formed in’.

Even though the peas-in-a-pod pattern manifests itself
both in planetary systems in the field and in overdensities,
there are differences between these sub-samples. For planet
radii, the uniformity is stronger for systems in overdensities
than for systems in the field. This would suggest that exter-
nal perturbations affect systems globally, either because the
potential reordering processes of perturbed systems allows
planets with similar radii to remain in the system, or because
planets are transformed in a similar way during their forma-
tion or evolution (e.g. by photoevaporation, dynamical per-
turbations, or a combination of both). By combining a set
of statistical metrics we find tentative evidence that the mass
uniformity is also elevated in overdensities, which suggests
that multiple perturbation mechanisms may be at play. Fi-
nally, both the radii and masses of adjacent planets tend to in-
crease outwards, although slightly less so in the overdensities
compared to the field. This suggests that the ordering within
systems might be disrupted by external processes. Based on
our control experiments, we find that our results are robust
against systematic observational (e.g. detection method) bi-
ases between the field and overdensity sub-samples.

5 We emphasize that this is a statistical statement and should not be inter-
preted as system-wide uniformity in a strict sense — even though compact
systems of rocky planets often host additional distant giant planets (e.g.
Bryan et al. 2019), the planet properties within the system may be more
similar than those across the planet population.
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At present, the number of planetary systems for which our
analysis can be performed is limited. Nonetheless, we find
that the uniformity of planet properties exhibits a statistically
significant difference between systems in phase space over-
densities and in the field. We expect future studies repeating
our work for larger and more homogeneous samples to fur-
ther refine the trends identified here. Most importantly, our
findings demonstrate that a multi-scale approach is necessary
to fully understand how planetary systems form and evolve,
which takes into account the large-scale stellar environment.
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